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ABSTRACT: Aftlp is a major iron regulator in budding yeast
Saccharomyces cerevisiae. It indirectly senses cytosolic Fe status
and responds by activating or repressing iron regulon genes.
Aft1p within the Aft1-1"" strain has a single amino acid mutation
which causes it to constitutively activate iron regulon genes
regardless of cellular Fe status. This leads to elevated Fe uptake
under both low and high Fe growth conditions. Ferredoxin
Yahlp is involved in Fe/S cluster assembly, and Aft1p-targeted
iron regulon genes are also upregulated in Yah1p-depleted cells.
In this study Mossbauer, EPR, and UV —vis spectroscopies were
used to characterize the Fe distribution in Aft1-1"" and Yah1p-

Aft1-1UP under low and high Fe growth conditions

depleted cells. Aft1-1"? cells grown in low Fe medium contained more Fe than did WT cells. A basal level of Fe in both WT and Aft1-
1" cells was located in mitochondria, primarily in the form of Fe/S clusters and heme centers. The additional Fe in Aft1-1" cells was
present as mononuclear HS Fe(III) species. These species are in a nonmitochondrial location, assumed here to be vacuolar. Aft1-1"?
cells grown in high Fe medium contained far more Fe than found in WT cells. The extra Fe was present as HS Fe(III) ions, probably
stored in vacuoles, and as Fe(IIl) phosphate nanoparticles, located in mitochondria. Yahlp-deficent cells also accumulated
nanoparticles in their mitochondria, but they did not contain HS Fe(III) species. Results are interpreted by a proposed model
involving three homeostatic regulatory systems, including the Aft1 system, a vacuolar iron regulatory system, and a mitochondrial Fe

regulatory system.

ron is involved in many aspects of cellular metabolism, includ-
I_ing respiration and catalysis." However, this transition metal
can also promote deleterious reactions that produce reactive
oxygen species (ROS). Therefore, cellular trafficking and regula-
tion of Fe are especially important. Iron trafficking begins with
the influx of Fe from the growth medium into the cytosol via
transporters in the plasma membrane.” The majority of these
imported ions enter vacuoles and mitochondria, Fe “traffic hubs”
that store Fe and house Fe-rich respiratory complexes, respec-
tively. The nucleus regulates traffic by controlling expression of
genes that encode membrane-bound Fe transporters as well as
other proteins involved in Fe regulation and trafficking.

In budding yeast Sacchromyces cerevisiae, the dominant Fe
import pathway under regular aerobic growth conditions invol-
ves the plasma membrane proteins Fet3p and Ftrlp. These
proteins form a ferroxidase—permease complex that imports Fe
with high affinity.> Once in the cytosol, Fe is sensed indirectly by
Aftlp and perhaps Aft2p, transcription factors that control
expression of FET3, FTRI, and ~20 other genes collectively
known as the iron regulon.* Aft1p moves between the cytosol and
the nucleus in an iron-dependent manner. When cytosolic Fe
levels are low, Aftlp localizes predominantly in the nucleus
where it binds the promoter region of iron regulon genes and
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activates their expression. With high cytosolic Fe levels, Aftlp
exits the nucleus, and expression of the iron regulon genes
decline.” When grown on Fe-deficient medium (achieved by
adding BPS), Aaft1 cells grow more poorly relative to WT cells
due to their inability to uptake Fe from the medium.® Both cell
types grow normally with high Fe concentrations in the medium.

Mitochondria are the primary cellular sites of Fe/S cluster (ISC)
assembly and heme biosynthesis. Cytosolic ferrous ions enter mito-
chondria through the high-affinity transporters Mrs3/4p located on
the inner membrane (IM). A pool of nonheme HS Fe(II) species
in the mitochondria may be used as feedstock for ISC assembly and
heme biosynthesis.” Iron transfers to ISC scaffold proteins. The
ferredoxin Yahlp donates electrons required for ISC biosynthesis
while the yeast frataxin homologue Yth1p may donate Fe or activate
ISC assembly.® '® The IM protein Atm1lp exports an unknown
species thought to be involved in cytosolic ISC biosynthesis.
Deletion of these and other ISC-related proteins affords a common
phenotype characterized by a respiration defect, the constitutive
activation of iron regulon genes, the accumulation of Fe(III)
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phosphate nanoparticles in mitochondria, and increased levels of
ROS.M—13

Vacuoles are the major site of cellular Fe storage. Ccclp is the
only known vacuolar iron importer'* while Fth1p and Smf3p are
vacuolar membrane proteins that export Fe into the cytosol.®
Kosman et al. have proposed that vacuolar Fe is in the Fe(III)
state,® and this is supported by our previous observations.”

Mitochondria and vacuoles appear to import Fe from a common
cytosolic pool, and the concentration of this Fe pool appears to be
related to the concentration of Fe in growth media. Thus, AAmrs3/
4 cells exhibit a growth defect in Fe-deficient medium but grow
normally on Fe-replete medium. Conversely, Acccl cells grow
normally in Fe-deficient medium but show a growth defect on high-
iron medium."* Ccclp-deficient vacuoles may be unable to import
cytosolic Fe, and the excess cytosolic Fe inhibits cell growth,
perhaps via ROS damage.'® Toxicity can be suppressed by over-
producing Mrs3/4p,"® perhaps because this allows excess Fey, to
be imported into the mitochondria which somehow detoxifies it.

The cytosolic Fe pool is also feedstock for the nanoparticles
that accumulate in mitochondria of ISC mutants. However, no
accumulation occurs (and there is no respiratory defect) in ISC
mutant cells in which mrs3/4 is also deleted,'” implying that this
Fe enters via Mrs3/4p. Overexpressing Ccclp also prevents Fe
accumulation."®

Mitochondria and vacuoles interact functionally. In AAmrs3/
4 cells, mitochondria are deficient in Fe and have reduced ISC
and heme levels, and reduced aconitase activity, perhaps due to
an inability to import sufficient Fe into the organelle.'” Mean-
while, the vacuolar Fe level is increased, via activation of Ccclp,
so as to store Fe that would otherwise be in the cytosol. The
activation of Ccclp may reduce cytosolic Fe levels and thus
activate Aftlp.18 Aconitase activities are recovered when Ccclp is
deleted, again implying that vacuoles and mitochondria draw
from a common pool of cytosolic Fe.

The Aftl-1"? strain has a mutation in Aftlp (C291F) that
causes it to remain in the nucleus and constitutively activate
Aftlp-controlled iron regulon genes, regardless of the Fe status of
the medium. This stimulates the uptake of Fe regardless of the
medium Fe concentration. Aftl-1"F cells cultivated in rich
medium (with high Fe) contain higher than WT Fe levels.?°
Mutant cells with ISC defects (e.g,, Yahlp-depleted cells) also
have elevated Fe levels. This is thought to be due to the
upregulation of the iron regulon.

In this study, we use biophysics to examine the cellular Fe in
Aft1-1"" strains and to compare it to that in WT and Yahlp-
depleted cells. Our results show that Aftl-dependent activation
of the iron regulon increases the iron content of the cell and
distributes that extra Fe primarily into HS Fe(III) species that are
probably located in vacuoles. Some Fe is sent to the mitochon-
dria where it is converted into Fe(III) (phosphate)” nanoparti-
cles. In contrast, disruption of the ISC biosynthesis pathway by
Yahlp depletion caused loss of what appears to be vacuolar iron
and massive import of Fe in the mitochondria. We conclude that
vacuolar and mitochondrial Fe are regulated by systems besides

Aftl.

