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Iron is universally important to cellular metabolism, and
mitoferrin-1 and -2 have been proposed to be the iron importers
of mitochondria, the cell’s assembly plant of heme and iron—
sulfur clusters. These iron-containing prosthetic groups are
critical for a host of physiological processes ranging from oxy-
gen transport and energy consumption to maintaining protein
structural integrity. Mitoferrin-1 (Mfrnl) belongs to the mito-
chondrial carrier (MC) family and is atypical given its putative
metallic cargo; most MCs transport nucleotides, amino acids, or
other small- to medium-size metabolites. Despite the clear
importance of Mfrn1 in iron utilization, its transport activity has
not been demonstrated unambiguously. To bridge this knowl-
edge gap, we have purified recombinant Mfrnl under non-
denaturing conditions and probed its metal ion-binding and
transport functions. Isothermal titration calorimetry indicates
that Mfrn1 has micromolar affinity for Fe(II), Mn(II), Co(II), and
Ni(II). Mfrn1 was incorporated into defined liposomes, and iron
transport was reconstituted iz vitro, demonstrating that Mfrn1l
can transport iron. Mfrn1 can also transport manganese, cobalt,
copper, and zinc but discriminates against nickel. Experiments
with candidate ligands for cellular labile iron reveal that Mfrn1
transports free iron and not a chelated iron complex and selects
against alkali divalent ions. Extensive mutagenesis identified
multiple residues that are crucial for metal binding, transport
activity, or both. There is a clear abundance of residues with side
chains that can coordinate first-row transition metal ions, sug-
gesting that these could form primary or auxiliary metal-bind-
ing sites during the transport process.

The reactivity of iron is exploited across all kingdoms of life.
The physiological roles that iron takes on are many. Iron readily
participates in redox reactions where it can donate or accept
electrons, depending on its oxidation state. Iron plays essential
roles in gas transport and sensing and can also act as a non-
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redox—active metal ion cofactor in enzymes. Additionally, iron-
containing cofactors can impart stability to folded proteins (1).
Iron naturally occurs in the 2+ and 3+ oxidation states, but
because of the insolubility of Fe(III), the bioavailable form of
iron is almost exclusively the 2+ form. The main route of cel-
lular iron uptake is via the transferrin receptor pathway
whereby transferrin-bound iron is targeted to endosomes and
subsequently released from transferrin during endosomal acid-
ification. Fe(Il) is transported out of endosomes by a divalent
metal ion transporter (DMT1) and becomes available for incor-
poration into iron-containing proteins and cofactors (2).

In eukaryotes, mitochondria are the hot spots for iron utili-
zation: these organelles house the heme assembly and the
majority of the Fe—S cluster biosynthesis apparatus (3, 4). Mito-
chondria contain respiratory complexes that comprise many
iron-containing cofactors. Not surprisingly, mitochondrial iron
homeostasis is a tightly regulated process that affects overall
cellular iron homeostasis (5). The importance of the metazoan
mitoferrins was first demonstrated by analysis of the anemic
zebrafish mutant frascati, leading to the discovery that Mfrn1?
and -2 play essential roles in providing iron for heme and Fe-S
cluster biosyntheses in animal mitochondria (6). Concordant to
their proposed role in iron trafficking, pathological iron accu-
mulation in mitochondria has been tied to up-regulation of
mitoferrins (7). Studies in yeast had previously led to the dis-
covery of putative iron transporters in the mitochondrial inner
membrane, Mrs3/4, which are yeast orthologs of mitoferrins (8,
9). Deletions of Mrs3 and Mrs4 in yeast, however, result in a
phenotype evident only in iron-starved conditions, whereas
deletion of Mfrnl is embryonically lethal (6, 10). Because the
activity of Mfrn1/2 has not yet been validated by a reconstituted
in vitro assay, the fundamental question of whether they can
transport iron, or some other substrate that underlies their
roles in iron trafficking and homeostasis, remains unanswered.

Mfrn1/2 belong to the SLC25 family of transporters, also
known as the mitochondrial carrier (MC) family (11). Members
of this family, which is the largest family of transporters, are also
the smallest transporters known, encompassing only six trans-
membrane helices. However, they transport a wide array of
small- and medium-size organic molecules and metabolites

