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Intracellular iron trafficking: role of cytosolic ligands
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Abstract Iron acquired by cells is delivered to
mitochondria for metabolic processing via pathways
comprising undefined chemical forms. In order to assess
cytosolic factors that affect those iron delivery pathways,
we relied on microscopy and flow-cytometry for mon-
itoring iron traffic in: (a) K562 erythroleukemia cells
labeled with fluorescent metal-sensors targeted to either
cytosol or mitochondria and responsive to changes in
labile iron and (b) permeabilized cells that retained
metabolically active mitochondria accessible to test
substrates. Iron supplied to intact cells as transferrin—
Fe(III) or Fe(Il)-salts evoked concurrent metal ingress to
cytosol and mitochondria. With either supplementation
modality, iron ingress into cytosol was mostly absorbed
by preloaded chelators, but ingress into mitochondria was
fully inhibited only by some chelators, indicating differ-
ent cytosol-to-mitochondria delivery mechanisms. Iron
ingress into cytosol or mitochondria were essentially
unaffected by depletion of cytosolic iron ligands like
glutathione or the hypothesized 2,5 dihydroxybenzoate
(2,5-DHBA) siderophore/chaperone. These ligands also
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failed to affect mitochondrial iron ingress in permeabi-
lized K562 cells suspended in cytosol-simulating med-
ium. In such medium, mitochondrial iron uptake was
>6-eightfold higher for Fe(Il) versus Fe(Ill), showed
saturable properties and submicromolar K, correspond-
ing to cytosolic labile iron levels. When measured in
iron(Il)-containing media, ligands like AMP, ADP or
ATP, did not affect mitochondrial iron uptake whereas in
iron(Il)-containing media ADP and ATP reduced it and
AMP stimulated it. Thus, cytosolic iron forms demon-
strably contribute to mitochondrial iron delivery, are
apparently not associated with DHBA analogs or gluta-
thione but rather with resident components of the
cytosolic labile iron pool.
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Abbreviations

AM Acetomethoxyl ester

BDH2 Butyrate dehydrogenase?2
BIPC Carboxy-bipyridyl

BSO Buthionine sulfoximine
CALG Calcein green

2,5-DHBA  2,5-Dihydroxybenzoic acid
DMB 5,5'-Dimethyl-BAPTA
DFO Desferrioxamine

DMEM Dulbecco’s modified eagle medium
DMSO Dimethyl-sulfoxide

DMT1 Divalent metal transporter 1
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FAS Ferrous ammonium sulfate

FeS Iron—sulfur cluster

F.U Fluorescence units

GSH Reduced glutathione

INT Todonitrotetrazolium

IC1 5,5',6,6'-tetrachloro-1,1",3,3’-
tetraethylbenzimidazolylcarbocyanine
iodide

LIP Labile iron pool

MDR Multidrug resistance

MRP Multidrug resistance proteins

NTA Nitrilotriacetic acid

PBS Phosphate buffered saline

RPA Rhodamine B-[(1,10-phenanthrolin-5-y1)
aminocarbonyl benzyl ester

SIH Salicyl isonicotinoyl hydrazide

TfFe Transferrin—iron

Introduction

Iron is essential for a gamut of biochemical processes
like oxygen binding, respiration, DNA synthesis and
repair. As most of the cell metabolic iron is processed
within mitochondrial compartments, it is of impor-
tance to understand how the metal is delivered to these
organelles (Sheftel and Lill 2009). In most mammalian
cells, physiological uptake of iron proceeds via
endocytosis of circulating transferrin—iron (TfFe)
complexes (Wang and Pantopoulos 2011) followed
by steps of endosomal acidification and iron reduction
via DMTI1-STEAP3 (McKie 2005) or ZIP14 (Zhao
et al. 2010; Liuzzi et al. 2006) reductase-associated
transporters that lead to iron release and its translo-
cation into the cell interior for metabolic utilization or
storage (Wang and Pantopoulos 2011). Cytosolic iron
utilization is seemingly associated with a pool of labile
iron (LIP) (Kakhlon and Cabantchik 2002; Breuer
et al. 2008) that comprises redox-active iron forms,
exchangeable between metal binding ligands, while
cell iron storage is linked to a catalyzed mineralization
of the labile iron into ferritin protein iron cores (Arosio
et al. 2009).

