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ABSTRACT: The distributions of Fe in mitochondria isolated from respiring, respiro-fermenting, and
fermenting yeast cells were determined with an integrative biophysical approach involving Mossbauer and
electronic absorption spectroscopies, electron paramagnetic resonance, and inductively coupled plasma
emission mass spectrometry. Approximately 40% of the Fe in mitochondria from respiring cells was present
in respiration-related proteins. The concentration and distribution of Fe in respiro-fermenting mitochondria,
where both respiration and fermentation occur concurrently, were similar to those of respiring mitochondria.
The concentration of Fe in fermenting mitochondria was also similar, but the distribution differed
dramatically. Here, levels of respiration-related Fe-containing proteins were diminished ~3-fold, while
non-heme HS Fe' species, non-heme mononuclear HS Fe', and Fe' nanoparticles dominated. These
changes were rationalized by a model in which the pool of non-heme HS Fe' ions serves as feedstock for Fe—S
cluster and heme biosynthesis. The integrative approach enabled us to estimate the concentration of

respiration-related proteins.

Mitochondria are cellular organelles that play critical roles in
cellular physiology. Respiration and oxidative phosphorylation
occur in these organelles, as do heme biosynthesis and iron—
sulfur cluster assembly. As such, mitochondria are “hubs” of
cellular iron trafficking (3). The Fe' ions used for these processes
are imported by Mrs3p and Mrsdp, high-affinity transporters on
the IM' (3). Once in the matrix, these ions are delivered to Fe—S
scaffold proteins and ferrochelatase (3). Many of these Fe—S and
heme centers are inserted into respiratory complexes. Succinate
dehydrogenase contains one [Fe,S,], [FesS,], and [FesS4] cluster
each as well as a LS heme b (4). Cytochrome be; contains two LS
b type hemes, one LS ¢ heme, and a Rieske [Fe,S;] cluster (5).
Cytochrome ¢ contains one LS heme ¢. Cytochrome ¢ oxidase
contains two heme @ molecules and three Cu ions (6). Other
mitochondrial proteins contain [FesS4] and [Fe,S,] clusters,
hemes, and non-heme Fe'' ions (see ref 7 for a list of mitochon-
drial Fe-containing proteins).

Mitochondrial dysfunction is associated with aging and vari-
ous diseases, including cancer, heart disease, anemia, and neuro-
degeneration (7—9). As cells age, there is a decline in the level of
Fe—S cluster biogenesis and mitochondrial membrane potential,
leading with higher probability to a cellular crisis associated with
loss of mitochondrial DNA, the instability and hypermutability
of nuclear DNA, and cancer (10). Aged cells exhibit signs of iron
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starvation (/0). Reactive oxygen species (ROS) generated by Fe
centers within the mitochondria may damage the DNA and other
cellular components (/1), causing apoptosis (/2—14). Ferrous
ions are particularly adept at producing ROS via Fenton
chemistry (75). In Friedreich’s ataxia, the level of mitochondrial
frataxin is depleted, causing a buildup of iron in the
organelle (/6—19). In Parkinson’s disease, there is a buildup of
Fe in the substantia nigra portion of the brain (20, 21). Patients
with sideroblastic anemia accumulate Fe that cannot be incor-
porated into hemoglobin (3, 22).

Much progress in understanding cellular function has been
made by “omics”-level studies in which entire subsets of cellular
components are measured simultaneously and analyzed as a
system (23). We have developed an integrative biophysical
approach centered on Mossbauer spectroscopy to study the
systems-level distribution of iron within cells and organelles (2).
3"Fe Méssbauer spectroscopy detects all Fe species in a sample,
with spectral intensities proportional to relative Fe concentra-
tions (24). In complex systems, Mossbauer generally cannot
resolve individual Fe species, but it can identify groups of such
species. This is not ideal, but the resolution of Fe species can be
enhanced by EPR, which can detect paramagnetic species, electronic
absorption spectroscopy, which can quantify heme chromophores,
and ICP-MS, which can quantify the overall Fe concentration.

In this study, we have assessed the Fe content of mitochondria
isolated from yeast grown under fermenting, respiro-fermenting,
and respiring conditions. Mitochondria play a dominant role in
respiration but not fermentation; however, they are essential for
cell viability regardless of metabolic growth mode. Fermenting
cells produce fewer mitochondria than respiring cells. Early in the
exponential growth phase, fermenting cells are largely devoid of
mitochondria; in later stages, the organelle occupies ~3% of the
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cell volume (25). Under respiration, mitochondria represent
~10% of the cell volume. Mitochondria in yeast are present as
a large tubular network (26); the network from fermenting cells is
thinner and less branched.

We report here that respiration-related Fe-containing proteins
and other [Fe,S,]*" cluster-containing proteins dominate the iron
content of mitochondria from respiring and respiro-fermenting
cells. Under fermention, the concentrations of these species
decline while those of non-heme high-spin (NHHS) Fe'" ions,
mononuclear HS Fe™ ions, and Fe™ nanoparticles increase.
These changes can be rationalized by assuming that the NHHS
Fe" ions constitute a pool used for Fe—S cluster and heme
biosynthesis.