2The abbreviations used are: Mfrn, mitoferrin; MC, mitochondrial carrier;
PGSK, Phen Green SK; toCL, tetraoleoylcardiolipin; FSEC, fluorescence size-
exclusion chromatography; ITC, isothermal titration calorimetry; DDM,
N-dodecyl B-p-maltopyranoside; B-ME, B-mercaptoethanol; TCEP, tris
(2-carboxyethyl)phosphine.
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with a large stereochemical diversity (12). The conserved topol-
ogy is a tripartite repeat of about 100 amino acids folded into
two transmembrane helices connected by an amphipathic helix
at the membrane-aqueous interface in the mitochondrial
matrix (Fig. 14) (13). All MCs contain the family’s signature
motif, PX(D/E)X,(K/R)X,0_s0(D/E)GX,(W/Y/E)(K/R)G, which
is present, with some divergence, in all three repeats of each
carrier (Fig. S1) (14). Additionally, on the cytosolic side of the
even-numbered transmembrane helices in MCs are conserved
(Y/F)(D/E)X,(K/R) motifs. The two (D/E)X,(K/R) motifs, one
on each side of the membrane, are hypothesized to constitute
two salt-bridge networks that alternate in gating the MCs dur-
ing their transport cycles (13, 15, 16). The conserved topology,
in combination with the diversity of the structures of molecules
transported, pose intriguing questions about the mechanism of
transport used by the MCs. Besides these universally conserved
motifs across the entire family, there are residues that are
strictly conserved in mitoferrins but not in the other members
(Fig. S2). In the absence of a purification scheme for mitoferrins
and a reconstituted in vitro assay, the individual importance of
these residues in the function of mitoferrin-1/2 has not been
addressed. Previously, conserved histidines were identified as
requisite for iron uptake by Mrs3/4 (17); however, the specific
role of these residues in the transport mechanism is unclear.
Detailed mechanistic understanding of the MC transport
cycle has been hampered by a lack of structural information.
The only structures solved to date are crystal structures of
ADP/ATP carriers complexed with the inhibitor carboxyatrac-
tyloside, which enforces the cytosol-facing state of these trans-
porters (13, 15), and NMR structures of mitochondrial uncou-
pling protein (18). Carboxyatractyloside has been shown to
dramatically enhance ADP/ATP carrier stability, and there are
no structures of the carrier without it (19). Nevertheless, the
limited structural data have been integrated with mutational
analyses of carrier-mediated substrate uptake, leading to pro-
posals for contact sites within the MC cavity responsible for
substrate recognition (20, 21). Iron is chemically quite different,
however, from the typical cargoes of MCs; thus, it is virtually
impossible to reliably deduce information about the transport
mechanism of mitoferrins and the residues involved in the pro-
cess from the scarce existing structural information.
Interrogating the function of Mfrnl in vitro required over-
coming technical challenges pertaining to the instability of
eukaryotic membrane proteins and redox activity of iron. The
substrate specificities of mitochondrial carriers have been pri-
marily established by protein expression in Escherichia coli,
refolding from inclusion bodies, and reconstitution into pro-
teoliposomes followed by in vitro transport assays (12).
Although this method has been useful for discovering sub-
strates of uncharacterized carriers, the biochemical integrity of
the preparations has been called into question (19, 22). There
have been very few cases of eukaryotic membrane proteins suc-
cessfully purified from bacterial hosts for biochemical or struc-
tural studies (23). Moreover, eukaryotic membrane proteins are
fragile molecules once extracted from the membrane, and the
harsh detergents used for solubilization and purification of
the carriers using this method cast doubt about the integrity of
the proteins throughout such preparations. Accordingly, bio-
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physical data on interactions between the carriers and their
respective substrates exist for only a few MCs (24 -27).

Iron is a troublesome substrate in a reconstituted transport
assay in proteoliposomes due to 1) its oxidation from 2+ to 3+
and subsequent precipitation and 2) its ability to catalyze lipid
peroxidation, leading to leaky liposomes (28). Many of the com-
mon buffers used for biochemistry also coordinate iron, thus
significantly affecting the molecular identity of the species
available for transport (29). These hurdles have likely contrib-
uted to a dearth of in vitro validation of iron transport by mito-
ferrins and any detailed biophysical and mutational analyses.

In this study, we report an in vitro reconstitution and detailed
biochemical and biophysical investigation of the transport
function of Mfrnl. We have developed a heterologous overex-
pression method in Pichia pastoris for purifying Mfrn1 in the
natively folded state with mild detergents. Mfrnl binds with
~10* micromolar affinity to Fe(II), Mn(II), Co(II), and Ni(II).
We have developed a robust proteoliposome-reconstituted
transport assay for investigating the iron transport activity of
Mfrnl and show that, besides iron, it also transports manga-
nese, cobalt, copper, and zinc but discriminates against nickel.
We have investigated several residues that are specifically con-
served in Mfrn1 and its orthologs to assess their importance in
transport activity. Our results identify histidine, cysteine, and
methionine residues that are critical for iron transport. A sub-
set of these are also important for substrate binding by Mfrn1,
making them strong contenders for forming metal ion— binding
sites during the transport process. Iron transport by Mfrnl is
altered by the pH gradient across the proteoliposome mem-
brane, but substrate translocation itself is not proton-coupled.
Addition of putative in vivo low-molecular-weight ligands of
iron has little effect on transport, indicating that Mfrnl can
uniport iron in ionic, unchelated form.

Results

Expression and purification of natively folded mitoferrin-1
from P. pastoris

An essential prerequisite for in vitro biochemical and
biophysical characterization is a stable, biochemically well
behaved protein construct amenable to heterologous overex-
pression and purification. At the outset, we elected not to use
refolded material from inclusion bodies by overexpression in
E. coli as has been done for various other MCs. Hence, we eval-
uated a number of Mfrnl orthologs using fluorescence size-
exclusion chromatography (FSEC) for expression yield in
Pichia and behavior during membrane extraction and size-ex-
clusion chromatography using mild detergents (30). Mfrnl
from Oreochromis niloticus, henceforth referred to as TMfrnl,
was a suitably behaved candidate with high expression and a
monodisperse chromatographic profile, indicating that the
protein would be satisfactory for in vitro functional character-
ization. Importantly, TMfrn1 could be extracted in mild deter-
gents. However, supplementation with lipids was essential dur-
ing chromatographic purification steps. As shown in Fig. 1B,
TMfrnl runs as a symmetric, monodisperse peak at 12.5 ml
with greater than 95% purity by SDS-PAGE (Fig. 1C). Molecular
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Figure 1. Purification of O. niloticus mitoferrin-1 (TMfrn1). A, putative
topology of mitoferrin-1. +/— symbols depict locations of polar residues that
form the salt bridges on the cytoplasmic and matrix sides. B, size-exclusion
chromatogram of TMfrn1 as the final preparative step. The arrow indicates
the TMfrn1 peak. C, SDS-PAGE of TMfrn1. IMS, intermembrane space; C-gate,
cytosolic gate; M-gate, matrix gate; mAU, milli-absorbance units.

identity was confirmed by tryptic digestion and mass spectrom-
etry (not shown).