Hitherto, the mechanisms of cytosolic iron traffick-
ing to mitochondria remain unresolved, largely due to
technical difficulties in tracing transitory cell iron
forms in real-time in different cell compartments. With
the advent of fluorescent metalosensors that can be
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targeted to specific cell compartments such as cytosol
and mitochondria, it has become possible to obtain
kinetic information about iron ingress into these
compartments using both physiological Tf—Fe and
non Tf-Fe substrate forms. Our previous observa-
tions indicated that incoming TfFe accessed K562
mitochondria by multiple trafficking mechanisms
(Shvartsman et al. 2010). These trafficking mechanisms
are operationally defined as cytosolic chelator-sensitive
and chelator-insensitive. While chelator-sensitive iron
trafficking is allegedly mediated by endogenous com-
ponents of the cytosolic labile iron pool (Kakhlon and
Cabantchik 2002; Zhan et al. 1990), chelator-insensi-
tive trafficking is associated with occluded iron forms
that are either complexed to cytosolic high-affinity
iron-binding ligands (Shi et al. 2008; Devireddy et al.
2010) or sequestered within endosomes (Sheftel et al.
2007). In the current study, we aimed to assess whether
the prevailing cytosolic metal ligands can mediate or
affect iron delivery to mitochondria. Previous studies
with isolated mitochondria have addressed this issue
by using radiolabeled iron and various cytosolic
ligands that can complex iron (Weaver and Pollack
1990; Weaver and Pollack 1990). The complexes were
assessed in terms of their ability to support radiola-
beled heme synthesis, which was taken as a measure of
mitochondrial iron uptake and processing, but not of
transport per se. In this work we used K562 erythro-
leukemia cells for monitoring iron ingress into cytosol
and mitochondria and for assessing the effect of
cytosolic factors on intracellular iron traffic. We
selected these erythroid—myeloid cells because they
express an abundant number of functional transferrin
receptors and display active iron and heme metabolism
(Klausner et al. 1983), including inducible hemoglobin
synthesis (Andolfo et al. 2010). Moreover, these cells
have a demonstrable ability to acquire both physio-
logical TfFe (Klausner et al. 1983) and non-Tf iron
complexes (Lane and Lawen 2008) and can be used for
on line monitoring of iron ingress into cytosol and
mitochondria by real time fluorescence (Breuer et al.
1995; Shvartsman et al. 2010). For that purpose we
labeled the cells with fluorescent metalosensors: (a) the
green fluorescent calcein green (CALG) as described
by Epzstejn et al. (1997) for assessing cytosolic labile
iron and (b) the red fluorescent rhodamine B-[(1,10-
phenanthrolin-5-yl) (RPA) aminocarbonyl benzyl
ester, as described by Petrat et al. (2002) for labeling
mitochondria. The assessment of cytosolic factors that
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affect iron uptake into mitochondria were comple-
mented with studies done on digitonin-permeabilized
cells, which lack the plasma membrane barrier but
retain functional mitochondria (Nishikawa et al. 1984).
These experimental systems allowed us to determine
the kinetic parameters of iron ingress to mitochondria,
as well as the substrate specificity of the mitochondrial
iron import machinery.

Experimental procedures
Reagents

All reagents were obtained from Sigma-Aldrich Israel,
unless otherwise indicated. Human fully saturated TfFe
was obtained from Kamada Industries (Ness Ziona,
Israel). The cytosolic metalosensor CALG acetometh-
oxyl-ester (CALG-AM) and the JC1 mitochondrial
potentiometric probe were obtained from Molecular
Probes, Eugene, OR. The mitochondrial metalosensor
RPA was a kind gift of Prof. U. Rauen, Essen. SYBR-
Green was obtained from Applied Biosystems. sSiRNA
plasmid (sc-89195-SH) against human BDH2 was
obtained from Santa-Cruz Biotechnology.

Cell culture

K562 human erythroleukemia cells were cultured in
Dulbecco’s modified eagle medium, with 4.5 gr/l
glucose, foetal bovine serum, antibiotics and L-gluta-
mine (10, 1 and 1% respectively). All cell culture
reagents were obtained from Biological Industries,
Kibbutz Beit HaEmek, Israel.

Iron uptake measurements and calculations

K562 cells were taken from a logarithmically growing
culture and the cell density adjusted to 1-2 x 10° cells/
ml and maintained throughout different treatments at
constant density. Cells were resuspended in warm
DMEM-Hepes pH 7.3 medium and labeled with RPA
1 uM for 15 min at 37°C, in presence of 50 uM
desferrioxamine (DFO, from Novartis, Basel) chelator
to bind contaminating iron in the medium. Cells were
subsequently resuspended in DMEM—-Hepes medium
with or without CALG-AM 0.125 pM for 10 min at
37°C, washed in DMEM-Hepes and analyzed or
permeabilized with digitonin 12.5 uM and then

analyzed in a iCyt flow cytometer (iCyt Mission
Technology, Champaign, IL). After attainment of a
stable fluorescence signal iron was added to cells at
5-10 pM final concentrations either as TfFe, ferric-
nitrilotriacetic acid (NTA) (1:1) or ferrous ammonium
sulfate (FAS). In order to obtain the kinetic parameters
of iron uptake, cell samples were taken either at 15 min
intervals for up to 1 h or a single point was taken at
30 min. CALG fluorescence was recorded with the FL1
channel using the fluorescein settings (Aem 520 nm) and
RPA fluorescence was simultaneously recorded with the
FL2 channel using rhodamine settings (lem 610 nm).
Fluorescence changes by added iron were converted
into changes in labile iron concentrations in cytosol and
mitochondria as previously described (Shvartsman et al.
2010 and supplemental Experimental procedures).

Cell permeabilization

K562 cells, stained with metalosensors as described
above, were resuspended in a 37°C permeabilization
buffer (KC1120 mM, Hepes 10 mM pH 7.22, Na,HPO,
5 mM, MgCl, 1 mM, CaCl, 1 uM, DFO 1 pM, succi-
nate 2 mM (Shvartsman et al. 2007), digitonin
12.5 uM) for 30 s, washed with the same permeabili-
zation buffer without digitonin. Cell permeabilization
was confirmed by loss of originally loaded CALG and
mitochondrial integrity was confirmed in a separate set
of experiments by monitoring the signal of the poten-
tiometric mitochondrial probe JCI1.