EXPERIMENTAL PROCEDURES

Cultures (25 L) of W303-1B cells were grown on minimal
medium (27) with 3% (v/v) glycerol (batches R1, R2, R4, and
RY), 2% (w/v) galactose (batches RF1 and RF2), or 2% (w/v)
glucose (batches F5—F16). See Table S1 of the Supporting
Information for a listing of all batches used in this study.
Respiring batches were supplemented with 10% YPG medium
except for R3 which was grown on YPG. Batches F1—F4 were
grown on YPD (28) instead of minimal medium. Batches were
supplemented with 40 uM *"Fe as described previously (27),
except RF1 which was supplemented with 20 4uM ’Fe. Mito-
chondria were isolated, packed, and frozen in the as-isolated
state, as described previously (/, 2), without the addition of
reductants or oxidants. In our current samples, dithionite is less
able to reduce spectral components, relative to the effect reported
previously (/). See ref 29 for current Mossbauer spectra of
dithionite-treated mitochondria. In earlier batches, dithionite
reduced the Fe in approximately half of the central doublet,
whereas in our current samples, dithionite had little effect [as the
central quadrupole doublet comprises low-spin Fe(IT) hemes and
[FesS4*" clusters, dithionite would act on the latter]. We are
uncertain why our samples have become insensitive to dithionite,
but we suspect that the negatively charged dithionite ion cannot
cross the IM, suggesting that only mitochondria with broken
membranes can be reduced. In our current samples, a higher
proportion of membranes may be intact. Intactness was evalu-
ated by protease protection assays as described previously (30).

Protein and metal concentrations were determined as de-
scribed previously (/) except that 1—2% deoxycholate was used
to disrupt membranes, and the bicinchoninic acid method
(Thermo Scientific) was used to determine protein concentra-
tions. The protein concentrations of packed mitochondria re-
ported in this study were higher by a factor of ~2 relative to our
previous determinations (/). Current samples were treated with
deoxycholate rather than being sonicated prior to protein con-
centration determinations, and this may have released additional
proteins from membranes and/or reduced the extent of protein
degradation. The current metal:protein ratios (~4 nmol of Fe/mg
of protein) for respiring and respiro-fermenting mitochondria are
similar to those reported from other laboratories (16, 31—34),
and thus, we consider our current protein concentrations to be
more accurate.

EPR and Mossbauer measurements were performed as des-
cribed previously (/, 27). Low temperature spectra collected at
Texas A&M University varied from 4.5 K to 6 K, but these
differences, relative to the 4.2 K spectra collected at Carnegie
Mellon University, do not alter simulations significantly. For
electronic absorption spectroscopy, samples were resuspended in
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Table 1: Analytical Properties of Isolated Mitochondria®

respiring respiro-fermenting ~ fermenting
[protein] (mg/mL) 170 £ 61 (5) 200 =+ 60 (2) 110 £ 30 (11)
[Fe] (uM) 720 £210(5) 840+ 120(2) 770 +320(11)
[Cu] (uM) 210170 (5) 160 + 80 (2) 50 + 37 (11)
[Mn] (uM) 35420 (5) 12+£4() 15+ 12(11)
[Zn] (uM) 290 £ 160 (5) 230+ 150(2) 290 4210 (11)
central doublet 60 £ 2% (2) 50% (1) 25+ 4% (5)
HS Fe' heme T+ 1% (2) 4% (1) 44 1% (5)
NHHS Fe'" 2+ 1% (2) 3% (1) 20 £ 5% (5)
HS Fe'! 0(2) 5% (1) 154 3% (3)
S = 1/2 [Fe;Sy]" 1342% (2) 10% (1) ~0% (3)
[Fe,S,*" <5% (2) <5% (1) ~0% (5)
Fe'! nanoparticles <5% (2) <5% (1) 33+ 7% (5)
unassigned Fe ~20% ~25% ~5% (5)
[Fe"" heme a] (uM) 51+8(4) 61 (1) 14+14)
[Fe" heme b] (M) 52+ 8 (4) 55(1) 274 5(4)
[Fe' heme ¢] (uM) 120 £ 10 (4) 160 (1) T3+ 15(4)
Zave = 1.95 (uM) 1-10 (3) 13+£4() 1-3(2)
Zave = 1.90 (uM) 13+£3(3) 29+ 18 (2) 6+£2(2)
g = 2.01 (uM) 0-1(3) 1-2(2) 0(2)
g = 2.00 (uM) 0-2 (3) 0-6(2) 0-1(2)
g = 2.04 (uM) 1-3(3) 3+1(Q) 1-2(2)
g = 4.3 (uM) 5—45(3) 2-14(2) 3(1)
g = 5.8 (uM) 1-2(3) 0-2(2) ~0 (1)
g = 64,53 (uM) 1-4 (3) 0-5(2) 1(1)
cytochrome ¢ oxidase 30 35 8
succinate dehydrogenase 5 10 2
cytochrome bc, 10 20 6
cytochrome ¢ 100 140 60
other HS heme b 20 minor minor
other LS hemes combined 180 230 100
other [Fe,S4** only 55 36 13
other [Fe,Sy*" + [Fe,S,]"  minor minor minor
other [Fe»S,*" only minor minor minor
Cu' pool 120 60 30