Microcalorimetric measurement of transition metal ion
binding by TMfrn1

Substrate binding is an essential first step for most transport-
ers as part of the transport cycle. Although Mfrnl is a putative
iron transporter, its binding to iron has not been studied (9, 31).
Mitochondria require multiple transition metals, manganese,
iron, copper, and zinc, which must be imported into the matrix
for incorporation into their intended enzymes. To interrogate
whether this range of transition metals could serve as substrates
for TMfrnl, we used isothermal titration calorimetry (ITC). As
depicted in Fig. 2, TMfrnl binds various first-row transition
metal ions with the order of affinities resembling the Irving-
Williams series. The measured dissociation constants for Co*"
and Fe?" are 150 and 450 um, respectively, values similar to the
affinities of other transporters for their substrates, whereas
TMfrnl affinity for Mn>" is considerably weaker at 860 um.
Interestingly, TMfrn1 binds Ni*" with an order of magnitude
tighter affinity, 13 um. This is consistent with nickel being an
effective inhibitor of iron transport (see “Metal ion transport by
TMfrn1” below). Unfortunately, titrations with Cu®>* and Zn>"
proved unfeasible because of rapid precipitation of either the
metal ion or detergent-solubilized TMfrn1. Similarly, titrations
with TMfrn1 at pH 6.5 failed due to protein precipitation.

Development of an in vitro iron and copper transport assay

The next step was to verify whether TMfrnl is a bona fide
iron transporter. Other metal ions such as cobalt and manga-
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nese have been used as surrogates for iron in studying transition
metal transporters in vitro (32, 33), and the use of iron as a
transporter substrate is quite scarce. We sought without suc-
cess a robust reconstituted proteoliposomal iron transport
assay that worked reproducibly in our hands. One of the diffi-
culties is illustrated in Fig. S3A, which shows an experiment
to optimize conditions with protein-free control liposomes
encapsulating the fluorescent probe Phen Green SK (PGSK), a
sensor of first-row transition metal ions. We found substantial
spurious quenching in the absence of added metal ions (Fig.
S3A). As shown, removal of trace divalent ions from assay buf-
fers with Chelex resin mitigates the background fluorescence
quench.

Another problem is illustrated by Fig. S3B, which again
shows a protein-free liposome control experiment. Addition of
iron results in quenching of PGSK fluorescence, presumably
through the formation of leaky vesicles likely caused by oxida-
tion of lipids by Fenton-derived reactive oxygen species. This
background signal would preclude accurate detection of pro-
tein-mediated metal transport. We tested a variety of additives
to lower this background leakage signal. One important consid-
eration was not to generate a stable complex of iron that would
notrelease iron to TMfrnl. We decided to use sorbitol, which is
a known scavenger of reactive oxygen species and was protec-
tive against lipid peroxidation in our assay but is not known to
form strong complexes with divalent first-row transition metal
ions in the pH range of our study (34).

Similarly, to investigate potential copper transport activity of
TMfrnl, we surveyed the literature without success for a recon-
stituted proteoliposomal assay. As depicted, Cu”" is also highly
destabilizing to our protein-free liposome controls, thus ren-
dering it impossible to delineate nonspecific leak from protein-
mediated copper transport (Fig. S3C). We tested a variety of
additives, sorbitol, glycine, methionine, and glutathione (not
shown), to circumvent this nonspecific leak. The best results
were obtained from addition of histidine, which protected the
liposomes from copper-induced damage.

Metal ion transport by TMfrn1

TMifrnl shows robust iron transport activity using the assay
conditions described above (Fig. 3). When the iron concentra-
tion is varied, fitting of the initial quenching rates yields an
apparent K,,, of 4 uM (Fig. 3, A and B). This K, value for iron lies
within the measured chelatable iron in the cellular labile iron
pool (35). TMfrn1 readily transports cobalt, copper, and zinc,
whereas manganese is a poorer substrate (Fig. 3C). Intriguingly,
TMfrnl does not transport nickel. Given that TMfrnl1 effec-
tively binds nickel, we tested whether nickel can impede iron
transport by TMfrn1. Indeed, nickel potently blocks iron trans-
port with an IC,, of 1 um (Fig. 3, D and E).

We also performed similar transport competition assays with
the alkali metal ions magnesium (Mg®") and calcium (Ca>")
(Fig. 3C, bottom right). Unlike with nickel, large excesses of
magnesium or calcium had no effect on iron uptake, indicating
that TMfrn1 efficiently discriminates between alkali and tran-
sition divalent metals. Curiously, the apparent K, of iron trans-
port is 2 orders of magnitude lower than the affinity measured
by ITC (4 versus 450 uM, respectively). This disparity could
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Figure 2. Transition metal binding to TMfrn1 assessed by isothermal titration calorimetry. Binding isotherms were fit to a single-site model. DP,

differential power.

possibly arise from the differing milieus (detergent versus lipid
bilayer) and the low titration temperature required for main-
taining TMfrn1 stability in detergent.

pH dependence of iron transport

Mitochondria typically maintain a membrane potential
(AW, across the inner membrane, in part composed by the pH
gradient, which drives ATP synthesis. To test the effect of pH
on the transport activity of TMfrnl, we systematically varied
the pH of the external solution while holding the liposome
internal pH at 6.5 or 7.4. The iron transport activity of TMfrnl
is substantially faster at alkaline pH inside the liposomes, which
is consistent with the physiological ApH in mitochondria (Fig.
4A). Notably, the transport rate is unaffected by increasing the
pH gradient across the membrane between external pH values
of 7.4 and 6.5. Below an external pH of 6.5, however, iron trans-
port slows, revealing that TMfrn1 activity is not dependent on a
pH gradient per se but rather suggests that protonatable resi-
due(s) with a pK, between 6 and 6.5 are important for metal
translocation. This finding agrees with our TMfrn1 mutational
analysis (see “Mutational analysis of TMfrnl transport activ-
ity”), which shows several histidines playing critical roles in
substrate recognition and transport.