B EXPERIMENTAL PROCEDURES

Yeast Strains and Media. Strain Aft1-1"" (MATq, trpl-63,
leu2-3,112, gen4-101, his3-609, FREI-HIS3::URA3, AFTI1-1"?),
described in ref 6, was a generous gift from Dr. Jerry Kaplan
(University of Utah). Strain Gal-YAH1 (MATQ, ura3-1, ade2-1,

trpl-1, his3-11,15, leu2-3,112), described in ref 21, was a generous
gift from Dr. Roland Lill (Philipps-Universitat, Marburg,
Germany). Strain Aft2-1"" (MATa, his3Al, leu2A0, ura3A0,
his::AFT2-1'?, aftl::kanMX4), described in ref 22, was a gener-
ous gift from Dr. Dennis Winge (University of Utah). W303
(MATQ, ura3-1, ade2-1, trp1-1, his3-11,15, leu2—3,112) served as
the wild-type (WT) control strain for Gal-YAHI1 and Aft1-1".
W303 is the true control for Gal-YAH]I but not for Aft1-1"". It
would have been more accurate to have used the true control for
Aft1-1", but it was not in our possession. A Mossbauer spectrum
for the true control of Aft2-1'F (BY4741) was obtained; it was
indistinguishable from the corresponding W303 spectrum.

Aft1-1"", Aft2-1"", and W303 were maintained on YPAD
(standard rich medium containing glucose (2% w/v) and 40
mg/L adenine sulfate) agar plates. Gal-YAH1 was maintained on
YPAGal plates (same as YPAD except galactose was used as the
carbon source). Typically, one colony was used to inoculate liquid
medium. Complete minimal medium containing glucose (2% w/v)
was used for liquid cell growth. Complete supplement mixture
(MPBio) provided amino acids. To enrich cells with *"Fe, a
modified yeast nitrogen base (MPBio) which lacks copper and
iron salts was used. Copper and iron were added back as copper
sulfate (10 4M final concentration) and *’Fe(III) citrate (various
concentrations; see below). Standard rich medium containing (2%,
w/v) glucose (YPD) was also used in some experiments.

Cell Growth, Harvesting, and Whole-Cell Sample Prepara-
tion. Cells were grown in 250 mL culture flasks to OD (600 nm)
~ 1 (typically 16—20 h growth, 1 cm path length cuvette) and
harvested by centrifugation. Harvested cells were washed with
deionized H,O, then with 100 uM EDTA (pH ~8), and then
again with deionized H,O. To prepare Mossbauer and EPR
samples, washed cells were packed by centrifugation into
Mbssbauer cups or custom-designed EPR tubes™ at 6000g for
10 min. For mitochondrial isolation, cells were grown to an OD
(600 nm) of ~1ina 25 L glass fermenter at 30 °C as described.”
Mitochondria were isolated by density-gradient centrifugation,
packed into EPR tubes and Mossbauer cups, and immediately
frozen in liquid N, as described.*®

RNA Extraction and Real-Time PCR. Aftl-1"" and WT
(W303) cells were grown to OD (600 nm) 3.0—3.5 in complete
minimal medium lacking iron and copper. Cells were harvested
by centrifugation, diluted into fresh medium, and grown for an
additional 4 h. The fresh medium contained either 100 4uM BPS
(iron deficient) or 10 uM copper sulfate and 40 uM Fe(III)
citrate (iron rich). Cells were again harvested, then washed once
with ice-cold deionized water, and frozen in liquid N, for future
RNA extraction.

Total RNA was extracted using the hot-phenol method.**
Briefly, thawed cells were resuspended in AE buffer (50 mM
sodium acetate, pH 5.3, 10 mM EDTA). Cells were lysed by
adding SDS (1% (w/v) final concentration) and an equal volume
of AE buffer-equilibrated phenol. The mixture was incubated at
65 °C and vortexed briefly once every minute for 10 min. After
incubation, the mixture was rapidly chilled in a dry ice/ethanol
bath and centrifuged at the maximum speed using a Qualitron
DW-41microcentrifuge (maximum speed 6400 rpm) at room
temperature for S min. The aqueous phase was extracted with an
equal volume of phenol/chloroform/isoamyl alcohol (volume
ratio 25:24:1), followed by centrifugation. The aqueous phase
was extracted with an equal volume of chloroform/isoamyl
alcohol (volume ratio 24:1), followed by centrifugation. To the
resulting aqueous phase was added 0.3 M sodium acetate, pH 5.3,
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after which 2.5 volumes of ethanol were added to precipitate the
RNA contained in that phase. After being washed with 80%
ethanol, the RNA was air-dried, resuspended in sterile water, and
kept frozen at —80 °C until use. The total yield of RNA was
quantified at OD (260 nm). Contaminating DNA was removed
by treating the RNA with DNA-Free reagent (Ambion) follow-
ing the manufacturer’s instructions. RNA integrity was confirmed
using a 1% agarose gel and a Bioanalyzer (Agilent). Super Script
Vilo cDNA synthesis kit (Applied Biosystems) was used to
synthesize cDNA from RNA. qRT PCR was carried out on the
synthesized cDNA using an ABI 7900 Real Time PCR machine
(Applied Biosystems). Samples were prepared using Power
SYBR green PCR master mix (Applied Biosystems) and primer
pairs designed for specific genes (see Supporting Information
Table S1 for the primer pairs used in this study).

Analytical Characterizations. Crude mitochondria were iso-
lated according to published procedures.”’ Mitochondrial pro-
teins were separated by SDS—PAGE and transferred to a
polyvinylidene fluoride membrane (Bio-Rad). Yahlp antisera
were used to detect Yahlp. Porin was detected using porin anti-
sera as a loading control. Mitochondrial protein concentrations
were determined using the Bradford protein assay kit (Pierce)
following the manufacturer’s instructions. Mitochondrial or
whole-cell total iron concentrations were determined after diges-
tion in nitric acid by ICP-MS or by the bathophenanthroline-
sulfonate (BPS; Sigma) method.'" Reported values refer to
packed mitochondria or whole-cell condition adjusted for buffer
void volume. Aconitase assays were performed essentially as
described'’ by monitoring disappearance of cis-aconitate
(Sigma) at 240 nm.

Fluorescent Determination of Interstitial Buffer Volume.
The fraction of mitochondrial pellet volumes (Vpeuet) due to
buffer was determined using the cell-impermeable fluorescent
Compound 5% a generous gift from Dr. Kevin Burgess (Texas
A&M University). Initially, cells were grown to an OD (600 nm)
~ 1.2 and rinsed three times with 100 #M EDTA and then three
times with deionized water. Resulting cells were packed (4000g
for S min) into EPR tubes. The height of the pellet was marked
on the tube, allowing Vi, to be calculated from the mass of an
equivalent volume of water. Pelleted cells were then resuspended
in 200 uL of phosphate-buffered saline (PBS = 137 mM NaCl,
2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.4)
containing known concentrations of Compound 5. Cells were
pelleted, and the supernatant was collected. The cells were
resuspended in 200 uL of PBS without Compound 5 and
pelleted; the supernatant was again collected. This process was
repeated three times for each sample. The concentrations of
Compound S in supernatant fractions were determined using a
fluorescence spectrometer (Koala 90080; ISS Inc.). The volume
of buffer (Vi) contributing to Vpeller Was determined as
described,* allowing the mitochondrial packing efficiency
(Vpeltet = Viutter/ Vpeller X 100) to be calculated.