“In the top part, concentrations are for “neat” mitochondria (devoid of
residual interstitial solvent). Experimentally determined protein and metal
concentrations of mitochondrial suspensions were multiplied by the dilution
factor used to prepare these samples from the packed state. Concentrations
were also divided by 0.82, the packing efficiency (7, 2). Values in the table are
the average of the individual determinations given in Table SI of the
Supporting Information; the number of samples evaluated is in parentheses.
Indicated relative uncertainties reflect variations between samples; additional
uncertainties related to fitting are estimated to be £20%. Heme a, b, and ¢
concentrations were determined from electronic absorption spectra. Entries
obtained by Mossbauer spectroscopy are given as a percentage of total Fe.
Percentages of HS Fe' species were determined only from 8.0 T Mossbauer
spectra. The bottom part lists estimated concentrations of dominating Fe- and
Cu-containing species in yeast mitochondria (in micromolar).

0.6 M sorbitol and 20 mM HEPES (pH 7.4); spectra were
obtained as described previously (2). Spectra of human cyto-
chrome bs [Sigma, 18 uM in a buffer composed of 1.2 M sorbitol,
50 mM Tris (pH 8.5) and 1 mM dithionite] and yeast cytochrome
¢ (Sigma, 20 uM in the same buffer) were also collected. The
digital spectrum of bovine heart cytochrome ¢ oxidase (35) was
provided by G. Palmer (Rice University, Houston, TX). Absor-
bances were normalized to a 1 cm path length and divided by
molar protein concentrations. Extinction coefficients for cyto-
chrome ¢ oxidase were divided by 2 to account for there being two
heme a groups per protein. The resulting wavelength-dependent
extinction coefficients [e,(1), &y(4), and e,(1)] for hemes a, b, and ¢,
respectively, are shown in Figure S1 of the Supporting Informa-
tion. Spectra were analyzed using OriginPro (www.originlab.com)
and the relationship

Abs(4) = [heme a]e, (1) 4 [heme b)ey(A) + [heme c]ec(4)
+ light scattering
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FIGURE 1: Western blot of EGTA-washed isolated mitochondria
(left) and the corresponding extract (right) from respiring cells
(batch RY). In both cases, 60 ug of protein was loaded into the wells
of a 10% SDS—PAGE gel. Kar2 is an endoplasmic reticular protein
(level increased 5-fold in isolated mitochondria vs cell extract). CPY
is a vacuolar protein (level decreased 6-fold). PGK is a cytosolic
protein (level decreased 5-fold). Porin is a mitochondrial protein
(level increased 10-fold).

where [heme a], [heme 5], and [heme ¢] are the concentrations of
each heme center in the mitochondrial suspension. Concentrations
were adjusted manually to obtain the composite spectra shown in
Figure 3, using parameters listed in Table 1.

RESULTS

Respiring Mitochondria. Western blots of mitochondria
isolated from respiring cells showed a 10-fold enrichment of the
mitochondrial porin relative to that in cell extracts (Figure 1).
Since ~10% of the volume of respiring yeast cells is occupied by
mitochondria (25), this observation indicates that our samples
were relatively pure. The membranes of isolated mitochondria
were largely intact, in that the IMS protein cytochrome ¢ was
protected from proteinase K-catalyzed hydrolysis unless deoxy-
cholate was added to disrupt membranes (Figure S2 of the
Supporting Information). The metal content of samples was
determined by ICP-MS (averages in Table 1 and individual
determinations in Table S1 of the Supporting Information).

Low-field Mossbauer spectra of respiring mitochondria were
dominated by the “central doublet” (Figure 2C, blue line). This
doublet [60% of Fe (Table 1)] has an isomer shift ¢ of & 0.45 mm/s
and a quadrupole splitting AEq of ~1.15 mm/s, parameters
characteristic of both § = 0 [FesS4]** clusters and LS Fe''
hemes. A minor contribution of § = 0 [Fezsz]2+ clusters to the
central spectral region could not be excluded; fits for the 0.05 T
spectra, but not the 8.0 T spectra, were improved by assuming that
~5% of the total Fe was in this form (with 0 of 0.27 mm/s and
AEq of 0.55 mm/s).