A number of mitochondrial carriers symport protons with
their substrates, exploiting the energy of the pH gradient. To
more explicitly address whether TMfrn1 uses a similar symport
with H™, we tested transport in the presence of a pH-sensitive
fluorophore, pyranine, entrapped within TMfrnl-containing
proteoliposomes. At pH 7.4 inside and two different external
pH values, 6.5 and 7.4, no iron-dependent detectable change in
pH was observed, indicating that TMfrn1 does not cotransport
H™ along with iron (Fig. 4B).

Effect of candidate physiological ligands on TMfrn1 transport

Iron has been postulated to be sequestered in the cytosol by a
“labile iron pool” that refers to iron chelated by cellular small-
molecule ligands (35). We tested various such putative ligands
of iron in the transport assay to investigate the possibility of
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Mfrnl transporting iron in a ligated form. Although in a few
cases we saw a small decrease in the transport rate, we did not
observe any of the ligands noticeably enhancing uptake (Fig.
4D). The decrease in transport rates in the presence of citrate,
oxalate, and ascorbate most likely stems from these multiden-
tate ligands coordinating and thus shrinking the pool of avail-
able iron.

Mutational analysis of TMfrn1 transport activity

Equipped with a reconstituted in vitro transport assay, we
pursued a mutagenesis-based analysis of Mfrnl function. In
choosing the residues, we used the following considerations: 1)
residues that are conserved in orthologs of Mfrn1 but not nec-
essarily across all mitochondrial carriers (36) and 2) residues
with side chains that might serve as a coordinating ligand to a
soft metal ion (Fig. S2). Also, a small subset of mitochondrial
carriers, including Mfrn1/2, has N-terminal extensions (Fig. S1)
that the ADP/ATP carrier and most other members of the fam-
ily lack. Of these, the N-terminal extensions of glutamate/as-
partate carriers AGC1/2 and ATP-Mg/P; carriers APC1/2/3
encompass EF-hand domains, which bind calcium (37, 38).
However, the functions of the N-terminal extensions in other
members of this subset, including mitoferrins, are largely
unknown. We examined the effect of truncating the N terminus
on transport activity by TMfrnl.

Interestingly, TMfrn1 is particularly sensitive to truncation
of both C and N termini. Deletion of 18 residues from the N
terminus or 10 residues from the C terminus drastically reduces
iron transport (Fig. 5A4). Of the residues that were most disrup-
tive to function, Glu-30 and Tyr-31 are on the N-terminal side,
putatively in the intermembrane space. Mutation of Tyr-31 to
Ser retains function, pointing to the importance of the hydroxyl
group in the side chain at this position. Mutation of this con-
served EYE motif to AAA nearly abolishes TMfrn1 expression,
implying a role in the protein’s folding (Fig. S4A). Two other
highly conserved residues, Asn-222 and Tyr-227, show little
influence on iron uptake. Mutation of these residues, present in
intermembrane space loop 2, results in poorer protein expres-
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Figure 3. Proteoliposome-reconstituted TMfrn1 transports iron and
other transition metals. A, representative PGSK quenching curves upon
addition of iron to (proteo)liposomes. Red traces are escalating concentra-
tions of iron (1-200 um) applied to TMfrn1-containing liposomes. Black dotted
traces show protein-free liposomes exposed to 100 uM iron. Traces are plot-
ted as a percentage of maximal PGSK quenching after addition of the iono-
phore pyrithione (2 um). B, concentration dependence of TMfrn1 iron trans-
port. Depicted in red are initial quenching rates after iron addition, and points
were fit to the Michaelis-Menten equation (black line). C, TMfrn1 transports
cobalt, zinc, copper, and manganese but not nickel. Colored traces depict
TMfrn1 liposomes; dotted black traces are protein-free liposomes. D, nickel
blocks TMfrn1 iron transport. Shown are representative traces of 0-20 um
nickel applied prior to 100 um iron; the red trace shows 0 nickel with blue
traces showing escalating [nickel]. £, concentration dependence of nickel on
TMfrn1 iron transport. Depicted in blue are initial quenching rates after iron
addition; the black line shows a sigmoidal fit of initial quenching rates. In Band
E, error bars depict S.D. of triplicates.

sion, again suggesting a role in biogenesis and/or stability of
TMfrnl. We also examined three positions not conserved in
mitoferrins, Met-41, Met-44, and Ser-243. As anticipated,
Met-41 and Ser-243 had very little effect on transport. Con-
versely, M44A retained only 60% of wildtype activity and was
rescued by M44C, pointing to a possible utility of a coordinat-
ing side chain with sulfur at this position. Although Met-44 is
not conserved in lower eukaryotes, it is more conserved in
metazoans (Fig. S2).

Because Fe?™ is a borderline soft metal ion, it is presumably
coordinated by amino acid side chains with soft coordinating
atoms during the mitoferrin-1 transport cycle. This supposi-
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Figure 4. Modulation of TMfrn1 iron transport by pH and ligands. A, pH
dependence of TMfrn1 iron transport. Points depict initial quenching rates
after iron addition. Black lines are sigmoidal fits of quenching rates at internal
pH 7.4 and 6.5. B, TMfrn1 iron transport does not alter intraliposome pH.
Measurement of pH-dependent pyranine fluorescence in the presence or
absence of iron. Solid colored lines show addition of iron to TMfrn1 proteoli-
posomes; dotted black lines lack iron. Liposomes contain 50 um pyranine and
contents are weakly buffered with 2 mm MOPS, pH 7.4, 0.5 mm EDTA, 140 mm
KCI. Carbonyl cyanide m-chlorophenyl hydrazine (CCCP) was added as indi-
cated to dissipate proton gradient. C, weakly buffered TMfrn1 proteolipo-
somes retain iron uptake. Liposome internal contents are similar to A except
PGSK (instead of pyranine) was used, and no EDTA was added. D, labile iron
pool candidates have negligible effect on TMfrn1 iron transport. A 100 um
concentration of each iron ligand was added to the TMfrn1 proteoliposome
suspension followed by 10 um iron, and PGSK fluorescence quenching was
monitored. Plotted are initial PGSK quenching rates. Assays were performed
with internal pH 7.4 TMfrn1 proteoliposomes diluted into external pH 6.5
buffer.5-ALA, 5-aminolevulinic acid; GSH, glutathione; a.u., arbitrary units.In A
and D, error bars depict S.D. of triplicates.

