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Molecular model of the ferroportin intracellular gate
and implications for the human iron transport
cycle and hemochromatosis type 4A
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ABSTRACT: Ferroportin 1 (FPN1) is a major facilitator superfamily transporter that is essential for proper maintenance of
human iron homeostasis at the systemic and cellular level. FPN1 dysfunction leads to the progressive accumulation of iron
in reticuloendothelial cells, causing hemochromatosis type 4A (or ferroportin disease), an autosomal dominant disorder
that displays large phenotypic heterogeneity. Although crystal structures have unveiled the outward- and inward-facing
conformations of the bacterial homolog Bdellovibrio bacteriovorus Fpn (or Bd2019) and calcium has recently been iden-
tified as an essential cofactor, our molecular understanding of the iron transport mechanism remains incomplete. Here, we
used a combination of molecular modeling, molecular dynamics simulations, and Ala site-directed mutagenesis, followed
by complementary in vitro functional analyses, to explore the structural architecture of the human FPN1 intracellular gate.
We reveal an interdomain network that involves 5 key amino acids and is likely very important for stability of the iron
exporter facing the extracellular milieu. We also identify inter- and intradomain interactions that rely on the 2 Asp84 and
Asn174 critical residues and do not exist in the bacterial homolog. These interactions are thought to play an important role
in the modulation of conformational changes during the transport cycle. We interpret these results in the context of
hemochromatosis type 4A, reinforcing the idea that different categories of loss-of-function mutations exist. Our findings
provide an unprecedented view of the human FPN1 outward-facing structure and the particular function of the so-called
“gating residues” in the mechanism of iron export—Guelle, J., Elbahnsi, A., Le Tertre, M., Uguen, K., Gourlaouen, I,
Férec, C., Ka, C, Callebaut, I, Le Gac, G. Molecular model of the ferroportin intracellular gate and implications for the
human iron transport cycle and hemochromatosis type 4A. FASEB J. 33, 000-000 (2019). www.fasebj.org
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Ferroportin 1 (FPN1, also referred to as SLC40A1; Uniprot
QI9NP59) is the only known iron exporter in mammals and
is considered to be a key player in both cellular and sys-
temic iron homeostasis (1-3). FPN1 is expressed in all
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types of cells that handle major iron flow, including mac-
rophages, duodenal enterocytes, hepatocytes, and pla-
centa syncytiotrophoblasts (4). Cell surface expression is
predominantly regulated by the liver-derived peptide
hepcidin (5), which induces internalization and degrada-
tion of FPN1, decreasing iron delivery to plasma (2). The
hepcidin-ferroportin axis plays an important role in the
pathogenesis of inherited and acquired iron metabolism
disorders, including iron overload diseases and iron-
restricted anemia (6).

FPN1 dysfunction is responsible for hemochromatosis
type 4, an inborn error of iron metabolism that is trans-
mitted as an autosomal dominant trait, and is character-
ized by wide clinical heterogeneity. This is only partially
explained by the existence of mutations with opposing
effects. Patients with loss-of-function mutations usually
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present mesenchymal or mixed iron overload (corre-
sponding to early iron deposition within Kupffer cells) and
markedly elevated serum ferritin concentrations con-
trasting with normal or transferrin saturation levels. This
phenotypic presentation is commonly referred to as fer-
roportin disease, or hemochromatosis type 4A. Gain-of-
function mutations, which are less frequent, result in
partial to complete resistance to hepcidin; patients usually
display elevated transferrin saturation levels. Hyper-
ferritinemia is secondary to plasma iron burden and is
mostly associated with iron deposits in hepatocytes. These
biologic and histologic features mimic the natural history
of HFE-related hemochromatosis; hence, gain-of-function
FPN1 mutations are associated with hemochromatosis
type 4B.