Spectroscopy. UV—vis spectroscopic analyses of mitochon-
dria were performed using a Hitachi Model U3310 with a Head-
On photomultiplier tube as described.'* A suspension of purified
mitochondria in 0.6 M sorbitol and 20 mM HEPES, pH 7.4, was
solubilized in 200 uL of buffer containing S0 mM Tris, pH 8.0,
100 mM NaCl, and 1% (w/v) sodium deoxycholate. The
resulting solution had a mitochondrial protein concentration of
4 mg/mL. Potassium ferricyanide (Acros Organics) and sodium
dithionite (Sigma) were used respectively to oxidize and reduce
cytochromes. Mossbauer spectra were collected on a Model MS4

Table 1. Quantification of mRNA Levels of Different Genes
under Iron-Replete (Iron-Free Minimal Medium Supple-
mented with 40 M Fe(III) Citrate) or Iron-Depleted (Iron-
Free Minimal Medium Supplemented with 100 M BPS)
Conditions”

mean Ct

gene  WT +BPS WT — BPS  Aftl-1"" + BPS  Aftl-1"" — BPS

FET3 17.4 22.6 16.9 16.5
FRE1 194 25.0 19.8 21.5
ACT1 17.9 17.0 17.6 17.1

“Ct indicates the cycles required to reach the fluorescence intensity
threshold. ACT1 (actin) is a control.

WRC spectrometer (SEE Co., Edina, MN) that had been
calibrated using @-Fe foil as described.'" EPR spectra were
collected on an X-band EMX spectrometer (Bruker Biospin,
Billerica, MA) as described.""

B RESULTS

Characterization of Aft1-1"P. Iron regulon genes, including
FET3 and FRE], should be strongly induced in WT cells grown
under Fe-deficient conditions but not under Fe-replete condi-
tions. This behavior was verified using quantitative RT-PCR.
Under an Fe-deficient condition (with BPS in the medium),
FET3 and FRE1 mRNA levels in WT cells were 30—50-fold
higher than under an Fe-replete condition (with 40 M Fe in the
medium) (Table 1). In contrast, Aftl-1"? cells under both
conditions afforded FET3 and FRE1 mRNA levels similar to
those of WT cells under the Fe-deficient condition. These results
confirm that the iron regulon genes in the Aft1-1" cells used
were constitutively activated regardless of Fe,eqium concentra-
tion. This is consistent with the reported behavior of the Aft1-1"?
strain®, and it verifies the genotype of the cells used in this study.

Aft1-1"" cells were grown in Fe-deficient minimal medium
supplemented with 1, §, 40, and 500 uM *"Fe. The medium
endogenously contained 3—7 uM natural-abundance Fe, only a
portion of which may be useable by the cell. The overall cellular
Fe concentration increased with [Feneqium] (Table 2). The
tabulated values are Fe concentrations in packed cell pellets after
adjusting for the contribution of the buffer void volume.

At the lowest [Feyedium] tested (endogenous Fe plus 1 uM
%’Fe), the Fe concentration of WT cells was nearly 3-fold lower
than in Aft1-1"" cells’ (Table 2). Assuming that the expression
level of the iron regulon in Aft1-1"? cells is maximal and that the
difference in Fe content between the two cell types was due
exclusively to Aftl-dependent processes, this result suggests that
the expression level of the iron regulon in WT cells grown under
these low Fe conditions was about one-third of maximal.

The Fe concentration of WT cells grown in medium supple-
mented with 40 uM >"Fe was ~6-fold lower than that in Aft1-1"?
cells while the FET3 and FRE1 mRNA levels were repressed
more than 70-fold. Aftl1-1" cells accumulated Fe due to the
constitutive activation of the iron regulon. In WT cells grown
under similar Fe conditions, the Aftl-dependent iron regulon
system has been reported to be repressed,® and our results
confirm this. The more modest fold difference in Fe concentra-
tions between cell types compared to the more dramatic fold
difference in FET3 and FRE1 mRNA levels suggests that an Aft1-
independent import mechanism operates in cells grown with 40
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Table 2. Characterization of Aft1-1"? Whole Cells and Isolated Mitochondria”

[*”Fe] added to growth medium (M) 1

[Fe] in whole-cell sample («M) 680 =+ 30 (WT = 250 =+ 80)
[Fe] in isolated mitochondria (M) 1400 £ 60

[protein] in isolated mitochondria (mg/mL) 71+6

aconitase activityb 480

S 40 500
2300 + 270 2800 + 470 (WT = 440 =+ 40) 3400 + 410
ND 8100 =+ 520 (WT ~ 750) ND
ND 84+ 8 ND
ND 150 ND

*The volume contribution of the interstitial buffer was removed during calculation of tabulated values. The cells themselves occupied 70% of Vi,epe¢

(Supporting Information Table S2) in packed whole-cell samples. In packed mitochondria samples, mitochondria occupied 77% of Vet

26

. R b : - . . . . . .
Comparative WT values are given in parentheses. ~ Aconitase activity was measured using purified mitochondria; relative error was estimated at

+20% (n = 2).

absorption [%]

-10 -5 0 5 10
velocity [mm/s]

Figure 1. Mossbauer spectra of Aftl-1"" cells grown under various
conditions. Spectra were collected at 6 K with 400 G magnetic field
applied parallel to the y-rays. (A—D) Cells grown on complete minimal
medium containing 1, S, 40, and 500 4M S7Fe(111) citrate, respectively.
(E, F) Cells grown on YPD medium containing 20 and 400 uM >"Fe(I1I)
citrate, respectively. Red lines are simulations assuming the species and
percentages listed in Table 3. Blue dashed lines indicate the doublet
positions of Fe(III) phosphate nanoparticles.

UM Fe. When the Fe concentration of the growth medium was
>40 uM, the iron concentration in Aft1-1" cells only increased
marginally (Table 2), perhaps reflecting saturation of the Aftl-
dependent cellular iron uptake system.

Mossbauer Spectroscopy of Aft1-1"P Cells. We used
Mossbauer spectroscopy to examine the Fe content of Aft1-1"F
cells grown in medium containing different concentrations of Fe.
With the limited resolution provided by Mossbauer spectrosco-
py, only a simplified analysis was possible. The four major types
of features observed in Mossbauer spectra of Aft1-1"" (Figure 1)
and WT cells (Figure 2) included (a) a six-line pattern between
ca. —8 mm/s to +-8 mm/s due to one or more mononuclear HS
Fe(III) species, (b) a central quadrupole doublet due to S = 0
[FesS4]°" clusters and LS Fe(II) hemes, (c) a quadrupole
doublet due to HS nonheme Fe(Il) species, and (d) a broad
partially resolved doublet due to Fe(III) (phosphate) nanopar-
ticles. In spectra of isolated mitochondria, HS Fe(II) heme
features can also be observed.” Parameters used to simulate these
features are given in Table 3. Percentages of each feature in the

S o
N o
I

o &
o N
|

absorption [%]
S
(4]
|

=
o

-0.5 -

-10 -5 0 5 10
velocity [mm/s]

Figure 2. Mossbauer spectra of WT cells grown under various condi-
tions. Spectra were collected at 6 K with 400 G magnetic field applied
parallel to the y-rays. (A—C) Cells grown on complete minimal medium
containing 1,40, and 500 M S7Fe(111) citrate, respectively. Red lines are
simulations assuming the species and percentages listed in Table 3.
Spectrum C was published previously as Figure 6A of ref 7.

displayed spectra are summarized in the lower part of the table.
Previous analyses suggest that the HS Fe(III) species may arise
from vacuoles,®” and we will assume this here. Much of the
remaining Fe species is located in mitochondria.”