For determination of kinetic parameters of iron
ingress to permeabilized K562 cells, RPA-labeled
cells were exposed to 0-20 pM Fe(I) as FAS or
Fe(IIl) as Fe-NTA and RPA fluorescence was mon-
itored for 30-60 min at 5 min intervals by flow
cytometry. Initial iron ingress rates were calculated
by linear regression of RPA quenching and expressed
as fluorescence units quenched (F.U.) per min. Max-
imal iron ingress rates V.x and apparent half
saturation constants K;, were calculated by non-
linear least square regression (n = 3 independent
experiments) by Origin 8 (OriginLab Corp., MA).

Generation of K562 BDH2i clones
K562 cells, plated to the density of 0.5 x 10° cells/ml
in complete growth medium were transfected with

2 pg BDH2 shRNA plasmid (sc-89195-SH, Santa
Cruz Biotechnology), with the aid of TransIT-LT1
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transfection reagent (Myrus, WI) according to manu-
facturer’s instructions. After 48 h, the medium was
replaced with puromycin 1 pg/ml-containing med-
ium. Puromycin selection continued for a month. The
remaining surviving colonies were propagated in
complete medium with 0.5 pg/ml puromycin and
taken to characterization or frozen.

RT-PCR for BDH2

Total RNA was extracted from 107 cells with RNeasy
Plus Mini Kit (Qiagen) and reverse-transcribed with
SuperScript First-Strand synthesis system (Invitrogen)
according to manufacturer’s instructions. 2 pg of total
cDNA were taken to real-time PCR with SYBR-Green
mix (Applied Biosystems). The extent of BDH2 silenc-
ing was calculated by comparative AC; method, with
normalization on GAPDH transcript levels. BDH2
primers (Sigma) were 5’ -3’ GCAACTGTGTGTGC
CCAGGAAC (forward) and AAGGGCCTGCCTTCC
TTCCCA (reverse). GAPDH primers were 5 —3
TAAATTGAGCCCGCAGCCT (forward) and AATC
CGTTGACTCCGACCTTC (reverse). SYBR Green
fluorescence was measured with the aid of ABI PRISM
7900 HT and the data analyzed by SDS 2.3 software
(Applied Biosystems).

Isolation of mitochondria and enzyme assays

K562 cells (0.5-1 x 107 cells) were washed with
phosphate buffer solution (PBS) buffer (Na,HPO4
16.2 mM, NaCl 150 mM, NaH,PO, 3.8 mM, pH 7.3)
and lysed in ice-cold lysis buffer (Tris 20 mM pH 7.4,
sucrose 250 mM, digitonin 0.007%, protease inhibi-
tors) through a syringe and 21G needle. This lysis
method (Machida et al. 2006) proved rapid, reproduc-
ible and efficient for mitochondrial isolation. Mito-
chondrial and cytosolic fractions were obtained by
differential centrifugation at 4°C (1,000xg x 5 min
to remove nuclei and unbroken cells, followed by
4,000xg x 10 min to obtain mitochondria-enriched
pellets, and by 16,000xg x 10 min, to obtain parti-
cle-free cytosolic fractions). The quality of the frac-
tions was assessed by immunoblotting with anti-actin
and anti-VDAC antibodies (Sigma-Aldrich, Israel).
For the aconitase assay, the rate of NADPH formation
was monitored by fluorescence at dexc 345 nm, dem
550 nm, as previously described (Kakhlon et al. 2008).
The reaction buffer was: Tris 50 mM pH 7.4, NADP
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0.2 mM, Na-citrate 2.5 mM, MnCl, 0.5 mM, isocitrate
dehydrogenase 4 units/ml. For the succinate dehydroge-
nase assay, the rate of iodonitrotetrazolium (INT)
reduction was monitored by absorbance increase at
500 nm, as previously described (Munujos et al. 1993).
Fluorescence or absorbance was measured with a Tecan
SAFIRE instrument (Neotec, GmbH, Austria). The initial
rate of fluorescence or absorbance increase was normal-
ized on total protein, quantified by bicinchoninic acid
method (Pierce Chemical Company, Rockford, IL).

Cellular ATP quantification

ATP in cellular extracts was quantified by luciferase
assay with a bioluminescent somatic cell assay kit
(Sigma address). Luminescence was measured with a
Modulus luminometer (Turner BioSystems, Sunnyva-
lee, CA address) s per the manufacturer instructions.

Cellular glutathione (GSH) depletion,
and determination of GSH levels

K562 cells, plated at 1 x 10° cells/ml density were
incubated with buthionine sulfoximine (BSO) 50 uM
for 24 h in complete growth medium, as previously
described (Crook et al. 1986). For TfFe trafficking
studies, cells were washed with warm DMEM-Hepes
pH 7.2 medium, labeled with metalosensors and taken
to flow cytometry experiments, as described above.
For determination of intracellular GSH levels,
8 x 10° cells were washed in ice-cold PBS and lysed
on ice by mechanical shearing through a syringe and
21G needle, in a lysis buffer pH 7.4 containing
KH,PO, (16 mM), K,HPO, (84 mM), EDTA
(1 mM), Triton X (0.1%) and sulfosalicylic acid
(0.6% wlv). After protein precipitation, lysates were
taken to a 5,5'-dithio-bis(2-nitrobenzoic acid) assay on
a 96-well plate, as previously described (Rahman et al.
2006). The rate of absorbance increase at 412 nm was
normalized by the number of cells in a sample.