tion is clearly borne out in the residues that are important in our
mutagenesis study: all the histidines we investigated perturb
transport function of TMfrnl; His-55 and His-210 have more
severe effects than His-113 and His-152. Interestingly, the
H55C and H113S mutants fully recover transport function.
Although the hydroxyl group of serine is chemically different
from the imidazole group of histidine, these results argue for
the importance of coordinating side chains at these two positions.
Two methionines, Met-156 and Met-202, also appear to be impor-
tant for TMfrn1 activity; the M156C mutant retains almost full
function, whereas the M156A mutant is severely compromised,
suggesting that the Met-156 side chain aids in iron coordination
and is recapitulated by cysteine. The T149S mutant is only about
50% as efficient as wildtype, indicating that the coordinating capa-
bility of threonine at this position is probably dispensable.
Because cysteines are known to coordinate soft transition
metal ions in proteins (39), we examined the importance of the
cysteines in TMfrnl for metal transport activity. TMfrn1 has
four cysteines of which the N-terminal Cys-4 is not conserved;
of the remaining three, all are highly conserved. When we made
a quadruple cysteine — serine mutant, TMfrn1 stability was
severely diminished, and the protein precipitated during the
purification process (Fig. S5A). We then broadly examined
orthologous Mfrnl sequences to choose better replacements
than serine for cysteine using sequence alignment and engi-
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Figure 5. Mutational analysis of TMfrn1 substrate transport and binding. A, relative iron uptake of the indicated TMfrn1 mutants reconstituted into
proteoliposomes. Assays were performed as in Fig. 3 with symmetric pH 7.4 buffer inside and outside liposomes. The extent of PGSK quenching was measured
5 min after addition of iron and normalized to wildtype. Shown is a topology diagram of TMfrn1 with mutations color-coded according to the lower panel; the
diagram was adapted from Protter output (53). Error bars depict S.D. from five or six replicates across two independent experiments. B, ITC measurement of
TMfrn1 mutant affinities for cobalt. Measurements were performed and fitted similarly to Fig. 2 and plotted for comparison with iron uptake efficiencies from

A.IMS, intermembrane space.

neered a cysteine-free version of TMfrnl, C4S/C119T/C179T/
C253], that had reasonable expression yield and stability.
Although this mutant was amenable to large-scale purification,
it was not competent for iron transport. Of the individual
mutants, C119T and C253I were severely compromised in
transport activity, whereas C179T retained about 50% of trans-
port activity, implying that Cys-119 and/or Cys-253 may be
important for coordination of the substrate.

MCs have two sets of highly conserved polar residues, one on
the matrix side and the other on the cytosolic side (Figs. 1 and
S1). These residues are thought be important for stabilizing the
matrix- or cytosol-facing conformations of the carriers (16).
Ablating one, two, or three cytosolic gate (C-gate) salt bridges
in TMfrn1 by replacing charged Lys or Asp/Glu with uncharged
Ala results in essentially non-expressing protein (Fig. S4B).
Mutations of the matrix-gate residues, however, have very dif-
ferent effects: mutating all three bridges by replacing Lys with
Ala vyields a chromatographically well behaved construct. How-
ever, transport activity of the mutant is severely compromised,
thus pointing to the importance of these bridge residues for the
function of Mfrn1/2. Abolition of even a single putative matrix-
gate salt bridge, mutant K254A, results in a loss of about 50%
activity.

Microcalorimetry of cobalt binding by TMfrn1 mutants

The effect of a mutation on transport activity can manifest
through multiple mechanisms. We decided to test the metal
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ion—binding properties of selected mutants to investigate
whether the specific mutants affected substrate binding as well.
We hypothesized that a combination of decreased transport
and binding would be a stronger indicator of that residue being
involved in metal ion coordination during the transport cycle.
Three of the four His — GIln mutants, H55Q, H113Q, and
H210Q, have substantially weakened affinity for cobalt,
whereas H152Q retains wildtype binding (Fig. 5B). Proximal to
His-152 are Asp-153 and Met-156, and mutations to Asn and
Val, respectively, dramatically lessen TMfrn1 affinity for cobalt.
Unexpectedly, TMfrn1 CysA retains wildtype binding of cobalt
and nickel, which contrasts with the mutant’s severely dimin-
ished transport activity (Figs. 5B and S5B).

Discussion

Mitoferrin-1 and -2 are the only reported major carriers of
iron into mitochondria, and this process is crucial for high-
throughput biosynthesis of iron-containing cofactors and
maintenance of cellular iron homeostasis. The importance of
mitoferrins and their function as iron transporters have only
been inferred by genetic and cell-based studies. Moreover, dele-
tion of Mrs3/4, which are the yeast orthologs of mitoferrin-1/2,
results in very different phenotypes compared with deletion of
Mfrnl in animals, making it difficult to infer the function of
mitoferrin-1/2 from studies on Mrs3/4. In any case, the only
study reporting on the functional reconstitution of Mrs3 used
refolded proteins from E. coli inclusion bodies, a method whose
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biochemical integrity has been called into question. Here we
resolve various aspects about the biochemistry of iron transport
by mitoferrins. 1) We present a strategy for native purification
of TMfrnl from a heterologous expression host, P. pastoris,
using mild detergents for extraction and a combination of affin-
ity and size-exclusion chromatographic steps. 2) We show,
using a fluorescence-based assay that, when reconstituted in
proteoliposomes, TMfrnl has robust iron transport activity.
Reminiscent of other transporters of divalent first-row transi-
tion metal ions (40 —42), TMfrn1 is promiscuous and can trans-
port divalent iron, manganese, cobalt, copper, and zinc. 3) We
investigate the importance of residues that are conserved in
mitoferrins and identify a number of candidates that are likely
involved in iron binding and/or transport.