Important progress has been made these last 5 yr in
understanding FPN1 structural biology. We and others
first provided evidence of the relatedness of FPN1 to the
major facilitator superfamily (MFES) (7-9). The MFS struc-
tural core consists of 12 transmembrane (TM) helices or-
ganized into 2 structurally similar domains: N-domain
(TM1-TM6) and C-domain (TM7-TM12) (10). Taniguchi
et al. then identified Bd2019 [Bdellovibrio bacteriovorus Fpn
(BbFpn) (11)] as a bacterial homolog of the human iron
exporter and solved its structures in both the outward- and
inward-facing states (12). The X-ray structures of BbFpn
confirmed the typical MFS fold and provided important
clues about the mechanism of iron egress and FPN1 reg-
ulation by hepcidin. Deshpande et al. (13) very recently
reported the crystal structure of Ca**-bound BbFpn in an
inward-facing conformation and demonstrated that hu-
man FPN1 iron transport activity is dependent on extra-
cellular Ca®*. The authors proposed an alternate access
mechanism, which is characteristic of MFS transporters
(10,14), to explain how iron is exported by FPN1 across the
plasma membrane, comprising 3 fundamental steps: 1) in
the outward-facing structure, Ca** binds to FPN1 and
initiates a conformational change that enables transition
from open outward-facing to open inward-facing states; 2)
in the inward-facing structure, Fe** binds to FPN1 and
triggers a return to the outward-facing open state; and 3) in
the extracellular milieu, Fe?" is oxidized to Fe**, which is
taken up by the plasma transferrin and delivered to vari-
ous tissues throughout the body (2).

Fundamental questions still remain unanswered about
the molecular mechanisms associated with the confor-
mational changes underlying the iron transport cycle, as
well as on those ensuring the stability of the outward- and
inward-facing conformations. In MFS transporters, a set of
specific, so-called “gating” residues, has been suggested to
be the key actor in interactions between helices from the
N- and C-domains that alternately move to form the out-
ward- and inward-facing conformations, as well as a series
of intermediate states (10). Salt bridges and hydrogen
bonds are considered particularly important for stabilizing
MES transporters in the outward-facing state. In line with
this idea, we recently provided evidence of the formation
of a noncovalent, electrostatic interaction between Arg178
and Asp473 on the intracellular side of human FPN1. After
also investigating phenotypes related to the recurrent
p-Argl78GIn missense mutation, we postulated that the
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shift of the equilibrium toward the inward-facing state
because of a deficient role of gating residues in the in-
tracellular gate could represent a new molecular mecha-
nism of loss of FPN1 function (15).

Here, using comparative modeling and molecular dy-
namic (MD) simulations, we predict atomic details for the
organization of human FPN1 in the outward-facing open
state. In vitro evaluation of Ala mutants in different TM
helices is interpreted relative to the expected role of the
corresponding nonmutated residues in forming non-
covalent bonds (salt bridges or hydrogen bonds) between
the N-domain and the C-domain of human FPN1. We
identified 5 key residues that play an essential function in
the intracellular gate and iron transport cycle. Comparing
BbFpn and FPN1 3-dimensional (3D) structures revealed
interactions that may play an important role in the stability
of the gate and in the modulation of the conformational
changes in the human transporter, some of which cannot
be formed in the bacterial homolog. We finally highlight
some critical residues that are mutated in patients with a
typical hemochromatosis type 4A phenotype.

MATERIALS AND METHODS
Modeling and MD simulations

As previously reported (15), a model of the 3D structure of hu-
man FPN1 was built using Modeler v.9.15 (16) considering the
sequence alignment reported by Taniguchi ef al. (12) and, as
template, the experimental 3D structure of B. bacteriovorus iron
transporter Bd2019 in an outward-facing conformation (Protein
Data Bank 5AYM). Some large regions were discarded from the
FPN1 model because no template was available for accurate
modeling: aa 1 to 21 (N-terminal sequence), aa 237-301 (linker
between the N- and the C-domain), and aa 396-450 (TM9-TM10
loop).

AnMD simulation was run for 100 ns using the human FPN1
3D structure model. This was embedded in a membrane bilayer
composed of 2-oleoyl-1-palmitoylsn-glycero-3-phosphocholine
molecules and solvated within a rectangular box of explicit water
molecules and 15 mM NaCl. The simulation box (105 X 105 X 100
A3) contained the protein, 275 lipids, 49 Na* ions (18), 53 C1™ ions
(19), and 18,409 TIP3P water molecules regularly filling the pore
and the full box. (20) Minimization, equilibration, and production
phases or steps used the Chemistry at Harvard Macromolecular
Mechanics (CHARMM36) force field (21, 22) in Not Another
Molecular Dynamics (NAMD) 2.9 (23) following the protocol
described in Hoffmann et al. (17). The root mean square devia-
tions between the initial model and each snapshot from the MDs
are given in Supplemental Fig. S2. The time of 25 ns appeared
sufficient to achieve stable models. Distances between some
atoms from critical amino acids along the simulation are pro-
vided in Fig. 4.