Siderophore-iron complex formation and stability

2,3 and 2,5 dihydroxybenzoic acid (DHBA) were solu-
bilized to 10 mM in ethanol or DMSO and mixed with
FeCl; in a 10:1 siderophore:Fe stoichiometry as described
by Bao et al. (2010). Absorbance spectra from 350 to
750 nm were recorded on an Agilent 8453 UV spectro-
photometer. For stability assays, the complexes were
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diluted tenfold in the original organic solvent or in a range
of aqueous buffers and absorbance spectra were recorded.
The aqueous buffers were: HBS (Hepes 20 mM pH 7.3,
NaCl 150 mM); Tris 50 mM pH 7.3; PBS (Na,HPO,
16.2 mM, NaCl 150 mM, NaH,PO, 3.8 mM, pH 7.3)
and cell permeabilization buffer without digitonin and
succinate (KCl 120 mM, Hepes 10 mM pH 7.22,
Na,HPO, 5 mM, MgCl, 1 mM, CaCl, 1 uM, DFO 1 pM).

Results

Initial characterization of iron uptake into cell
compartments in intact and permeabilized K562
cells

Real-time monitoring of iron ingress into mitochondria
and cytosol relied on the use of fluorescent metalosen-
sors that are targeted to these compartments, RPA for

RPA
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Fig. 1 Localization and quenching of fluorescent metalosensors in
intact and permeabilized cells K562 cells stained with RPA and
CALG metalosensors are depicted as fluorescence confocal images
(a) and flow cytometry density plots (b): RPA-ordinate and CALG-
abscissa. ¢ Normalized values of RPA and CALG (insef)
fluorescence obtained by flow cytometry in K562 cells, were
plotted as a function of time (mean + SD, n = 3). Fluorescence
signals were monitored in the absence (no Fe) or presence of 5 pM

mitochondria on a potentiometric manner (Petrat et al.
2002) and CALG for cytosol, by intracellular hydro-
lysis of a permeant acetomethoxy precursor CALG-
AM (Epzstejn et al. 1997). Confocal fluorescence
microscopy was used for probe cell localization
(Fig. 1a) and flow cytometry for tracing with time
metalosensor quenching by incoming iron (Fig. 1b).
Following loading, the cells showed variable degrees
of spontaneous leakage, which for CALG could be
largely overcome by addition of the multidrug resis-
tance pump (MRP) blocker probenecid (Shvartsman
et al. 2010) while for RPA the leakage over time was
probenecid-insensitive (Fig. 1c) and had to be sub-
tracted for subsequent net-iron ingress calculations.
The presence of the MRP blockers did not affect the
initial labeling of cells by RPA or CALG, or CALG
responsiveness to added iron, indicating no significant
interference of the blocker with the cytosolic labile iron
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iron (TfFe or ferrous ammonium sulfate, FAS). CALG quenching
by iron was reversed with the permeant chelator STH (50 uM) added
at the indicated time. Fluorescence confocal images of digitonin-
permeabilized K562 labeled cells (d) and their flow cytometry
density plot (e): RPA-ordinate and CALG-abscissa. f Values of
RPA fluorescence obtained by flow cytometry in digitonin-
permeabilized cells, were plotted as a function of time (mean =+ SD,
n =3, *P = 0.003 compared to no Fe, Student’s 7 test)
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pool and mitochondrial membrane potential. A sup-
plementation of 5 pM iron as physiological TfFe or as
permeant model substrate FAS, evoked time-depen-
dent quenching of both cytosolic and mitochondrial
fluorescence (Fig. 1c). That the quenching of cell
cytosol-associated fluorescence results from iron
ingress into cells we deduce from the fact those
changes occur only when cells are supplemented with
appropriate iron sources and that those changes can be
reversed by addition of permeant high-affinity chela-
tors like SIH (Fig. 1c, inset) but not of poorly permeant
ones like DFO (Kakhlon and Cabantchik 2002). On the
other hand, permeabilization of K562 cells with
12.5 uM digitonin released most of the cytosolic
CALG (Fig. 1d, e, arrow) while sparing mitochondrial
integrity and preserving their functionality (Fig. 1d),
as reflected in the retention of RPA signal (Fig. le).
Unlike supplementation of TfFe to permeabilized cells
that produced essentially no change in RPA fluores-
cence, iron supplied as FAS did evoke fast and marked
changes in RPA, indicating swift Fe(II) access to the
mitochondria interior (Fig. 1f). In both experimental
settings of iron delivery from different sources, namely
using physiological TfFe and non-physiological iron
complexes, the presence of CALG in the cytosol did
not affect the delivery of iron to mitochondria (Shv-
artsman et al. 2007; Shvartsman et al. 2010).