Our findings strongly support the premise that mitoferrins
are high-affinity or -throughput iron transporters. Mitochon-
dria are sites for utilization of other transition metals as well,
notably manganese, copper, and zinc, but the mechanisms by
which these metal ions traverse the mitochondrial inner mem-
brane are poorly understood, likely due to the presence of mul-
tiple and redundant transport pathways. Our data unambigu-
ously demonstrate that TMfrnl can transport each of these
metals in their free ionic forms, although the means of metal
delivery to mitoferrins in the cellular context is obscure.
TMfrnl transports the relatively soft first-row transition metal
ions, but we could not detect any competition by the harder
divalent alkali metal ions magnesium and calcium, arguing that
TMfrnl efficiently discriminates between these two classes.
Given that there are dedicated transport systems in the mito-
chondrial inner membrane for alkali metal ions (43—46), mito-
ferrins do not appear to function redundantly for magnesium/
calcium uptake. TMfrn1 substrate promiscuity within the first-
row transition metal ions is reminiscent of other softer
transition metal ion transporters (40 —42).

Transition metal ions are closely sequestered and chaper-
oned during their trafficking in cells; thus, the metal ion selec-
tivity in the physiological context of some of these transporters
likely arises from the selectivity of the metal delivery to the
transporter. We speculate that interaction with various chap-
erones leads, for instance, to differential copper selectivity
between Mrs3 and -4 (47) because the residues we identified as
important for transport are highly conserved among mitofer-
rins. Clearly, further study is needed to ascribe specific shuttles
for delivering metal ions to mitoferrins at the mitochondrial
inner membrane.

To demonstrate the transport activity of TMfrnl, we devel-
oped, separately, robust iron and copper transport assays in
proteoliposomes. Typically, other transition metal ions have
been used as a surrogate for iron in the biochemical investiga-
tion of iron transporters in vitro (32, 33). Our results suggest
that the difficulty with using iron in a minimal proteoliposome-
based assay is due to the formation of nonspecific leaks in the
vesicles, presumably derived from lipid peroxidation. After an
extensive survey, we found several factors, including Chelex
treatment of solutions, appropriate choice of buffer, and addi-
tion of sorbitol or histidine, to be crucial for a successful and
unambiguous reconstitution of transport function. Because
iron and copper are ubiquitously important in biology, these
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assays will be valuable tools in studying other iron/copper
transporters in vitro.

A part of cellular iron has been proposed to exist as a kinet-
ically available pool, bound to low-molecular-weight ligands
(48). Because the known substrates of members of the MC fam-
ily are predominantly small organic molecules like nucleotides,
keto acids, and vitamins, at the outset we hypothesized that the
substrate for Mfrn1 could be a chelated form of iron that would
resemble other canonical substrates of the MC family. For the
battery of plausible intracellular ligands for iron that we tested,
we did not measure any detectable increase in transport activity
of TMfrnl in their presence. This leads us to conclude that
Mfrnl transports iron in an unchelated form.

Iron transport by TMfrnl shows a degree of sensitivity to
acidic pH. Our experiments with pyranine, a pH-sensitive fluo-
rophore, indicate that this is not due to H™ being a cosubstrate
for Mfrn1l because we did not observe any detectable changes in
intravesicular pH resulting from iron transport. The depen-
dence of the transport rate on the external pH (when the inter-
nal pH is 7.4; Fig. 4A) implies that the protonation of a histidine
residue is involved. This is consistent with our mutagenesis
data that identified two histidines, His-55 and His-210, impor-
tant for the transport activity of TMfrnl. Interestingly, the
transport activity is otherwise not affected by a pH gradient
mimicking the mitochondrial ApH. Our result contrasts with
prior findings as iron uptake in isolated yeast mitochondria or
submitochondrial particles was seen to be dependent on mito-
chondrial polarization (31, 49). The disparity perhaps reflects
functional differences between a metazoan Mfrnl and its fun-
gal counterpart or, more likely, differences in our defined pro-
teoliposomes versus complex organellar membranes.

The ion selectivity of TMfrn1 suggests that it uses soft coor-
dinating ligands such as cysteine, histidine, and methionine for
binding and transport. In agreement with that prediction, our
mutational analyses of transport function show that the resi-
dues that have the highest effect predominantly contain side
chains that can coordinate soft metal ions, His-55, Cys-119,
Met-156, Met-202, His-210, and Cys-253. These residues could
be involved either in forming the metal-binding site or in mak-
ing important interactions during the transport process. Inter-
estingly, nickel potently blocks iron transport by TMfrnl, and
although this may not be physiologically relevant, it may prove
to be a useful tool for biophysical studies of TMfrn1.