Aft1-1"" cells grown in minimal medium supplemented with
~1 uM *’Fe exhibited a 6 K Mdssbauer spectrum (Figure 1A)
containing significant amounts of HS Fe(Ill), whereas this
feature in WT cells grown under similar conditions was sub-
stantially less intense (Figure 2A). The central and nonheme HS
Fe(1I) doublets in the WT spectrum were somewhat stronger
than in the Aft1-1"" spectrum. The high energy line associated
with the central doublet is at ~1 mm/s, while the low energy line
is obscured by absorption centered near 0 mm/s. The high
energy line of the nonheme HS Fe(II) doublet is at ~3.0 mm/s
while the low energy line is also obscured by the absorption near
0 mm/s. No more than ~10% of the intensity of either spectrum
was due to Fe(III) (phosphate) nanoparticles.

Given the presumed cellular location of the above-mentioned
Fe species and the concentration of Fe in these cell types
(Table 2), these differences in spectral intensities suggest that
~150 uM Fe in both Aft1-1"" and WT cells is associated with
mitochondria while ~500 zM Fe in Aft1-1"F cells and 100 uM Fe
in WT cells might be associated with vacuoles. These concentra-
tions do not reflect the actual concentration of Fe in these
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Table 3. Parameters Used for Mossbauer Spectral Simulations, Followed by Percentages of Component Species Associated with

Spectra Indicated by Figure Number”

parameter mononuclear nonheme HS Fe(TIT)*
o (mm/s) 0.46 to 0.55 045
AEq (mm/s) 0.2 to 0.5 1.08
I' (mm/s) 0.3 to 0.5 0.6
Ao (kG) —218 to —240
Figure %

1A 75

1B 70

1C 60

1D 58

1E 80

1F 70

2A 40

2B 73

2C 74

3A <2

7A 65

7B <2

7C <2

7D <2

7E 60

central doublet”

%

“»©n L L o N

nonheme HS Fe(1I) Fe(III) (phosphate) nanoparticles®

1.35 0.52

3.0 0.50
0.6 0.5

% %

10 5

5 12

6 28

8 22

5 8

7 14

26 12

10 12

13 8

2 90

10 6

12 76

5 88

90

18 <s

? Simulation of the HS Fe(IIl) features assumed three species, but this number is not physically meaningful, and the actual number of species

contributing remains undetermined.

organelles ([Fe]o or [Fel,,.) but rather the product of the
actual concentrations multiplied by the fractional volume of the
Organelle in the cell ([Fe]mitOVmito/Vcell and [Fe]vachac/Vcer
respectively). The concentration of Fe in isolated Aftl-1""
mitochondria (Table 2), along with this relationship, suggests
that the mitochondria occupy ~10% of the Aft1-1"" cellular
volume. An important caveat is that these calculations rely on the
cellular locations of the Mossbauer components. Our current
assumption that all cellular Fe can be divided into mitochondrial
and vacuolar locations’ is undoubtedly an oversimplification.

It is interesting that the 3-fold reduction of the Aft1-dependent
Fe regulon system in WT cells had no discernible impact on the
amount of Fe associated with mitochondria. This suggests that
the net rate of Fe entry into this organelle is insensitive to
changes in the Aft1-dependent system, at least in cells grown with
low [Fepedium]- By net rate, we mean the import rate into the
organelle minus the export rate. In contrast, the same fold
reduction in the Aftl-dependent Fe regulon was associated with
a 5-fold reduction of vacuolar Fe in WT cells. This suggests that
the net import rate of Fe into vacuoles is Aftl-dependent.

The 6 K Mossbauer syectrum of Aft1-1"F cells grown on
medium containing 5 #M °’Fe also exhibited significant amounts
of HS Fe(III) species (Figure 1B, Table 3). The percentage of
cellular Fe in this form was diminished by ~5%, relative to that in
cells grown on 1 uM *'Fe (Figure 1A). However, the overall
percent effect increased substantially, which reflected the ~3-
fold increased concentration of Fe in Aftl1-1"" cells grown on
medium supplemented with 5 vs 1 uM *’Fe (Table 2). In
absolute amounts, the number of moles of Fe present as HS
Fe(III) increased ~3-fold in Aft1-1" cells grown with 5 «M *"Fe
added to the medium vs the same cells grown with 1 M *"Fe

2664

added. This is consistent with an increased net rate of Fe import
into the cell and an increased flow of Fe into vacuoles. Another
important difference is that ~12% of the intensity in the
Mbssbauer spectrum of the 5 uM *"Fe-grown Aft1-1" cells
was due to Fe(III) (phos;)hate) nanoparticles. The same strain of
cells, grown with 1 uM "Fe in the medium, was largely devoid of
nanoparticles. We will show below that most (possibly all) of
these nanoparticles are located in mitochondria. The formation
of these particles reflects a greater import flow of Fe from the
environment into these organelles.

These same trends continued for Aft1-1"" cells grown on
medium supplemented with 40 «M *"Fe (Figure 1C, Table 3). In
these cells, the percentage of Fe due to HS Fe(Ill) was
diminished relative to the Aft1-1"¥ sample grown on 5 #M added
%"Fe. However, the Fe content of the 40 uM Fe-grown Aft1-1"
cells was slightly higher (Table 2), such that the absolute amount
of Fe present as HS Fe(Ill) actually increased, relative to the
amount of HS Fe(III) in Aft1-1" cells grown with 5 «M *"Fe.
This indicates an increased flow of Fe into the cell and perhaps
into vacuoles as [Feegium] increased. The relative intensity of
nanoparticles also increased in the 40 uM Fe-grown Aft1-1""
cells, again suggesting an increased flow into mitochondria (see
below). WT cells grown with 40 #M medium Fe also showed
increased Fe levels associated with vacuoles, relative to WT cells
grown on 1 uM *’Fe (Figure 2B). Using the percentages given in
Table 3 and the cellular Fe concentration given in Table 2, we
conclude that ~330 uM Fe was associated with vacuoles and
~120 uM Fe with mitochondria in the WT cell grown with 40
UM *"Fe. Only 12% of cellular Fe in these WT cells (~50 «M)
was present as nanoparticles, compared to 700 uM Fe as
nanoparticles in Aft1-1"" cells. Thus, the extra mitochondrial
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Figure 3. Mdssbauer spectra of mitochondria isolated from Aft1-1"7
cells grown on complete minimal medium containing 40 #M (A) and 1
UM Fe (B). The red line is a simulation assuming species and parameters
listed in Table 3.

Fe beyond the ~150 uM mainly required for formation of
respiratory complexes ultimately becomes nanoparticles.