Role of cytosolic iron ligands on iron ingress
into K562 cell compartments

Intracellular chelation

In order to assess whether iron supplied to cells is
delivered to mitochondria via the cytosolic compart-
ment, we first assessed the effects of iron chelators
preloaded into cells on iron ingress into both cytosol
and mitochondria. The chelators were preloaded into
cells before their staining with metalosensors, by
10 min incubation with their acetomethoxyl-ester-
derivatives (5,5'-dimethyl BAPTA-AM (DMB-AM)
50 uM or carboxy-bipyridyl (BIPC-AM) 25 pM)
which diffuse through the plasma membrane and
undergo hydrolysis by cytosolic esterases in a manner
similar to CALG-AM (Shvartsman et al. 2007, 2010).
The concentrations of DMB and BIPC attained in cells
were in the range of 2-3 and 10-12 mM, respectively,
measured as described in Shvartsman et al. 2007.
Either of the two chelators loaded, effectively blocked
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the raise in cytosolic labile iron evoked by addition of
5 uM TfFe or FAS, as reflected in cytosolic CALG
quenching (Fig. 2a). However, whereas BIPC fully
blocked also iron delivery to mitochondria, DMB
inhibited the latter only partially (Fig. 2b). We
interpret these results as indicative for the operation
of two different mechanisms involved in iron delivery
to mitochondria, which we denote as chelator-sensi-
tive and chelator-resistant. The chelator-sensitive
mechanism is associated with the cytosolic LIP,
revealed with CALG and redox active in the sense
that is susceptible to relatively mild chelators of both
iron II and III (such as DMB and CALG) and of iron
(ID) (such as BIPC). The chelator-resistant mechanism
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23 T %
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w * //T
57 / / x U
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control  + DMB 50 uM + BIPC 25 uM
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E% 0.6 }' \ T
? o \ N
g & 041 \ T
CO
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R I\ \\ NS
control + DMB 50 uM + BIPC 25 uM

Fig. 2 Effect of cytosolic iron chelators on iron ingress into cell
compartments. Cells labeled with CALG and RPA were
preloaded or not (control) with cytosolic iron chelators 5,5'-
dimethyl-BAPTA (DMB, 50 pM) or carboxybipyridyl (BIPC
25 uM). Iron (5 uM) was supplemented as TfFe (white bars) or
FAS (hatched bars) and fluorescence was analyzed by flow
cytometry as in Fig. 1. Bars denote cytosolic (a) and mitochon-
drial (b) iron ingress after 30 min incubation of intact K562 cells
with supplemented iron. The values of iron taken up by cells
after 30 min incubation with iron were calculated as described
in Experimental procedures (mean = SD, n =3, * and
**P < (0.05 compared to control, ANOVA)
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is apparently insensitive to CALG and DMB, but is
blocked by BIPC, indicating that it is of higher
apparent iron affinity and/or of different accessibility
than CALG or DMB.

Cell reductive environment

As reduced glutathione GSH was proposed to act as a
major component of cellular labile iron pools (Hider
and Kong 2011), we assessed whether depletion of
intracellular GSH levels might affect those putative
pools and thereby iron delivery to cytosol and
mitochondria. Though BSO pretreatment of K562
cells led to a major reduction (0.14 £ 0.003 nmol/
10° cells in control untreated cells compared to
0.0003 £ 0.0001 nmol/10° cells, >90% reduction)
in intracellular GSH levels, it failed to reduce iron
ingress derived from TfFe either in the cytosol
(Fig. 3a) or in mitochondria (Fig. 3b). These results
indicate that GSH might not be directly involved or
play an essential role in iron delivery to mitochondria.

DHBA as putative chaperone of mitochondrial iron

The 2,5 analog of the 2,3 dihydroxybenzoate DHBA
bacterial siderophore was recently proposed to act as a
mammalian siderophore that is conserved in evolution
and essential for iron trafficking to mitochondria and
synthesis of heme (Devireddy et al. 2010). In order to
assess the possible contribution of 2,5-DHBA we first
attempted to follow the original studies of 2,5-DHBA
depletion and assess its possible effects on iron
metabolism in K562 cells. We generated for that
purpose K562 clones, shRNA-silenced for the pro-
posed siderophore-synthesizing enzyme f-hydroxy-
butyrate dehydrogenase 2 (BDH2), also known by the
name DHRS6 (Devireddy et al. 2010; Guo et al. 2006).
Three different clones that express (by RT-PCR)
23-35% of the wild type BDH2 levels were selected
for the present study (Fig. 4a). We found that the
cellular ATP levels that are indicative of normal
mitochondrial functionality and energy status were
essentially unaltered in the 3 clones (Fig. 4b). Cell
morphology and viability were also uncompromised in
the clones (Shvartsman and Cabantchik, unpublished
observations), and only one, cl D, displayed a
statistically significant reduction in mitochondrial
and cytosolic aconitase activity (Fig. 4c). We were
not in a position to assess directly the mitochondrial
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Fig. 3 Effect of cell GSH levels on iron access into cell
compartments. K562 cells treated or not with 50 uM buthionine
sulfoximine (BSO) for 24 h, (in order to deplete intracellular
GSH levels by >90%), were loaded with CALG (a) and RPA
(b) and exposed for 30 minto 5 uM TfFe. Cell fluorescence was
analyzed by flow cytometry and values of ingress calculated as
described in Fig. 2. (mean £ SD, n = 3; no significant differ-
ence observed at P < 0.05, with Students’s ¢ test)