An additional simulation was carried out with 70 mM CaCl,,
other parameters being equal, to take account of the role of Ca**
in FPN1-mediated metal efflux. Both simulations (Na*/Ca*")
were performed in absence of iron, for which the binding site
remained to be explored at the experimental level in the
outward-facing conformation. The results of the 2 simulations
were quite similar, especially regarding the bond network ana-
lyzed here (Supplemental Fig. S3). Na™ ions, however, fluctuated,
whereas several Ca®* ions were trapped in some regions during
simulation, one of them artifactually interacting with a carboxyl
group (Lys236) introduced after the truncation of the protein after
the N-terminal domain. However, it is worth noting, that
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overestimated binding affinities of divalent ions are a known
problem in classic force fields (24).

Plasmid constructs

The wild-type (WT) FPN1-V5/CD8 bicistronic plasmid construct
was generated by cloning full-length human SLC40A1 and CD8
cDNA (Genbank: NM_0414585.5 and NM_001145873.1) into the
PIRES2 DsRed-Express?2 vector (Clontech Laboratories, Mountain
View, CA, USA); the DsRed-Express2 fluorescent protein coding
sequence was removed and replaced by CD8 cDNA, whereasa V5
epitope tag (GKPIPNPLLGLDST) was introduced in the fifth ex-
tracellular loop of FPN1 to facilitate detection on flow cytometry.
Iron release measurement used a pcDNAS3.1-FPN1-V5(C-ter)
construct (7). All ferroportin mutations were introduced in
the pIRES_FPN1-V5_CD8 and pcDNA3.1_FPN-V5 vectors using
the QuickChange Site-Directed mutagenesis kit, according to the
manufacturer’s instructions (Agilent Technologies, Santa Clara,
CA, USA). Sequencing analyses were performed to check the in-
tegrity of all plasmid constructs (full-length SLC40A1 cDNA se-
quenced after each site-directed mutagenesis).

Culture and transfection of human epithelial
kidney 293T cells

Human epithelial kidney (HEK)293T cells, from the American
Type Culture Collection (Manassas, VA, USA), were in-
cubated at 37°C in a 5% CO, humidified atmosphere and
propagated in DMEM (Lonza, Basel, Switerland) supple-
mented with 10% fetal bovine serum. Cells were transiently
transfected using JetPEI (Polyplus, Illkirch-Graffenstaden,
France), according to the manufacturer’s instructions, and a
2:1 transfection reagent (ul)/plasmid DNA ratio (u.g).

Flow cytometry

HEK?293T cells (1.9 X 10° cells /well in 12-well plates) transfected
with the pIRES_FPN1-V5_CD8 constructs were harvested with
trypsin 36 h after transfection. Samples were pelleted (500 g,
5 min) and resuspended in PBS (pH 7.4) containing 1 mM EDTA
and 10% fetal bovine serum, before being incubated for 30 min at
4°C with anti-V5-FITC (Thermo Fisher Scientific, Waltham, MA,
USA) and anti-CD8-APC (Miltenyi Biotec, Bergisch Gladbach,
Germany). Stained cells were pelleted (500 g, 5 min, 4°C) and
resuspended in 400 pl PBS-EDTA. Cells were analyzed using a
BD Accuri C6 flow cytometer [Becton Dickinson (BD), San Diego,
CA, USA] and Flowlogic software (Miltenyi Biotec). Events were
gated to exclude cell debris and aggregates, and to select cells
with the desired levels of CD8 and FPN1-V5 expression; the
windows were set up to exclude CD8- or FPN1-V5-negative cells
(using mock-transfected cells as control), as well as cells with very
high fluorescent intensity.

Intracellular **Fe measurements

*Fe loading of human apotransferrin was performed as pre-
viously described (25). HEK293T cells (1.7 X 10° cells/well in
12-well plates) were transfected with WT or mutated pcDNA3.1_
FPN-V5 constructs for 24 h, before being cultured in Pro293a-
CDM serum-free medium (Lonza) and preloaded with 20 p.g/ml
55Fe-transferrin for 16 h. Each pcDNA3.1_FPN-V5 construct was
codelivered with the pSV-B-galactosidase (B-gal) vector (Prom-
ega, Madison, WI, USA). Cells were harvested with trypsin,
mixed with liquid scintillation fluid (Ultima Gold MV; Perkin-
Elmer, Waltham, MA, USA) and counted for 2 min in a
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TRI-CARB 1600 CA scintillation counter (PerkinElmer). *Fe ra-
dioactivity was normalized on total protein content and 3-gal
activity.