Respiring mitochondria exhibited a quadrupole doublet with
0 of ~0.83 mm/s and AEq of ~2.4 mm/s, typical of HS Fe!!
hemes (36). The dashed line above the spectrum of Figure 2A is a
simulation of this species; its low-energy line is buried under the
central doublet. The spectrum also contains a paramagnetic
feature, best recognized after removing heme and central doublet
contributions. The resulting absorption features (Figure 2B) at
approximately 3.1 and —2.7 mm/s strongly suggest S ="'/,
[Fe,S,]" clusters (due to the Rieske center in the hc; complex and
the center in succinate dehydrogenase). Assuming the parameters
of the Rieske protein (37) to simulate the contribution of a generic
S =1/, [Fe;S,]" cluster suggests that ~13% of the Fe in respiring
mitochondria is present as such clusters. Analysis of Mossbauer
and EPR spectra of another batch [R2 (Figure 4A and Figures S3
and S5 of the Supporting Information)] both yielded ~30 uM for
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FIGURE 2: Mossbauer spectra of packed mitochondria (batch R1)
isolated from respiring cells. (A) At ~5 K with a 0.05 T field applied
parallel to the y radiation. The black lineis a simulation for the sum of
the central doublet, HS Fe'' hemes (dashed), and S = 1/2 [Fe,S,]*
clusters. See Table 1 and the bar graph in Figure 7 for the percentages
for all components. (B) Same as panel A after subtraction of the
central doublet. The purple solid line is a simulation for S = !/,
[Fe»S,] ™ clusters, while the black solid line is a composite simulation
including these species and HS Fe'' hemes. The absorption between 0
and 1 mm/s that is not covered by the black curve is unassigned. (C)
Same as panel A but recorded at 100 K. The blue line outlines the
contribution of the central doublet in the sample. (D) Same as panel
A except at 4.2 K and with an 8.0 T parallel applied field. The black
lineis a simulation that includes the central doublet and contributions
from S = '/, [Fe,So] " clusters.

this cluster type. At 100 K (Figure 2C), a portion of the magnetic
pattern observed at ~5 K has collapsed, revealing that <2% of
spectral intensity arises from NHHS Fe'! species (AEq ~ 3.0
mm/s, and 0 ~ 1.3 mm/s). The black line on the 8.0 T data of
Figure 2D simulates the central doublet and S = 1/2 [Fe,S,] "
clusters. After subtraction of the above-mentioned spectral fea-
tures, some unresolved absorption remains at the center of the
spectrum (Figure 2B) which could not be assigned unequivocally:
a portion may be associated with Fe'" phosphate nanoparticles.

We previously reported that ~22% of the total Fe was present
as non-heme Fe'® in respiring mitochondria grown on lactate (/).
We now suspect that the majority of this was adventitious, as we
no longer observe such features with this intensity in spectra of
respiring mitochondria. Also, previously reported spectra (/) did
not include a HS heme doublet, as we observe currently. In the
initial stages of this project, samples were not isolated as rapidly
as they are currently, and there may have been some heme and/or
Fe—S cluster degradation that led to more intense non-heme HS
Fe' doublets.

Mitochondrial suspensions are turbid, leading to electronic
absorption spectra with strong sloping baselines due to light
scattering (Figure 3). Superimposed on this are Soret bands in the
400 nm region and o and f bands in the 500—620 nm region
arising from both HS and LS Fe" hemes (35). Spectra of respiring
mitochondria were simulated (dashed lines in Figure 3A and
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FIGURE 3: Electronic absorption spectra of mitochondrial suspen-
sions: (A) respiring (R1), (B) respiro-fermenting (RF2), and (C) fer-
menting (F3). Effective absorbances of neat mitochondria normal-
ized to a 10 mm path length cuvette are plotted. These values were
obtained by multiplying raw absorbances by 2.0 (the dilution factor
relative to packed mitochondria) and 5.0 (path length factor due to
the use of a 2 mm path length cuvette) and by dividing by 0.82 (the
packing factor). Dashed lines are composites from individual heme
a-, b-, and c-containing proteins, using parameters listed in Table S1
of the Supporting Information (averages in Table 1).

Figure S4 of the Supporting Information) by adding spectra of
individual heme a-, b-, and c¢-containing proteins (Figure S1 of
the Supporting Information). Resulting concentrations (Table 1
and Table S2 of the Supporting Information) reveal the domi-
nance of heme ¢, with hemes b and «a present in roughly equal
amounts. The HS fraction of these Fe" hemes affords the heme
Mossbauer doublet mentioned above, while the LS portion
contributes to the central doublet.

EPR spectra of respiring mitochondria revealed additional
details of the paramagnetic species observed by Mossbauer
spectroscopy. The low-field region (Figure 4D) was dominated
by g~ 6.0 (E/D = 0)and g = 6.4 and 5.4 (E/D ~ 0.021) EPR
signals; average spin concentrations are listed in Table 1. We
assign these signals to the {a;:Cu,} center of cytochrome c¢
oxidase in which heme a3 is Fe'" and Cuy is Cu' (6). The g =
2 region (Figure 4A) was dominated by signals with g,,. = 1.95
(2.03,1.93, 1.91), gave = 1.90 (2.02, 1.90, 1.78), and g,y = 2.02
(2.08, 1.99, 1.97) and a nearly isotropic signal with g,,. = 2.01
(perhaps combined with another signal at g = 2.00) (/). The
dashed line in Figure 4A is the composite simulation. The g,,. =
1.95 and 1.90 signals have been assigned to the [Fe,S,] " clusters in
succinate dehydrogenase (38) and the Rieske protein of cyto-
chrome bc;, respectively (/, 39). The g,.. = 2.01 signal may origi-
nate from an § = ! /> [FesS4]™ cluster, perhaps from the cluster
in succinate dehydrogenase. The g = 2.00 signal probably arises
from an organic-based radical. The g,,. = 2.02 feature may
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FiGure 4: EPR spectra (10 K) of mitochondria from respiring (A,
batch R2, decomposition in S5), respiro-fermenting (B, RF1), and
fermenting (C, F11) cells. Spectra A and C were recorded at 0.05 mW,
and spectrum B was recorded at 0.2 mW. Dashed lines are simula-
tions, with batch-averaged parameters given in Table 1. Spectra D—F
show the low-field regions of spectra A—C, respectively.