The 6 K Mossbauer spectrum of Aft1-1"" cells grown on 500
UM *"Fe (Figure 1D) was similar to that of the 40 uM *"Fe-
grown Aft1-1"* cells. The concentration of Fe in these cells was
only slightly higher (Table 2), perhaps reflecting the saturation of
the Aftl-dependent system. We conclude that the relative and
absolute rates of Fe flowing into the cell, specifically into vacuoles
and mitochondria, did not increase significantly in cells grown
with 500 uM *Fe relative to cells grown with 40 uM *’Fe. The
spectrum exhibited by WT cells grown with 500 uM *"Fe
(Figure 2C) was quite similar to the WT sample grown with
40 uM ¥’Fe. Although the Aftl system is largely deactivated in
WT cells at this [Fepedum), the rate of Fe import from the
environment appears to saturate under these conditions.

Mitochondria Isolated from Aft1-1"° Cells. To test whether
the nanoparticles observed in Mossbauer spectra of Aft1-1"* cells
grown with high [Fecdium] Were located in mitochondria, we
isolated these organelles from Aft1-1"¥ cells grown on medium
supplemented with 1 #M and with 40 4M *Fe. The Fe concen-
tration of mitochondria from the 40 M >’Fe grown Aft1-1"* cells
(Table 2) was ca. 11-fold higher than that reported for mitochon-
dria isolated from WT cells grown under the same conditions.””
The Fe concentration in mitochondria isolated from Aft1-1" cells
grown on 1 #M medium Fe was substantially reduced.

The 6 K Mossbauer spectrum of mitochondria isolated from
Aft1-1"° cells grown with 40 uM >’Fe (Figure 3A) was typical of
Fe(1II) (phosphate) nanoparticles.""”'> These particles repre-
sented the vast majority of mitochondrial Fe. Also evident in the
spectrum is the high energy line of a HS Fe(II) doublet. Although
this doublet represented only a tiny percentage of the total
intensity, the absolute concentration of the species represented
by this feature was ~100 ¢«M. Similar species, present at similar
concentrations, have been reported for Yah1- and Atm1-depleted
mitochondria."' "

The 6 K Mossbauer spectrum of mitochondria isolated from
Aft1-1% cells grown on 1 uM *"Fe was dominated by unresolved
absorption at ~0.5 mm/s (Figure 3B). The percent effect was
substantially reduced relative to the spectrum of mitochondria
from cells grown on medium supplemented with 40 uM *’Fe. As
much as half of this intensity may be due to Fe(IIl) (phosphate)
nanoparticles of the form displayed in Figure 3A. Other

nanoparticle forms, or other unresolved features, could also be
present. The spectrum of Figure 3B was readily contained within
the corresponding whole-cell spectrum shown in Figure 1A,
assuming ~5% of total intensity.

EPR spectroscopy provided further evidence for nanoparticles
in mitochondria from Aft1-1"? cells grown on 40 4M medium Fe.
Such organelles exhibited a broad peak around g ~ 2 with anti-
Curie law behavior; i.e., the intensity of the peak increased as the
sample temperature was raised from 10 K (Figure 4, top panel).
Similar behavior was observed for Yahlp- and Atmlp-depleted
mitochondria loaded with Fe(III) phosphate nanoparticles.'"**

Accumulation of Fe(III) phosphate nanoparticles in Yah1p- and
Atm1p-depleted mitochondria is accompanied by elevated ROS
damage.'""> An Oxyblot analysis was performed to determine whe-
ther accumulation of nanoparticles in Aft1-1"Y mitochondria was
also associated with increased ROS damage. Mitochondria isolated
from two batches of WT cells, one grown on medium with 1 uM
added Fe and the other grown with 40 uM added Fe, showed
similar low levels of ROS damage (Figure S, lanes A and B),
consistent with the absence of substantial nanoparticles. In contrast,
mitochondria isolated from Aft1-1" cells grown under the same
conditions exhibited elevated ROS damage (Figure S, lanes C and
D). Mitochondria from the Aft1-1" cells grown with 40 M *’Fe
had higher ROS damage, consistent with the increased amount of
nanoparticles in samples prepared with that growth condition
(Figure 1C) vs samples grown with 1 uM *"Fe (Figure 1A).

We wondered whether this elevated ROS damage affected ISC
and heme levels in Aft1-1"" mitochondria. Aconitase is a mito-
chondrial protein that requires an [Fe,S,] cluster for activity.
Aconitase activities were essentially unchanged in mitochondria
isolated from WT cells grown on medium containing 1 #M vs 40
UM Fe (780 units/ mg of protein vs 850 units/mg of protein). In
contrast, the aconitase activity was lower in mitochondria from
Aft1-1"" cells grown with 40 #M added Fe than in organelles
from cells grown with 1 «M added *’Fe (Table 2). The activities
of both growths of Aft1-1"F cells were lower relative to their WT
controls. This indicates that ISC levels declined when nanopar-
ticles accumulated in mitochondria.

Further evidence for a nanoparticle-associated decline of ISCs
comes from EPR spectroscopy. The g ~ 1.94 signal, which arises
from reduced ISCs, was weaker in spectra of mitochondria
isolated from cells grown on 40 uM medium Fe than in mito-
chondria from cells grown with 1 uM Fe (Figure 4, bottom
panel). Heme levels were also decreased in Aft1-1"7 cells relative
to WT cells, even at 1 #M medium Fe concentration (Figure 6).
The decline in ISC and heme levels is probably due to degrada-
tion caused by the ROS damage that accompanies Fe accumula-
tion, as we have proposed previously for Atmlp-depleted
mitochondria."!

Media Dependence of Nanoparticles. Aft1-1"" cells grown
in standard rich medium (YPGal), as well as the mitochondria
isolated from such cells, reportedly do not accumulate Fe.*® In
minimal medium, a similar Fe concentration caused substantial
Fe nanoparticle buildup in Aftl-1"" cells and mitochondria
(Figure 1B,C). We wondered whether this difference arose from
differences in the medium used to grow the cells. Without adding
Fe, rich medium contained ~20 M Fe. When 20 uM *"Fe was
added to standard YPD medium (giving a total [Fe] of ~40 uM),
the resulting spectrum (Figure 1E) did not contain a significant
amount of the Fe(III) (phosphate) nanoparticle doublet. In YPD
medium, noticeable nanoparticles formed in cells grown on very
high media Fe concentration (e.g, 400 #M medium Fe,
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Figure 4. EPR spectra of the mitochondria isolated from Aft1-1" cells.
Top panel: Mitochondria from cells grown on 40 uM Fe, recorded at 20
mW microwave power, 9.46 GHz, and 4, 10, 30, and 50 K, respectively.
Bottom panel: Mitochondria from cells grown on 40 4M (A) and 1 uM
(B) Fe, recorded at 0.2 mW microwave power, 9.46 GHz, and 10 K.
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Figure 5. Oxyblot analysis of WT and Aft1-1"Y mitochondria. Lanes A
and B, mitochondria isolated from WT cells grown on complete minimal
medium supplemented with 1 and 40 «M *"Fe, respectively; lanes C and
D, mitochondria isolated from Aft1-1" cells grown on complete
minimal medium supplemented with 1 and 40 uM *"Fe, respectively;
lane E, mitochondria isolated from Aft1-1"F cells grown on YPD
medium supplemented with 20 uM *’Fe. The sum of the band
intensities of each lane was normalized to that of lane A. Relative
percentages are given at the bottom of the figure.