Statistical analysis

Data are presented as means (column bars) + sp. Comparisons
used 2-tailed Student’s t tests.

RESULTS

Model of the 3D structure of the
outward-facing conformation of human FPN1

As previously reported (15), a model of the 3D structure of
human FPN1 in an outward-facing conformation was
built using the BbFpn structure (Bd2019; Protein Data
Bank 5AYM) as template (see Materials and Methods). On
the intracellular side (cytoplasmic gate), TM2, TM3, TM4,
and TM5 (N-domain) interact tightly with TM10 and
TM11 (C-domain) (Fig. 1A). Human FPN1 conserves the
amino acid atoms thought to play a critical role in the
BbFpn cytoplasmic gate (12). Asp157 (TM4, BbFpn Asp140)
forms salt bridges with Arg88 (TM3, BbFpn Arg73) and
Arg489 (TM11, BbFpn Arg371), whereas Arg88 also forms
a salt bridge with Glu486 (preceding TM11, BbFpn Glu368)
(Fig. 1A, green box at right). This network is completed
with that provided by H-bonds formed, on the one hand,
between the side-chain oxygens of Asp84 (TM2, BbFpn
Asp69) and the main-chain nitrogen atoms of Gly490 and
Ile491 (IM11) (BbFpn Gly372 and Glu373) (Fig. 1A, green
box at right) and, on the other hand, between the side
chains of Asn174 (TM5, BbFpn Asn155) and GIn481 (TM10,
BbFpn GIn363) (Fig. 1A, orange box at left). The previously
reported salt bridge between Argl78 and Asp473 also
participates in this network (15).

A simplified view of the interdomain and intradomain
interactions for both the bacterial and the human iron ex-
porter is provided in Supplemental Fig. S1.

In vitro evaluation of 7 candidate
gating residues

To experimentally test the 3D model for the intracellular
gate, we individually mutagenized Arg88, Asp157, Glu486,
Arg489, Asp84, and GIn481 to Ala. Ala is the second
smallestamino acid after Gly. This nonpolar amino acid has
the highest propensity of all 20 natural amino acids for the
a-helical state (26). The selected Ala substitutions were thus
likely to have limited impact on local human FPN1 struc-
ture. Only Asnl74 was mutated to isoleucine, as the
p-Asnl74lle missense mutation was previously proved to
be defective for iron egress while being normally addressed
to the cell surface (7, 27).

A Dbicistronic construct was used to evaluate the con-
current plasma membrane expression of human FPN1
(conjugated with a V5 epitope) and CD8 on flow cytom-
etry. Taking account of the level of CD8 in HEK293T cells,
which do not normally express this membrane protein,
enabled correction for differences in transfection efficiency
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Figure 1. Model of the 3D structure of the human FPNI1 cytoplasmic gate. Before (0-ns) (A) and after (100-ns) (B) MD
simulation. The 3D structure is shown in a ribbon representation, with amino acids involved in salt bridges or H-bonds depicted
in a ball-and-stick representation. TM helices are labeled and colored (TM1-TM3: blue, TM4-TM6: green, TM7-TM9: yellow,
TM10-TM12: red). This figure was drawn using chimera. For convenience, amino acids are described by a I-letter code, instead

of the 3-letter code used in the main text.