arise from ET flavoprotein-ubiquinone oxidoreductase (40).
Minor resonances between g = 2.2and g = 2.1 are often observed
but remain unassigned. The bulk of the spin concentration in the
g = 2 region belongs to [Fe,S,] " clusters that are most evident in
Mossbauer spectra. The remainder belongs to minor species some
of which may account for the unresolved background in the
Mossbauer spectra. These results were generally similar to those
reported for mitochondria isolated from yeast grown on glucose
and lactate (/).

Respiro-Fermenting Mitochondria. Metal concentrations
of mitochondria isolated from respiro-fermenting cells were
similar to those of respiring mitochondria, except that the Mn
concentration was 2-fold lower (Table 1). Mossbauer spectra
(Figure 5) were also similar. Compared to respiring mitochondria,
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FIGURE 5: Mossbauer spectra of packed mitochondria (RF1) from
respiro-fermenting cells. (A) Spectrum measured at ~5 K with a
0.05 T field applied parallel to the y radiation. The black 11ne isa
s1mulat10n for the central doublet, HS Fe'' hemes, NHHS Fe', and

='/,[Fe>S,]" clusters. The lines above the spectrum are 51mulat10ns
for S ="/, [Fe;S,]" (purple), non-heme HS Fe'" (red), and HS Fe''
heme (black dashed line). (B) Same as panel A but at 100 K. (C) Same
aspanel A butat 8.0 Tand 4.2 K. The black line is a simulation for the
central doublet and S = ' /> [Fe>S,]™ clusters. The cyan line above is
a simulation for HS mononuclear Fe' species. See Table 1 for the
concentrations of various species.

the proportion of Fe present as the central doublet, HS Fe'" hemes,
and magnetic Fe in respiro-fermenting mitochondria declined
slightly, while the percentages of NHHS Fe! and the unassigned
absorption in the center of the spectra increased slightly. A minor
contribution of NHHS Fe'' (~2%) was assessed using the 100 K
spectrum of Figure 5B. The presence of unassigned species is
evident from the mismatch of the spectrum and simulation
(Figure 5A) at ~0 mmy/s. The 8.0 T spectrum reveals the presence
of mononuclear HS Fe'! jons (Figure 5C, cyan line). The black
line in Figure 5C is a simulation of the diamagnetic Fe associated
with the central doublet at low field, together with a generic S =
!5 [FesS,] " cluster. EPR of a well-packed sample of the same
batch yielded a spin concentration of 42 uM for the sum of the
Zave = 1.95 and 1.90 signals, suggesting that ~10% of the Fe
belongs to [Fe,S,] " clusters. This value is similar to that suggested
by the Mossbauer data. The electronic absorption spectrum of
respiro-fermenting mitochondria (Figure 3B) revealed heme a, b,
and ¢ concentrations (Table 1) similar to those of respiring mito-
chondria.

Fermenting Mitochondria. Protein and Fe concentrations
for fermenting mitochondria (Table 1) were again similar to those
of respiring and respiro-fermenting mitochondria; the protein
concentration might be reduced somewhat, but the variability
was too high to establish this. The Mn concentration was similar
to that in respiro-fermenting mitochondria and substantially
lower than in respiring mitochondria. The Cu concentration
was ~4-fold lower than those in respiring or respiro-fermenting
mitochondria. Mossbauer spectra of fermenting mitochondria
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FIGURE 6: Mossbauer spectra of mitochondria (batch F9) from
fermenting cells. (A) Spectrum measured at ~5 K with a 0.05 T field
applied parallel to the y radiation. The black line is a simulation for
the sum of the central doublet, HS Fe" hemes, NHHS Fe' (high-
energy line indicated by the arrow), and the Fe“[ nanoparticles. (B)
Same as panel A except at 100 K. The red line indicates HS Fe'’; the
green line indicates the nanoparticle contribution (the doublet re-
presenting nanoparticles contains 20% of total Fe at ~5 K and 35%
at 100 K; at 5 K the larger nanoparticles contribute a magnetically
broadened spectrum). (C) Same as panel A except at 8.0 T and 4.2 K.
The cyan line is a simulation for the HS Fe'™'. See Table 1 for the
concentrations of various species.