Figure 1F). The extent of nanoparticle buildup with 40 M Fe in
YPD medium was similar to that for cells grown on minimal
medium supplemented with 1 #M >’Fe (Figure 1A). Moreover,
the extent of oxidative damage for these two conditions was
similar (compare Figure SC vs Figure SE). Supplementing YPD
medium with 400 uM >"Fe (Figure 1F) resulted in about the
same level of nanoparticles as was obtained by supplementing
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Figure 6. UV—vis spectra of mitochondria isolated from WT and Aft1-
1"" cells grown on minimal media. (A) Mitochondria from WT cells
grown with 20 uM *’Fe. (B) Mitochondria from Aft1-1"" cells grown
with 1 uM *’Fe. (C) Mitochondria from Aft1-1'" cells grown with
40 uM *"Fe.

minimal medium with $ «M *’Fe (Figure 1B). YPD has addi-
tional nutrients relative to minimal medium, which might allow
cells to adjust more flexibly to the Aft1-1"P-induced perturbation.
Alternatively, the magnitude of this perturbation may be atte-
nuated in YPD-grown cells.

Vacuolar Fe in Aft1-1"P vs Yah1p-Depleted Cells. We have
reported previously that disruption of mitochondrial ISC assem-
bly causes a dramatic shift in cellular iron distribution.'' This shift
is thought to arise because yeast cells depleted in proteins asso-
ciated with ISC assembly (e.g., Yahlp, Atm1p, Ythlp) “feel” Fe-
deficient and thus upregulate expression of Aftl-targeted genes,
similar to the expression level situation in Aft1-1'? cells.”® This
suggested that the cellular distribution of Fe in Yahlp- and
Atm1p-depleted (and perhaps Ythlp-depleted) cells should be
similar to that of Aft1-1"" cells.

To test this idea, we examined the Fe distribution in whole
Yahlp-deficient cells. Gal-YAH1 cells were cultured in complete
minimal medium containing galactose. In the presence of
galactose, these cells express Yahlp. The resulting Mossbauer
spectrum (Figure 7A) was typical of WT cells. Aliquots of this
culture were diluted into fresh minimal medium containing
glucose as carbon source and were allowed to grow for an
additional 12 and 18 h. Under these conditions YAH1 was
repressed (Figure 7, upper panel). After 12 h of growth, cells
were harvested and examined by Mossbauer spectroscopy. The 6
K spectrum (Figure 7B) was dominated by a nanoparticle
doublet. The remaining ~5% of spectral intensity was a high-
spin Fe(II) doublet, with no evidence of mononuclear HS
Fe(IIL) species. Thus, virtually all cellular Fe in Yah1p-depleted
cells was present as nanoparticles. In another similar experiment,
Yahlp-depleted cells were harvested after an additional 18 h of
growth. The 6 K Mossbauer spectrum of these cells (Figure 7C)
was similar to Figure 7B, except that the percent effect due to the
nanoparticles had increased. The percentage of the HS Fe(II)
form decreased, but the absolute concentration of the HS Fe(II)
species probably remained about the same. When Gal-YAH1
cells were grown on low Fe medium (1 uM *’Fe added), the
dominant cellular Fe form was still Fe(Ill) nanoparticles
(Figure 7D).

Comparing these spectra to those of Aft1-1"" cells (Figure 1,
A-F) reveals that ~70% of the Fe in Aft1-1"" cells was present as
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Figure 7. Western blot and Mossbauer spectra of Gal-YAHI and Aft2-
1"? cells. Gal-YAHI cells were cultured in complete minimal medium
supplemented with 40 «uM *"Fe and containing galactose. When OD
(600 nm) reached ~1, cells were harvested, and a portion was used for
Western blot, crude mitochondria isolation, and whole-cell Mossbauer
spectroscopy. The remaining cells were diluted at t = 0 into fresh
minimal medium containing glucose as carbon source. At =12 and 18 h,
these cells were harvested, mitochondria were isolated, and whole-cell
Mossbauer samples were prepared. Top panel: Western blot of crude
mitochondria showing Yahlp and porin (loading control) expression
levels. Bottom panel: 6 K Mossbauer spectra of (A) Gal-YAHI cells
grown in galactose-containing medium; (B) Gal-YAHI cells after
switching to glucose-containing medium and harvesting at 12 h; (C)
same as (B) but cells were harvested at 18 h; (D) Gal-YAH1 cells grown
on minimal glucose medium supplemented with 1 M *’Fe for ~18 h
(final OD (600 nm) ~ 1); (E) Aft2-1"” cells grown on minimal glucose
medium supplemented with 40 uM *’Fe. Red lines are simulations
assuming the species and percentages listed in Table 3.

HS Fe(III) species, probably located in vacuoles, whereas little, if
any, Fe in Yah1-depleted cells is of this form. Both cells contained
significant amounts of Fe(III) (phosphate) nanoparticles. Previous
studies have shown that such nanoparticles are found in mitochon-
dria of Yah1p-depleted cells.'* Our current study indicates the same
for the mitochondria of Aft1-1"" cells, but only when cells were
grown in medium containing Fe at high concentrations. We believe
that essentially all nanoparticles in Aft1-1"f, Yahl-depleted, and
Atm]-depleted cells are located in mitochondria. We cannot
exclude the possibility that a small portion is located in other

cellular compartments (e.g, cytosol, vacuoles), but neither do we
have evidence for this.

Distribution of Iron in Aft2-1"P Cells. In the Aft2-1"F strain,
Aft2-targeted genes are constitutively activated, analogous to the
condition in Aft1-1'? cells.*” Microarray data suggest that Aft2-
targeted genes may be involved in intracellular Fe trafficking.”’
Aft2p activates the vacuolar iron exporter Smf3p and the mito-
chondrial Fe importers Mrs3p/Mrs4p; thus, Aft2p is suspected of
promoting Fe transport from vacuoles to mitochondria. In this case,
activation of Aft2p-controlled genes would be expected to deplete
vacuoles of Fe and cause Fe to accumulate in mitochondria, as
observed in Yahpl-depleted cells but not in Aft1-1"" cells. The
Mossbauer spectrum of Aft2-1"F cells (in a Aaftl background)
grown on medium with 40 uM >"Fe (Figure 7D) was similar to that
of WT cells, including a significant amount of HS Fe(III) species
and central doublet. This similarity suggests that activation of
Aft2p-targeted genes does not significantly alter cellular iron
distribution.

H DISCUSSION

The primary objective of this study was to better understand
the regulation of cellular Fe by Aftlp and the iron regulon. We
used an integrative biophysical approach to study the Aft1-1""
strain grown in medium containing different concentrations of
"Fe. We wanted to determine how the cellular Fe arising from
Aftlp-dependent import was distributed in the cell and to
compare this distribution to those obtained using WT and
Yah1-depleted cells. On the basis of these results, we developed
a model (Figure 8) to interpret the observed changes in Fe
distribution. Shown are approximate concentrations of various
types of Fe present in fermenting WT, Aft1-1"*, and Yahlp-
depleted cells grown in Fe-deficient minimal media supplemen-
ted with low and high iron.