membrane potential because in the process of clone
selection for puromycin resistance, the K562 cells
acquired enhanced multidrug resistance (MDR) prop-
erties that limited the use of potentiometric dyes.
However, by using the MDR blocker verapamil
20 puM, we revealed with JC1 essentially similar red/
green ratio fluorescence in clones and WT, indicating
similar mitochondrial membrane potentials (Shvarts-
man and Cabantchik, unpublished observations).
Accordingly, real-time monitoring of iron delivery
(from TfFe) to cytosol and mitochondria, showed non-
statistically significant decrease of iron uptake to
either cell compartment in clone D as compared to
wild type (Fig. 4d). Moreover, hemoglobin synthesis
resulting from induction by sodium butyrate or hemin,
was also not reduced in any of the clones studied (data
not shown).
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Fig. 4 Properties of K562 cells following suppression of the
BDH2 gene. The BDH2 gene that codes for the enzyme involved
in 2,5-DHBA synthesis was suppressed by shRNA transfection
of K562 cells as described in Experimental procedures. a Bars
denote relative mRNA levels of BDH2 in K562 cells
untransfected (WT) or transfected with BDH2 shRNA, as
determined by RT-PCR (mean £ SD, n = 3). BDH2 mRNA
levels were normalized to GAPDH. b Bars denote total cellular
ATP levels in umol/mg total protein quantified in WT and
BDH2-silenced clones by luciferase assay (mean + SD,

Since BDH2 silencing apparently had no effect on
iron trafficking to mitochondria in K562 cells or on
mitochondrial properties, we also assessed the possibil-
ity that the proposed 2,5-DHB A might be endowed with
insufficiently high iron binding capacity and complex
stability for competing with other cytosolic ligands like
CALG or DMB. Qualitatively similar to the bacterial
siderophore analog, 2,3-DHBA (Fig. 5a), the putative
mammalian 2,5-DHBA siderophore could be shown
spectroscopically to bind iron in an organic/aprotic
solvent (Fig. 5b). A 600 nm absorbance peak corre-
sponded to the association of iron with dihydroxybenzo-
ates in organic or aprotic solvents, which increased
progressively with increasing iron concentrations
(Fig. 5a,b). Dilution of the preformed 2,3-DHB A:FeCl;
complexes in HEPES-buffered pH 7.3 phosphate-free
solutions (pH changed by no more than 0.1 units)
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n = 5). ¢ Bars denote mitochondrial (hatched) and cytosolic
(white) aconitase activity in WT and clones, normalized by mg
total protein (mean + SD, n = 4, *P < 0.05 compared to WT,
ANOVA). d Iron ingress into cells loaded with mitochondrial
RPA and cytosolic CALG (inset) observed following incubation
with 5 uM TfFe in WT (filled shapes) and clone D (empty
shapes) cells. Fluorescence measured by flow cytometry was
analyzed as in Fig. 1 and the depicted iron ingress values
represent mean £ SD, n = 3

shifted the absorbance peak from 600 to 520 nm,
possibly indicating a change in complex stoichiometry
and/or composition (Figs. 5c, S1). These complexes
apparently dissociate in physiological phosphate con-
taining media as reflected in the disappearance of the
identifying absorption peaks (Supplement Fig. S1)
suggesting that phosphates destabilize the complex.
As the 2,5-DHBA putative mammalian siderophore
failed to retain iron in physiological pH 7.3 solutions
(Figs. 5c, S1) regardless of the presence of phosphates,
we deduce that 2,5-DHBA alone cannot stably bind iron
in physiological conditions. Moreover, 2,5-DHBA
failed to compete for iron with CALG under any
experimental condition used in cells or in the test tube,
indicating that by itself, the compound had no signif-
icant affinity for iron in physiological media (Shvarts-
man and Cabantchik, unpublished observations).
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Fig. 5 Iron binding by dihydroxybenzoates and complex stability
in aqueous solution Absorbance spectra of the bacterial siderophore
2,3-DHBA (a) and the proposed mammalian 2,5-DHBA siderophore
(b) were recorded by UV spectrophotometry. The spectra were taken
following titration of the siderophore (100 uM in DMSO) with
increasing concentrations (0—100 pM) of FeCl; (similar data were
obtained with methanol solutions, not shown). ¢ Represents spectra
of 10:1 DHBA:Fe complexes formed in DMSO that were diluted
tenfold in HEPES 20 mM pH 7.3 buffer. The disappearance of the
absorbance peak characteristic of the 2,5-DHBA:Fe complex
(arrow) denotes its dissociation in aqueous medium

Effect of cytosolic iron-binding ligands on iron
access to mitochondria in digitonin-permeabilized
cells