TMfrn1 binds metal ions in calorimetric studies with affini-
ties that reflect the Irving-Williams series, implying that
TMfrnl does not have a substrate-binding site specifically tai-
lored for iron. Surprisingly, the CysA version of TMfrnl1 is inac-
tive for metal transport but retains wildtype metal binding,
indicating that none of the cysteines are involved in forming a
stable metal ion— binding site, which the calorimetric data pre-
sumably report on. The residues we identified as important for
substrate binding are dispersed along the first four transmem-
brane helices of TMfrnl (Fig. 54). Presumably, these residues
are involved in forming more than one (i.e. primary and auxil-
iary) binding site for the metal or form important contacts in
different conformational states during the transport process.
Clarifying these questions will require further structural and
functional interrogation.
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Mitochondrial carriers have highly conserved sets of polar
residues, one set on the matrix side and another on the cytosolic
side, that have been proposed to form salt bridges stabilizing
states facing alternate sides of the membrane (Fig. 14). Our
mutational data suggest that these interactions are important in
the case of Mfrnl as well. Thus, Mfrnl seemingly shares some
of the basic features of the transport mechanism with other
MCs. Conversely, ionic Fe(II) is markedly disparate relative to
substrates of the other MCs. Conformational exchange of other
MCs appears to be instantiated by substrates contacting sites
on even-numbered helices within the carriers’ cavity (50). Our
mutational analysis implies that TMfrnl utilizes a somewhat
dissimilar recognition motif with functionally important resi-
dues present on each of the first four transmembrane helices.
Mfrnl also diverges from other MCs due to the functional
requirement of its extended N terminus. In the case of Mfrnl,
perhaps the N-terminal extension promotes conformational
exchange after the initial engagement of the substrate metal
ion. Future high-resolution structural studies in different states
of the transport pathway will help unravel further detailed
atomic insights into the chemical basis of mitoferrin function.

Experimental procedures
Materials

N-Dodecyl B-p-maltopyranoside (DDM) was purchased
from Anatrace, and Triton X-100 and Chelex resin were from
Sigma-Aldrich. Lipids were purchased from Avanti Polar Lip-
ids. Phen Green SK (dipotassium salt) was from Thermo Fisher
Scientific. Zeocin was obtained from Invitrogen. Components
for bacterial and yeast media were procured from Fisher; yeast
nitrogen base was from Research Products International (RPI),
Corp. Talon cobalt metal affinity resin was from Clontech.
Other chemicals were obtained from Sigma-Aldrich.

Protein expression and purification

The ¢cDNA encoding for O. niloticus Mfrnl (and other
orthologs) was codon-optimized for P. pastoris, synthesized,
and cloned into expression plasmid pPICZ A. Protein expres-
sion was assessed by FSEC (30). The best behaving Mfrnl con-
struct was engineered as a fusion protein between N-terminal
small ubiquitin-like modifier and C-terminal enhanced GFP
tags with a C-terminal decahistidine affinity tag. Human rhino-
virus 3C protease sites were included for proteolytic tag
removal. Mutageneses were performed via PCR and confirmed
by DNA sequencing. Constructs were electroporated into
Pichia strain SMD1163H, and transformants were selected on
yeast extract-peptone-dextrose-sorbitol plates supplemented
with 400 pg/ml Zeocin. Individual Pichia colonies were
screened for TMfrnl expression using in-cell GFP fluorescence
or FSEC. Pichia cultures were grown in buffered minimal glyc-
erol medium at 30 °C to an A, of ~25, pelleted by centrifuging
at 3000 X g for 5 min, resuspended into buffered minimal meth-
anol medium, and shaken for 24 h at 25 °C with two total addi-
tions of methanol up to 0.5%. Pichia were again pelleted and
flash frozen in liquid N,,.

TMfrnl was purified from isolated mitochondria. Mitochon-
dria were harvested from Pichia by resuspending cells (100
g/150 ml of buffer) in lysis buffer (100 mm HEPES-Tris, pH 7.8,
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650 mM sorbitol, 5 mm EDTA, 5 mm aminohexanoic acid, 5 mm
benzamidine HCI, 5 mm EDTA, 10 mm DTT, 0.2% BSA) and
then passing one time through a horizontal bead mill (Dyna-
mill). Lysate was clarified by centrifugation at 3500 X g for 30
min. The supernatant was then spun at 24,000 X g for 90 min to
harvest mitochondria. Pellets were resuspended in wash buffer
(100 mm HEPES-Tris, pH 7.4, 650 mM sorbitol, 5 mm amino-
hexanoic acid, 5 mm benzamidine HCl, 10 mm 8-ME) and spun
again at 24,000 X g for 50 min. Mitochondrial pellets were then
resuspended in storage buffer (100 mm HEPES-KOH, pH 7.4,
10% glycerol, 5 mm B-ME) and spun a final time at 24,000 X g
for 50 min. Mitochondrial pellets were resuspended in storage
buffer to a protein concentration of =20 mg/ml, aliquoted, and
flash frozen in liquid N,. TMfrnl mutants were purified from
cell powder produced by cryomilling Pichia in liquid N,-cooled
stainless-steel ball milling jars (Retsch).

TMfrnl was extracted from mitochondria by adding KClI to
150 mm, TCEP to 2 mM, protease inhibitors, and DDM to 3%
and then stirring for 3 h at 4 °C. Extraction from cell powder
entailed resuspending the powder (10 g up to 50 ml) in extrac-
tion buffer (50 mm HEPES-KOH, pH 7.8, 150 mm KCl, 10 mm
B-ME, 2 mm TCEP, protease inhibitors, 0.5 wg/ml DNase), then
adding DDM to 3%, and stirring for 3 h at 4 °C. Extracts were
clarified by centrifuging at 38,000 X g for 30 min, and then
supernatants were supplemented with 2 mm imidazole, pH
adjusted to ~7.4 with 1 N KOH, and batch-bound to Talon
affinity resin for 4 -5 h. Talon resin was collected by gravity flow
in a polypropylene column, washed with 10 bed volumes of
wash buffer (20 mm MOPS-KOH, pH 7.4, 140 mm KCI, 10 mMm
imidazole, 5 mm B-ME, 2 mm TCEP, 1 mm DDM, 0.05 mg/ml
toCL). The column was plugged; 1 bed volume of wash buffer
was added; DDM and toCL were raised to 2 mm and 0.1 mg/ml,
respectively; and human rhinovirus 3C protease was added to
cleave TMfrnl from fusion proteins. After rocking the resin
slurry overnight at 4 °C, imidazole was added to 30 mm, and
TMfrnl was eluted from the column. TMfrnl was concen-
trated and subjected to size-exclusion chromatography over
Superdex 200 Increase 10/300 GL equilibrated in 20 mm
MOPS-KOH, pH 7.4, 140 mm KCI, 2 mm TCEP, 1 mm DDM,
0.05 mg/ml toCL. TMfrnl was finally concentrated to ~2
mg/ml for downstream use.