(Figure 6) are described in detail elsewhere (29); here we
summarize that description. The spectra differed substantially
from those of respiring or respiro-fermenting mitochondria in
that there was a substantial decline in the fraction of Fe associated
with the central doublet and an increase in the proportion of NHHS
Fe" and Fe"" nanoparticles (6 = 0.52 mm/s, and AEq = 0.63mm}s).
Electronic absorption spectra (Figure 3C and Figure S6 of the
Supporting Information) exhibited lower concentrations of heme
centers (Table 1 and Table S2 of the Supporting Information),
consistent with the decline of the HS Fe" heme doublet in
Mossbauer spectra. EPR spectra of fermenting mitochondria
(Figure 4C,F) were qualitatively similar to those of respiring and
respiro-fermenting mitochondria, but with lower spin concentra-
tions (Table 1). The g = 6 features, assigned to the partially
oxidized a;:Cu, site of cytochrome ¢ oxidase, declined as ex-
pected. Summing spin concentrations of the signals in the g = 2
region suggests that <3% of the Mossbauer spectral intensity
should be associated with S = '/, species, a fraction too small to
be detected in the presence of increased amounts of NHHS Fe!!
and ferric nanoparticles.

DISCUSSION

The main objective of this study was to characterize the
distribution of the major Fe species in mitochondria isolated
from respiring, respiro-fermenting, and fermenting yeast cells. In
the following we integrate the results from the various techniques
with the known composition of proteins in mitochondria, begin-
ning with the respiring state. Our data allow an estimate of the
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absolute concentration of cytochrome ¢ oxidase in the organelle.
As few other heme a-containing proteins are found in mitochon-
dria, the heme « concentration essentially reflects twice the
cytochrome ¢ oxidase concentration. Mitochondrial heme mono-
xygenase may have substoichiometric amounts of heme ¢ bound,
but we will assume that this is insignificant. The total Fe' heme a
concentration in respiring mitochondria (Table 1, top part)
suggests an average concentration of ~25 uM for cytochrome ¢
oxidase with reduced heme « species (Table 1, bottom part). The
absence of g ~ 3 EPR signals indicates the lack of LS Fe'"" hemes
in respiring mitochondria. Since cytochrome ¢ oxidase contains 3
molar equiv of Cu, ~40% of the total Cu in respiring mitochon-
dria should be in this enzyme. Most of the remainder might
belong to a Cu' pool (37). The percentage of mitochondrial Cu
that we estimate for this pool (~60%) is smaller than the previous
estimate (~90%). The absence of Cu'' EPR signals in our
preparations is consistent with a Cu' oxidation state for this pool.

The HS Fe'" heme quadrupole doublet of respiring mitochon-
dria should include contributions from heme a3- and HS heme
b-containing proteins (we are unaware of any HS heme ¢-contain-
ing proteins). After subtraction of the heme a3 contribution, the HS
heme b species in respiring mitochondria (Table 1, bottom part) are
likely to be found in cytochrome ¢ peroxidase, catalase, and NO
oxidoreductase, among others. Subtracting the HS heme b con-
centration from the total heme b concentration suggests that the
concentration of LS heme b species in mitochondria is ~30 uM.
These chromophores are found in succinate dehydrogenase (one
heme b), cytochrome bc; (two heme b molecules), and others such
as cytochrome b, and Cox15p. This can be described by the
relationship

30 uM = [succinate dehydrogenase] + 2[cytochrome bc;] 4 others

As the spin concentrations for the g,y = 1.95and 1.90 EPR signals
indicate the concentrations of succinate dehydrogenase (~5 uM)
and cytochrome be; (~10 uM), respectively, this relationship
implies that most LS heme b centers in mitochondria reside in
these two respiratory complexes.

The known heme c-containing proteins in mitochondria
include cytochrome ¢; and two isoforms of cytochrome c.
Removing the cytochrome bc; concentration suggests that the
collective concentration of the isoforms is ~110 uM. This
indicates that the heme @ and ¢ contents of respiring mitochon-
dria are dominated by cytochrome ¢ oxidase and cytochrome c,
respectively. The heme b content is more evenly distributed
between HS and LS, with LS forms dominated by succinate
dehydrogenase and cytochrome bc;. Concentrations in Table |
(bottom part) were calculated with respect to the entire mito-
chondrial volume. Since species are located in particular regions
of the mitochondria, their regional concentrations will be higher.

Succinate dehydrogenase contains 10 molar equiv of Fe (one
LS heme b, one Fe,S, cluster, one FesS, cluster, and one Fe,Sy
cluster), so a concentration of ~5 uM for this respiratory com-
plex implies an ~50 uM Fe contribution overall. Similarly,
cytochrome bc; contains 5 molar equiv of Fe (one heme ¢y,
two heme b molecules, and one Fe,S, cluster), also implying an
~50 uM overall Fe contribution. Including a 60 uM Fe con-
tribution for cytochrome ¢ oxidase and 110 uM for cytochrome
¢ reveals that respiration-related complexes constitute ~40% of
the iron in respiring yeast mitochondria.