Effect of Media Fe on Cellular Fe Distribution. Under low
Fe growth conditions, Aft1-1"" cells contained more Fe than WT
cells, and that Fe was distributed somewhat differently. Most of
the Fe in Aft1-1"F cells was mononuclear nonheme HS Fe(III)
species, assumed to be located in vacuoles. WT cells contained
HS Fe(III) species, but in lesser amounts. Yah1p-depleted cells
did not contain such species. In Aft1-1"" cells, a substantial
portion of Fe was in the form of ISC and heme prosthetic groups,
most of which was located in mitochondria. Similar concentra-
tions of ISCs and hemes were present in WT cells grown under
similar conditions. Yah1lp-depleted cells were essentially devoid
of these prosthetic groups; the vast majority of the Fe in these
cells was present as Fe(III) phosphate nanoparticles. A small
portion of Fe in Aft1-1"F cells was also nanoparticles, whereas
these particles were less evident in comparably grown WT cells.

As the concentration of *’Fe in the medium of Aft1-1% cells
increased, the most significant change was an increase of cellular
Fe that was not matched in WT cells. The difference in cellular Fe
concentrations was probably due to the constitutive upregulation
of Fe importers on the plasma membrane in Aft1-1"? cells vs the
Fe-dependent shutdown of these importers in WT cells. These
results suggest that the concentration of cytosolic Fe species, or
at least that particular species that is sensed by the Aft1 system, is
proportional to [Fepedium] in this range of concentrations..

In Aft1-1"P cells, some of the additional Fe was delivered to
vacuoles and some to mitochondria, such that the percentage of
Fe in the two organelles did not dramatically change relative to
the low-Fe growth condition. Mitochondria from WT cells had a
substantial amount of Fe present in respiration-related prosthetic
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Figure 8. Model of cellular iron distribution in WT, Aft1-1"", and Gal-YAH1 cells grown on low (~1 M) and high (=40 4M) iron. In WT cells grown in low
[Femedium), the iron regulon is partially activated. Imported Fe is delivered primarily to the mitochondria, where much of it is assembled into Fe/S clusters and
heme centers. Some Fe is sent to vacuoles, where it resides in the HS Fe(I1I) state. When WT cells are grown in high [Fenedium), Aft1 is downregulated, shifting
the burden of importing Fe to Aft1-independent pathways (curved blue arrows). In Aft1-1"7 cells, Aft1 is constitutively activating the iron regulon regardless of
the concentration of Fe yeium- When grown in low [Feppedium), more Fe is imported relative to WT cells. The majority is sent to vacuoles while much of the
remainder is sent to mitochondria for heme and ISC biosynthesis. When Aft1-1** cells are grown in high [Fe ,cdium), the rate of import is increased, but the
imported Fe is distributed similarly. The flow into mitochondria is favored because nanoparticle formation depresses the concentration of the precursor Fe species
in the matrix that is both sensed for regulation and converted into nanoparticles. Mitochondria “feel” Fe-deficient, accelerating Fe import. In Yah1p-depleted cells
grown at either low or high media Fe, nearly all imported Fe is delivered to mitochondria. This massive influx of Fe into the mitochondria depresses the
concentration of cytosolic Fe that is sensed by the Aft1 regulatory system and by the vacuolar iron regulatory system (Fe,.). Due to this regulatory structure, these
cells “feel” Fe deficient, leading to an increased import of Feyegium and the efflux of Fe from the vacuole, as the regulatory system attempts to increase Feyy.
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groups and a comparable amount of Fe(III) (phosphate) nano-
particles (and perhaps some mononuclear HS Fe(III)7). In
contrast, the Fe in mitochondria from Aft1-1"" cells was pre-
dominantly in the form of Fe(Ill) (phosphate) nanoparticles.

Aft1-1" cells grown with very high media Fe contained
marginally more Fe than when grown on intermediate Fe levels.
The fractional increase was modest relative to the increase in
cellular Fe when [Fenedium] Was increased from low to inter-
mediate levels. This suggests that the Aftl-dependent rate of Fe
import into the cell saturates at high [Fe,cgium]. A dispropor-
tionate amount of the additional Fe was imported into mito-
chondria, where it formed Fe(IlI) (phosphate) nanoparticles.
Yah1-depleted cells also accumulated such nanoparticles.

Nanoparticle Formation. Fe(Ill) (phosphate) nanoparticles
formed in the mitochondria of all three cell types examined, with
more nanoparticles formed when cells were grown in media supple-
mented with high concentrations of Fe. The greatest accumulation of
nanoparticles was observed with Yahlp-depleted cells, followed by
Aft1-1"" cells and then WT cells. Under nanoparticle forming condi-
tions, there was a massive influx of iron (presumably HS Fe(1II)) into
the mitochondrial matrix. This was probably followed by oxidation to
Fe(III), ligand exchange to include phosphate ions in the coordina-
tion sphere, and then precipitation as Fe(Ill) phosphate nanoparti-
cles. Why the mitochondria in these cells are so conducive to nano-
particle formation is unclear, but possibilities include an increase in
the concentration of matrix Fe beyond its solubility limit, an un-
usually oxidizing matrix environment, a higher than normal pH, and
an altered chemical composition of the matrix.

ISCs and heme levels are diminished in Aft1-1"? mitochondria
when cells are grown under nanoparticle-forming conditions.
Nanoparticle formation was strongly correlated to ROS produc-
tion. Similar to the situation with Yahlp-depleted'* and Atm1-
depleted"" cells, we suggest that ISCs and heme centers are being
biosynthesized in Aft1-1"" cells but that these centers are des-
troyed by ROS generated during nanoparticle formation.

Similar ISC and heme defects have been noted for numerous
other mitochondrial proteins that are thought to be involved in the
pathways that biosynthesize these centers. Interestingly, there is no
direct disruption of these biosynthesis pathways in Aft1-1"" cells,
and microarray studies have shown that 2proteins associated with
these pathways are not downregulated.”” The fact that ISC and
heme levels are diminished by mutating Aft1p, a protein that never
enters the mitochondria and is only indirectly involved in these
pathways, highlights the possibility that the commonly observed
ISC and heme depletion phenotype is a secondary effect due to
ROS damage. Diminished ISCs or heme centers should not be
automatically interpreted as demonstrating the primary functions
of the proteins whose deletion causes these effects.

Cytosolic Fe. We could not unambiguously discern, based on
our results, cytosolic Fe with any cell type or under any growth
condition. We suspect that some cytosolic Fe is present as
nonheme HS Fe(Il) species. If so, the spectral intensities
associated with these species (Table 3) represent the upper limit
for the cytosolic Fe pool. For example, the spectrum of Figure 1A
indicates that the cytosolic Fe in Aft1-1"* cells grown on low Fe
can be no more than ~10% of cellular Fe, corresponding to ~65
UM HS Fe(II) species. Some of this Fe is probably in other
cellular locations, e.g., in the mitochondria. Other types of Fe
may be found in the cytosol. In the same spectrum, the central
doublet represents ~8% of total intensity. The majority of this
doublet arises from S = 0 [Fe,S4]*" clusters, suggesting a maxi-
mum cellular concentration of ~14 uM for such clusters. A

majority of these clusters are undoubtedly in mitochondria, but
some may be cytosolic. The cytosol may also contain mono-
nuclear HS Fe(Ill) species, but because so much cellular HS
Fe(I1I) is observed by Mdssbauer, and some or all of this Fe may
be located in vacuoles, the cytosolic contribution cannot be
estimated reliably.