In order to assess the ability of mitochondria to import
iron from components of the cytosolic labile iron pool,
we used digitonin-permeabilized K562 cells in which
the mitochondria were RPA labeled, as described in
Fig. 1. The permeabilized cells were exposed to
0-20 uM Fe(II) or Fe(Ill) salts supplemented to
cytosolic-like media rich in K (120 mM), Mg
(1 mM), Ca (1 uM), phosphate (5 mM), and succinate
(2 mM). The cytosolic medium was also supplemented
with 1 uM DFO in order to eliminate traces of iron that
contaminated the media components. The presence of
DFO prevented entry of contaminating metal into
RPA-laden mitochondria prior to addition of the test
iron salts. The values of initial iron uptake (V)
determined as described previously for intact cells
(Shvartsman et al. 2010) were used for constructing the
Michaelis—Menten plot (Fig. 6) and calculating the
kinetic parameters by non-linear regression analysis
(Table 1). For the latter we used the effective iron
concentrations attained after addition of iron to the
DFO-containing solution. The data depicted in Fig. 6
and analyzed in Table 1 indicate that mitochondria are
endowed with a high affinity import system for Fe(II)
and that the presence of physiological concentrations
of GSH did not significantly affect the Fe(II) uptake
parameters, although they improved somewhat the
uptake when iron was given as Fe(IIl). Likewise, the
presence of AMP in Fe(IIl) but not Fe(Il)-containing
medium (Table 1) significantly raised iron uptake as
reflected in V., values. On the other hand, ADP and
ATP did not significantly affect either kinetic param-
eter of Fe(Il) uptake in cytosolic-like medium. This
study indicates that Fe(II) in cytosolic-like medium can
largely sub-serve mitochondrial iron import, that the
prevailing adenine nucleotides do not affect Fe(Il)
uptake but both AMP and GSH can significantly
enhance the uptake when iron is in the Fe(IIl) state.

Discussion

The present study deals with the cellular steps that
follow iron uptake by K562 erythroleukemia cells as
reflected in the cytosolic labile pool and in mitochon-
dria. These steps were assessed by flow cytometry and
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Fig. 6 Fe(Il) and Fe(III) ingress kinetics into mitochondria of
digitonin-permeabilized K562 cells loaded with RPA. The
initial rates (Vo) of iron access to RPA-labeled cells were
obtained by time-dependent measurements of fluorescence for
different iron concentrations supplied as Fe(IIl) (FeNTA, empty
square, n = 3) or Fe(Il) (FAS, filled square, n = 3, aver-
age = SD). Fluorescence measurements were done by flow
cytometry as described in Experimental procedures. The lines
were calculated by non-linear square analysis of hyperbolic
curves and the derived kinetic parameters are given in Table 1

live fluorescence imaging with the aid of fluorescent
metalosensors targeted to the respective compart-
ments (Fig. 1). Using these methodologies on K562
cells we have recently shown that most of the iron

taken up physiologically from circulating TfFe or
pathophysiologically from non-TfFe, is initially
detected in the cytosol and a minor but significant
fraction also in mitochondria (Shvartsman et al. 2007,
2010). These studies in conjunction with others that
involved the use of inhibitors of endosomal dynamics
on iron delivery from circulating TfFe to mitochondria
and its differential susceptibility to intracellular che-
lators led us to propose the operation of diverse
cytosol-mitochondria routes of iron traffic (Shvarts-
man et al. 2010). In this work we determined that a
similar diversity of cytosolic routes to mitochondria is
detected when iron is supplied to cells as non-TfFe
(Fig. 2), suggesting a convergence of cytosolic iron
pools derived from uptake of TfFe and non-TfFe iron,
as pictorially depicted in Fig. 7. This has led us to
inquire about the nature of the cytosolic iron pools in
terms of their ability to furnish iron to mitochondria, as
predicted from our earlier studies (Shvartsman et al.
2010).

We first focused on the possible involvement of
cytosolic iron binding ligands in iron trafficking, like the
highly prevalent GSH (Hider and Kong 2011) and the
recently proposed mammalian siderophore 2,5-DHBA
(Devireddy et al. 2010). We found that >90% depletion
of GSH in intact K562 cells did not affect iron uptake
(from TfFe) into cytosol or mitochondria of intact cells
(Fig. 3) and neither did GSH supplementation affected

Table 1 Kinetic parameters of iron ingress to mitochondria of permeabilized K562 cells in the presence of cytosolic ligands

Substrate Added ligand Ki/2app- V max Vo at 1.5 uM Fe
[mM] (LM) (F.U./min) (F.U./min)

Fe(II) None 0.110 £ 0.049 0.142 £ 0.035 0.133 £+ 0.037
ATP [1] 0.359 £ 0.232 0.163 £ 0.013 0.131 £ 0.027
ADP [1] N.D. N.D. 0.140 £ 0.031
AMP [1] 0.349 £ 0.182 0.134 £+ 0.007 0.118 £ 0.021
GSH [1] 0.110 £ 0.035 0.150 £ 0.002 0.144 £ 0.011

Fe(III) None 1.977 £ 0.604* 0.030 £ 0.002* 0.012 £ 0.002
ATP [1] 15.494 £+ 12.199 0.023 £ 0.011 0.003 £ 0.002%%*
ADP [1] 7.179 £ 5.045 0.029 £ 0.008 0.007 £ 0.006
AMP [1] 2.870 £ 0.872 0.041 £ 0.004%%* 0.017 £ 0.006
GSH [1] 1.131 £ 0.219 0.040 £ 0.002%%* 0.027 £ 0.001