The central doublet of the Mossbauer spectra of respiring
mitochondria includes contributions from [Fe,S4)*" clusters and
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FIGURE 7: Bar graph showing the major forms of Fe present in res-
piring, respiro-fermenting, and fermenting mitochondria. Color-coding
is matched to simulated features in previous Mossbauer figures.

LS Fe'" hemes. Table 1 and the relationships mentioned above
suggest ~30 uM (LS heme a) + ~30 uM (LS heme b) + ~120 uM
(LS heme ¢) = ~180 uM LS Fe'' hemes. Subtracting this from
the central doublet leaves ~35% of the mitochondrial Fe in the
form of § = 0 [Fe,S4J*" clusters. This corresponds to ~250 uM
Fe or to ~60 uM of such clusters. Subtracting an additional 5 uM
contribution due to the succinate dehydrogenase [Fe,Sql*"
cluster leaves ~55 uM for Fe,Sy clusters in other mitochondrial
proteins.

Some mitochondrial proteins contain only Fe;S, clusters;
some contain only Fe,S, clusters, and some contain both cluster
types. We have attempted to fit simulations of oxidized [Fe»S,]*"
clusters into the Mossbauer spectra of respiring mitochondria,
but we have no clear evidence of their presence. This suggests for
respiring mitochondria that the majority of [Fe,sS4*" clusters
that are not contained in succinate dehydrogenase reside in
proteins that contain only [FesS4*" clusters.

Respiro-fermenting and fermenting mitochondria were
analyzed similarly (Table 1, bottom part); results are summari-
zed by the bar chart in Figure 7. In general, the total Fe
concentration was similar regardless of metabolic mode. Also,
the overall distribution of Fe in respiro-fermenting mitochon-
dria was similar to that in respiring mitochondria. In contrast,
the Fe distribution in fermenting mitochondria was dramati-
cally different. This suggests that the repression of respiration
by glucose, rather than the occurrence of fermentation per se,
is responsible for the major shifts observed in Fe distribution.
Thus, we will simplify our further analysis by averaging the Fe
distributions observed for respiring and respiro-fermenting
mitochondria and then compare this to the distribution
obtained under fermentation.

Viewed in the respiration — fermentation direction, cyto-
chrome ¢ oxidase ¥ (declined) 4-fold, succinate dehydrogenase |
3.8-fold, cytochrome be; ¥ 2.5-fold, cytochrome ¢  2-fold, LS
hemes generally } 2-fold, and [Fe,S4]*" cluster-containing pro-
teins | 3.5-fold. The Cu' pool decreased 3-fold. The decline in the
size of the Cu' pool upon shifting from respiration to fermenta-
tion contrasts with a previous report (37) that the concentration
of this pool is independent of metabolic growth mode. In terms of
Fe pools, the NHHS Fe'' pool, the mononuclear HS Fe'™ pool,
and the Fe'' nanoparticles went from nearly undetectable in
respiring mitochondria to representing ~75% of the Fe in the
fermenting organelle. These dramatic changes reflect major
differences in the way that Fe is handled by the cell, depending
on metabolic mode.
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We do not know the location of these pools within mitochon-
dria but suspect that they are located in the matrix. Nor are the
ligands coordinating the Fe in these pools known. The ferric ions
in the Fe' nanoparticles found in AtmI-depleted mitochondria
appear to be coordinated by ligands with oxygen donors but
essentially lacking in N, S, or C atoms (41). Phosphate, water,
and hydroxide ligands were suggested as likely ligands in these
nanoparticles, and similar ligands might be associated with the
nanoparticles observed in mitochondria from wild-type ferment-
ing cells. The non-heme high-spin Fe'' pool may consist of
multiple species. Some mitochondrial proteins (e.g., frataxin,
ferrochelatase, Fe—S cluster scaffold proteins, and CoQ7) may
coordinate HS Fe' ions, but the collective concentration of these
proteins may be insufficient to account for the overall concentra-
tion of the NHHS Fe pool (~150 uM in fermenting
mitochondria). Seguin et al. (42) determined that yeast cells
grown under similar conditions contained ~1300 copies of
Ythlp. If we assume 60 x 10~'° L for the volume of a yeast
cell (43—46), that 3% of that volume was due to mitochon-
dria (47, 48), and that each Yfh1p bound two Fe'" ions (49), this
would correspond to a concentration of ~70 nM. Even if there
were a dozen such proteins in mitochondria, their collective
concentration would be 2 orders of magnitude lower than that
present in the NHHS Fe'" pool of fermenting mitochondria.
These considerations strongly suggest that the nonheme HS Fe''
pool is dominated by nonproteinaceous low-molecular weight
complexes.