Aft1p-Dependent Regulation. We have developed a simple
Fe regulatory model (red dashed lines in Figure 8) to explain our
results. The general characteristics of homeostatic regulatory
systems are well understood.>”*" Such systems include a mole-
cule whose concentration is sensed, a mechanism for com-
paring this concentration to a set-point concentration, and a
mechanism for adjusting the concentration of the sensed mole-
cule toward the set-point value. In some systems, including Aft1,
regulation is at the genetic level, involving transcription factors
and control of gene expression. In other systems, regulation is at
the protein level, involving allosterically regulating protein
activities.

In our model, we do not consider whether a particular
regulation system operates at the genetic or protein level, nor
do we consider what particular form of Fe is being sensed or the
particular proteins involved. Rather, we consider the minimum
number of Fe regulatory systems that might be involved, the
cellular locations of the sensed molecules and responding
proteins, the cellular compartments across which Fe moves,
and the particular types of Fe species that move. We limit
considerations to three cellular compartments, namely, the
cytosol, vacuole, and mitochondria.

The Aftl system regulates the import of Fe from the environ-
ment into the cytosol.* It undoubtedly senses the concentration
of a cytosolic Fe species (Fe,,). In WT cells, the Aft1 system is
deactivated at [Fejcgium] > low micromolar; at 40 uM, the
system is significantly attenuated. Thus, there are other pathways
by which Fe enters the cell. These become increasingly important
as the Aftl system is shut down, but they saturate when
[Femedium] > ~40 uM. The Aftl-dependent iron regulon is
upregulated in Atml-depleted and Yahlp-depleted cells; i.e.,
such cells “feel” as though they are Fe-deficient.

Whether the Aftl system also regulates the trafficking of
cytosolic Fe into vacuoles and mitochondria is unknown, but
we suggest that it does not. We propose that there are (at least)
two additional Fe homeostatic regulatory mechanisms in yeast,
one that regulates the influx and efflux of vacuolar Fe and one that
regulates the influx of mitochondrial Fe. The Aftl system
influences these other systems through the effects of sharing a
common pool of cytosolic Fe, namely, Fe.y. As Fe from the
environment enters the cytosol and [Fecyt] increases, the influx of
Fe into these organelles will also increase by simple mass action
kinetics.

Vacuolar Iron Regulatory System. The main difference in
Fe contents between Aft1-1" cells and Yahlp-depleted cells is
that Aft1-1"? cells contain a significant amount of what appears to
be vacuolar Fe while Yahlp-depleted cells are devoid of the
presumed vacuolar Fe, regardless of [Feedium]- Vacuoles likely
function as reservoirs for storing and releasing Fe. Thus, Yah1p-
depleted cells may “feel” Fe-deficient, even when grown in Fe-
replete media, and they respond by expelling Fe from the
vacuoles. In contrast, Aft1-1"F cells “feel” Fe sufficient (except
perhaps at very low [Fecdium] ), and they respond by importing
Fe into the vacuole.

We propose that the fluxes of Fe into and out of vacuoles are
regulated by an Aftl-independent regulatory system that senses
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[Fecy:]. Accordingly, the steady-state concentration of [Fey] in
Yahlp-depleted cells would be predicted to be lower than in
Aft1-1"" and WT cells, explaining why Yah1lp-depleted vacuoles
are devoid of Fe and why they are filled in Aft1-1"" cells. The set-
point concentration of [Fe,] is probably somewhere between
these concentrations. Regulation could be at the transcriptional
level, in that the expression of such transporters could be
sensitive to these relationships. This could explain why in Yah1p-
and Atmlp-depleted cells the vacuolar importer CCC1 is
transcriptionally repressed and the vacuolar exporter complex
FETS/FTHLI is upregulated (see Supporting Information of ref
28). Expression of these genes is not controlled by Aftl, suggest-
ing a different regulatory system. YapSp regulates CCC1 expression
in an Fe-dependent manner, and it should be viewed as a candidate
for this regulatory system.>

Mitochondrial Iron Regulatory System. Another difference
between Aft1-1" and Yah1p-depleted cells is that nearly all of the
Fe in Yahlp-depleted cells is present as Fe(III) (phosphate)
nanoparticles located in mitochondria. Aft1-1"" mitochondria
also contain nanoparticles, but in lesser amounts. If mitochondria
and vacuoles imported cytosolic Fe from the same pool and
sensed the same Fe, species, this could explain why Fe
accumulates in both mitochondria and vacuoles of Aft1-1" cells,
namely, because [Fe,] exceeds its set-point concentration.
However, this same reasoning cannot explain why Fe accumu-
lates in Yahlp-depleted mitochondria but is expelled from their
vacuoles. This leads us to propose that mitochondria contain a
separate regulatory system similar to that previously proposed for
Yah1p-depleted cells.'> The rate of Fe import into mitochondria
was proposed to be controlled by the concentration of an Fe
species in the matrix, Fe, ., that is eventually converted into
nanoparticles. Nanoparticle formation would depress [Fe auix),
causing the system to import more Fe from the cytosol as the
homeostatic regulatory response. Since the amount of precipi-
tated nanoparticles in the matrix is not sensed, the regulatory
system never reduces the Fe import rate. Regulation could be at
the local level (activating existing Fe importers on the mito-
chondrial IM) or at the genetic level (upregulating the bio-
synthesis of more Fe importers). In the latter case, the status
of Fe in the matrix would somehow need to be communicated
to the nucleus where gene expression levels are controlled. Lill
has su%gested that the IM protein Atmlp exports such a
sensor.

Further studies are required to establish the existence of these
two proposed regulatory systems and to explore the molecular
level details of how they function. Central to this effort will be to
identify cytosolic and matrix Fe species that might serve as
sensors for these systems.
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B ABBREVIATIONS

Fe mediuny iron contained in the growth medium; Aft1-1"7, a yeast
strain in which the transcription factor Aftlp constitutively
upregulates iron regulon genes, regardless of Fe,edium concen-
tration; Aft2-1", similar to Aft1-1"F but for the gene Aft2; Gal-
YAH], a yeast strain in which expression of the ferredoxin Yah1 is
controlled by the carbon source in the growth medium (galactose
promotes expression; glucose represses it); WT, wild type; ND,
not determined; ISC, iron—sulfur cluster; Ccclp, Fe importer on
the vacuolar membrane; IM, inner membrane of the mitochon-
dria; Mrs3p and Mrs4p, Fe importers on the IM; ROS, reactive
oxygen species; YPD, standard rich medium containing glucose;
BPS, bathophenanthrolinesulfonate; Compound 5, a fluorescent
compound described in ref 25; d, isomer shift; AEq, quadrupole
splitting; HS, high spin; LS, low spin; EPR, electron paramag-
netic resonance; Fey,, unidentified Fe in the cytosol sensed by
the Aftl regulatory system;Fep,i, unidentified Fe in the
mitochondrial matrix that is proposed to be sensed by the
mitochondrial iron regulatory system.

Il ADDITIONAL NOTE

“Throughout this paper, we place “phosphate” in parentheses
when referring to Fe(IlI) (phosphate) nanoparticles in Aft1-1"
cells because we presume, but have not demonstrated, that they
contain phosphate groups. Phosphate is associated with nano-
particles in Atmlp-deficient and Yfhl-deficient mitochon-
dria.'%'™'* M&ssbauer spectra of Aft1-1"P nanoparticles are
nearly indistinguishable from those of Atm1p-deficient cells.
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