The values of the apparent K/, (Kj/24pp) and Vax of Fe(II) and Fe(III) ingress to mitochondria of permeabilized cells were calculated
by non-linear least-square analysis of data obtained as described in Fig. 6, in the absence and presence of different ligands added to
cytosol-like media. The values are given as mean £ SD, n = 3; statistical significant differences P < 0.05 (ANOVA) between K/,
app and Vi, parameters of Fe(Il) versus Fe(Ill) ingress are denoted * and the respective ones for Fe(Ill) are denoted **. F.U.
represents a fluorescence unit that is equivalent to 30 pM iron, calculated as described in the supplement following previously

described studies. (Shvartsman et al. 2007, 2010)
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Fig. 7 Iron trafficking mechanisms in K562 cells In K562 cells
the uptake of either TfFe by endocytosis or non-TfFe by
transporters such as DMT1 or ZIP14 (linked to ferric reductases)
is primarily reflected in the cytosol as appearance of labile iron.
The proposed “kiss and run” pathway (/) involving direct
transfer of iron from TfFe-containing endosomes to mitochon-
dria (Sheftel et al. 2007) might contribute to iron delivery to
mitochondria, but apparently to a limited extent, whereas
cytosolic diffusion of labile iron complexes (2), which involves
both iron redox states and the participation of cytosolic ligands
(this work) is seemingly the most prevalent in K562 cell. The
possible contribution of a mediated delivery pathway involving
high-affinity ligand (3) like the 2,5-DHBA siderophore pro-
posed by Devireddy et al. 2010, or a chaperone associated with
glutaredoxins (Grx3/4), as suggested by Miihlenhoff U et al.
2010, or a PCBP-analog (Shi et al. 2008) as proposed for transfer
of iron to ferritin, they all remain to be established. The major
mitochondria import agency of Fe(Il) would seem to be
mitoferrin (MF) (Paradkar et al. 2009), which seemingly can
acquire the metal from resident cytosolic sources, as those
presented in the present study. The possibility that either MF or
other mitochondrial transporters/receptors (LR) can also acquire
iron from nucleotide—Fe(IIl) complexes or other high affinity
iron(Ill) ligands (Weaver and Pollack 1990), remains to be
established

Fe(II) uptake into mitochondria of permeabilized cells
(Table 1). The latter however showed a small but
significant enhancement of Fe(III) mitochondrial uptake
by added GSH, suggesting a (direct or indirect) role of
GSH in maintaining some reduced iron in permeant
form, but not a key role in mediating iron trafficking to
mitochondria. Studies with the putative mammalian
siderophore 2,5-DHBA, which was proposed to be
essential for iron trafficking to mitochondria in murine
erythroleukemia cells and zebrafish (Devireddy et al.
2010), were carried out here with K562 human
erythroleukemia cells. Silencing the cytosolic sidero-
phore-synthesizing enzyme BDH2 failed to reduce:
(a) TfFe trafficking to mitochondria, (b) activity of

mitochondrial respiratory complexes, cell ATP levels
and mitochondrial membrane potential and (c) inducible
hemoglobin synthesis. Moreover, our spectroscopic
studies of 2,5-DHBA indicate a very low ability of this
putative siderophore to bind iron in physiological
conditions and virtually no ability to compete with
cytosolic agents like ATP, ADP, AMP or inorganic
phosphate, let alone with metal binders like CALG or
DMB. Likewise, this siderophore had no detectable
effect on cell iron trafficking in intact or permeabilized
cells. We therefore conclude that by itself, 2,5-DHBA is
not likely to play a role in iron trafficking to mitochon-
dria. The possibility that the 2,5-DHB A moiety might be
a component of a more complex siderophore or
chaperone associated with iron metabolism remains at
this point speculative.

The involvement of adenine nucleotides in cyto-
solic binding of iron and transfer to mitochondria in
mammalian cells has been proposed earlier (Weaver
et al. 1989; Weaver and Pollack 1990) and reassessed
in this work in permeabilized cells in terms of iron
ingress kinetics into mitochondria exposed to cytosol-
like medium. The analysis revealed the operation of a
high affinity import machinery of iron(II) that was
unaffected by added nucleotides to any significant
extent (Table 1). On the other hand, when iron was
offered as Fe(Ill), ATP or ADP repressed mitochon-
drial iron uptake while AMP enhanced it, similar to
what was observed by Weaver and Pollack (1989,
1990) and accordance with the relative binding
affinities of nucleotide phosphates for Fe(III) (Weaver
and Pollack 1989, 1990; Shalev and Hebbel 1996).
The fact that mitochondria can acquire Fe(II) from
physiological components of the cytosol in the pres-
ence or absence of physiological nucleotides or redox
modulators such as GSH suggest that they are
endowed with a robust- transport system for Fe(II).
Their ability to take up iron also from Fe(III)
complexes is considerably more restricted, as reflected
in the kinetic parameters and its susceptibility to
nucleotides. To what extent all those modalities of
uptake converge to the only identified mitoferrin iron
transporters (Shaw et al. 2006; Paradkar et al. 2009)
remains to be established. Since the cytosolic concen-
tration of labile iron lies within the submicromolar
range (Epzstejn et al. 1997), and since knockdown of
mitoferrins in mammalian cells only reduces mito-
chondrial iron uptake by 84% (Paradkar et al. 2009),
we assume that mitochondria harbor a range of Fe(II)
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and Fe(Ill) uptake systems. While the high-affinity
uptake systems for Fe(II) predominantly supply iron
for heme and FeS-cluster synthesis (Miihlenhoff et al.
2002; Lange et al. 1999), the uptake systems for
Fe(IlI) (Weaver et al. 1990) have a compensatory role.
The systems for mitochondrial iron uptake might
include transporters and receptors for siderophores
(Devireddy et al. 2010) or chaperones (Shi et al. 2008),
to accommodate with all modalities of intracellular
iron trafficking.
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