Isothermal titration calorimetry

TMfrnl was freshly purified, concentrated, and then dia-
lyzed at 4 °C for 20—-24 h against size-exclusion buffer (20 mm
MOPS-KOH, pH 7.4, 140 mm KCl, 2 mm TCEP, 1 mm DDM,
0.05 mg/ml toCL). All titrations were performed at 6 °C to pre-
serve TMfrn1 stability. Most experiments were performed on a
MicroCal ITC200. Protein solutions were degassed for 15 min
prior to placement into the calorimeter, and dialysis buffer was
degassed for 1 h before addition of CoCl,, NiSO,, or MnCl,.
(NH,),Fe(SO,), titrations were performed on a TA Instru-
ments Nano ITC placed inside an anaerobic glove bag (Coy
Laboratory Products). Dialysis buffer for (NH,),Fe(SO,), titra-
tions was additionally sparged with argon for 30 min prior to
dialysis, and plasticware was degassed overnight. After place-
ment into the glove bag, TMfrn1 solutions were degassed for
1h, and dialysis buffer was degassed for 4 h. Thermograms were

SASBMB



Mitoferrin-1 is a promiscuous transition metal transporter

analyzed using the software packages NITPIC, SEDPHAT, and
GUSSI (51).

Proteoliposome preparation

TMfrnl proteoliposomes were prepared via hydrophobic
chromatography (52); protein-free liposomes were prepared in
the same manner except with DDM-containing size-exclusion
buffer replacing TMfrn1. Lipids in chloroform were dried with
argon to a film and then further vacuum-dried overnight. Lipid
composition was 55:40:5 1-palmitoyl-2-oleoylphosphatidylcho-
line:1-palmitoyl-2-oleoylphosphatidylethanolamine:toCL  (w/w).
All buffers were treated with Chelex resin to remove trace diva-
lent ions. Lipid films were resuspended to 20 mg/ml in 10 mm
MOPS, pH 7.4; layered with argon; and bath-sonicated to large
unilamellar vesicles, and KCl was added up to 140 mm. Ten
sequential additions of 10% Triton X-100 were added to desta-
bilize the liposomes, and the final lipid:detergent ratio was 10:6
by mass. To the destabilized liposomes, freshly purified TMfrn1
was added (10 mg of lipid:100 ug of TMfrnl), and the suspen-
sion was rocked at 4 °C for 30 min. The proteoliposome suspen-
sion was then passed 15 times over 550 mg of Amberlite XAD-2 at
room temperature, diluted to 6.5 mg/ml lipid with inside buffer (10
mm MOPS, pH 7.4, 140 mm KCl), and flash frozen in liquid N,
Phen Green SK (50 uMm) was incorporated by freezing/thawing
three times; liposomes were then extruded through a 400-nm fil-
ter, and free dye was removed by passing the vesicles over Sephar-
ose CL-2B equilibrated in inside buffer.

For pH-dependence transport assays, large unilamellar vesi-
cles were exchanged to internal pH 6.5 (and pH 7.4) by centri-
fuging pre-extruded proteoliposomes at 21,000 X g for 10 min at
4.°C. Vesicle pellets were resuspended in 10 mm MES-KOH, pH
6.5, 140 mm KCl (or pH 7.4 buffer); PGSK was added to 50 uMm; and
the samples were freeze/thawed three times, extruded, and passed
over Sepharose CL-2B equilibrated in pH 6.5 (or 7.4) buffer.

For pyranine-based detection of intravesicular pH, non-ex-
truded vesicle pellets were resuspended in 2 mm MOPS-KOH,
pH 7.4, 140 mm KCI, 0.5 mm EDTA; pyranine was added to 50
uM; and the samples were freeze/thawed three times, extruded,
and passed over Sepharose CL-2B equilibrated in 2 mm MOPS-
KOH, pH 7.4, 140 mm KCI. PGSK (50 wMm) was similarly incor-
porated, subtracting EDTA.

Proteoliposome metal uptake assays

Fluorescence quenching of Phen Green SK (A, = 506 nm,
Aem = 530 nm) and pyranine (A, = 450 nm, A, = 520 nm) was
monitored using a Cary Varian Eclipse spectrofluorometer at
room temperature. (Proteo)liposomes were diluted ~30-fold to
20 pM [lipid] into Chelex-treated assay buffers (10 mm MOPS-
KOH, pH 7.0/7.4/7.9, or 10 mm MES-KOH, pH 5.5/6.0/6.5, 140
muM KCI). Metal stock solutions were made to 100 mm Me?>*
(FeSO, in 20 mm H,SO,; CoCl,, CuCl,, MnCl,, NiCl,, and
ZnCl, in water) each experimental day. For Fe(II) uptake assays
in buffers pH 7.0 and higher, assays were supplemented with 1
mM sorbitol. For copper uptake assays, 50 um histidine was
added to assay solutions. Maximal dye quenching was deter-
mined by addition of the ionophore calcimycin (for Cu®* and
Mn>") or pyrithione (other metals) to liposomes to equilibrate
internal and external divalent ions.
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