The results of this study can be compared to those of
proteomic studies that also indicate substantial changes in the
yeast mitochondria proteome due to the diauxic shift (23). The
concentrations of 17 proteins are significantly lower in ferment-
ing versus respiring cells, including cytochrome ¢ oxidase,
cytochrome bey, and succinate dehydrogenase (50). The mito-
chondrial transcriptome changes more dramatically, with levels
of transcripts of cytochrome ¢ isoform 1 and Mn-superoxide
dismutase (MnSod2) declining under fermentation (51, 52).
Other groups have also reported lower SOD2 protein and
transcript levels under fermentation (53, 54). Our results are
consistent, including the 3-fold increase in the Mn concentration
of respiring mitochondria relative to respiro-fermenting and
fermenting conditions which might reflect changes in the levels
of MnSod?2 or associated Mn species.

The observed changes in the distribution of Fe in mitochondria
isolated from cells grown under different metabolic modes can be
interpreted given the known roles of mitochondria in respiring
versus fermenting cells. In respiring cells, these organelles are
critical for energy production, which requires the biosynthesis of
Fe—S clusters and heme centers, as well as their installation into
apo-respiratory complexes. Under fermentation conditions, en-
ergy production is associated with glycolysis, where no such
centers are involved. Thus, the level of production of Fe—S
clusters and heme centers is probably reduced in fermenting
mitochondria because the metabolic need for these centers is
reduced. Our results suggest a 3-fold reduction in these centers.
Residual amounts of such centers might allow fermenting cells to
convert rapidly into respiration mode as environmental condi-
tions change.

The Fe used to synthesize mitochondrial Fe—S clusters and
hemes is imported into the organelle as Fe'' (55). Neither the
structure nor the composition of the imported complex(es) is(are)
known, but each is probably of low molecular weight as each
must pass through transporters in the IM (3). We propose that
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FIGURE 8: Model describing the shift in the iron content of mito-
chondria with metabolic growth mode. The size of the NHHS Fe!'
pool is dictated by the balance of input and output fluxes. During
respiration, the pool is small (~15 uM). When cells ferment, the rate
of Fe—S cluster and heme biosynthesis declines, causing the pool to
enlarge (~150 uM). The rate of import of Fe'" from the cytosol is not
significantly affected by the change in metabolism. Under fermenting
conditions, a portion of the NHHS Fe'' pool may become oxidized to
mononuclear non-heme HS Fe'"', a subset of which may precipitate
as Fe'" nanoparticles.

the non-heme HS Fe'' ions present in fermenting mitochondria
are these imported ions and that they serve in this capacity. The
simple model of Figure 8 assumes this role and can rationalize the
observed changes in the level of this pool. During respiration, the
size of the Fe" pool is small since the biosynthesis rates of Fe—S
clusters and hemes are elevated. During fermentation, the pool
increases because the rate of Fe—S cluster and heme biosynthesis
is diminished. Consistent with the nearly invariant Fe concentra-
tions in respiring and fermenting mitochondria, the overall rate
of Fe' import appears to be unaffected by changes in metabolic
growth mode; i.e., the cell does not seem to regulate the rate of
import of Fe'! into mitochondria according to metabolic growth
mode. Understanding Fe fluxes at the cellular level will require
that the different percentage volumes occupied by mitochondria
in fermenting versus respiring cells be taken into account.
Another uncertainty, at the mitochondrial level, is the relation-
ship between the NHHS Fe'" pool and the other pools of Fe in
fermenting mitochondria, including Fe'™ nanoparticles, mono-
nuclear HS Fe' ions, and the central unresolved material. The
three pools may exist in a dynamic equilibrium with each other,
or they might be independent (e.g., imported by different IM
transporters). Also uncertain is the cellular function of these
other pools. They certainly store Fe in fermenting mitochondria,
and the absence of these pools during respiration suggests
either that these pools can be utilized under respiratory growth
conditions or that they never form under these conditions.
However, whether this is a cellular strategy for storing Fe,
analogous to mitoferrin in human mitochondria (56), is uncer-
tain. These pools may possibly result from an insufficient
concentration of a coordinating ligand or a shift of either pH
or oxidation status in fermenting mitochondria. We favor this
latter characterization especially for the Fe'™" nanoparticle pool,
in that the ligands coordinating these ions are probably not
protein-bound and thus would not be under the direct genetic
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control of the cell. Nevertheless, this pool may indirectly impact
cellular function, e.g., by generating reactive oxygen species
during its formation, and it may be bioavailable under particular
metabolic conditions.
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Protein and metal concentrations in isolated mitochondria
(Table S1), electronic absorption spectra of heme-containing
proteins (Figure S1), protection of cytochrome ¢ from protease
degradation in isolated mitochondria (Figure S2), Mossbauer
spectra of a respiring mitochondrial batch not shown in Figure 2
but used in constructing Table 1 (Figure S3), electronic absorp-
tion spectra of respiring mitochondrial suspensions (Figure S4),
concentrations of each heme component determined for indivi-
dual mitochondrial samples (Table S2), 10 K EPR spectra of
mitochondria batches not shown in Figure 4 but used in the
construction of Table 1 (Figure S5), and electronic absorption
spectra of different batches of fermenting mitochondria
(Figure S6). This material is available free of charge via the
Internet at http://pubs.acs.org.
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