between samples. The p.Ala77Asp missense mutation,
which significantly damages FPN1 structure and is known
to prevent cell surface localization, was used as negative
control. It was noteworthy that expression of FPN1-V5
fusion proteins was lower than the CD8 control in all an-
alyzed cell populations (cells expressing WT FPN1-V5
fusion displayed >40% reduction); this suggests differ-
ences in the levels of FPN1 and CD8 translation initiated
from the bicistronic mRNA. An important difference was
observed in the proportions of FPN1-WT*/CD8" and
FPN1-A77D"/CD8 cells (P < 0.001), confirming that the
p-Ala77 Asp mutant causes FPN1 mislocalization (Fig. 2A).
Expression of the p.Asp84Ala mutant also differed sig-
nificantly from the WT protein (P < 0.05). The other 6
variants reached the plasma membrane correctly.
Radioactively labeled iron accumulation was measured
in HEK293T cells transiently transfected with pcDNA3.1
plasmids encoding FPN1-V5 fusion proteins, using cells
transfected with the commercial pcDNA3.1-V5-His empty
vector as control. pcDNA3.1 plasmids were codelivered
with a normalization vector encoding the B-gal enzyme. A
total of 24 h after transfection, HEK293T cells were cul-
tured in serum-free medium and preloaded with 20
pg/ml *Fe-transferrin for 16 h. The cell lysates were
assayed for *Fe quantity, B-gal activity (to correct for
differences in transfection efficiency) and total protein
concentration (to correct for differences in final cell num-
ber). As shown in Fig. 2B, cells transfected with the WT
FPN1-V5 fusion protein displayed 2- to 3-fold lower iron
accumulation. The p.Arg88Ala, p.Asp157Ala, p.Arg489Ala,
p-Asp84Ala, and p.Asnl74lle mutants were not able to
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export *Fe iron in amounts comparable with WT FPN1.
Two mutants, p.GIn481Ala and p.Glu486Ala, retained their
ability to export iron out of the cell.

Taken together, the results shown in Fig. 2A, B dem-
onstrate that Arg88, Aspl57, Arg489, and Asnl74 are
important for iron export. In contrast, GIn481 and Glu486
can be changed to Ala without altering FPN1 function. In
the light of this, we then investigated the function of the
p.GIn481Ala-Glu486Ala double mutant. Figure 3A, B
shows thatitlocalized to the cell surface in the same way as
the WT protein and that it retained export function.

MD simulations

To further understand the differences observed for the
mutants tested, molecular dynamics simulations were run
on the human FPN1 3D structure model in an appropriate
environment (Materials and Methods). Root mean square
deviations for the protein backbone during 100-ns MD
simulation were calculated relative to the coordinates of
the initial structures (Supplemental Fig. S2). More constant
values were observed from 20 to 25 ns onward, after an
initial 10-ns fast-rise region, indicating that the model
structure had reached conformation steady state.
Comparing conformations in this steady state (illus-
trated here at 100 ns; Fig. 1B) to the initial 3D structure
(0 ns; Fig. 1A) revealed a slight reorganization of the in-
tracellular gate bond network. Although the salt bridges
between Asp157 and Arg88 and Asp157 and Arg489
appeared very stable throughout the simulation, as
assessed by monitoring the distances between the
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Figure 2. Effect on cell surface expression and iron export of
Ala or isoleucine substitutions for amino acids predicted to be
involved in interactions between the N- and the C-lobe of
human FPNI in the outward-facing state. Green bars indicate
residues predicted to form salt bridges or hydrogen bonds
between helices 2, 3, 4, and 11. Orange bars indicate residues
predicted to form a hydrogen bond between helices 5 and 10.
For convenience, amino acids are described by a 1-letter code,
instead of the 3-letter code used in the main text. A)
HEK293T cells were transiently transfected with the bicistronic
PIRES2 plasmid encoding both full-length human FPN1 and
CD8. A 14-aa V5 epitope (Gly-Lys-Pro-Ile-Pro-Asn-Pro-Leu-Leu-
Gly-Leu-Asp-Ser-Thr) was inserted in the fifth extracellular
loop of FPNI1 to allow plasma membrane detection. After 36 h,
cells were double-stained for CD8 (APC) and the FPN1-V5
fusion protein (FITC) and analyzed by 2-color flow cytometry.
Data are presented as percentages of FPN1-positive over CD8-
positive events. Each bar represents the means = sp of 6
independent experiments. P values were calculated by a
Student’s ¢ test. *P < 0.05, ***P < 0.001. B) HEK293T cells
were transfected with pcDNAS3.1-FPN1-V5-His vectors, grown
for 24 h, and then fed with 20 pug/ml 55Fe-transferrin for 16 h.
Cells were then washed and counted. Counts per minute
(cpm) were normalized by total protein and B-gal activity.
Empty vector (No FPN) samples taken as 100% values
generally achieved 1000-2500 cpm. Each bar represents the
means * sp of 5 independent experiments. P values were
calculated by a Student’s ¢ test. *P < 0.05, **P < 0.01
compared with WT FPNI1.
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involved atoms (Fig. 4A), Glu486 moved away, with its 2
side-chain oxygen atoms usually free from any interaction.
Interestingly, the 2 H-bonds between Asp84 and the
main-chain N atoms of Gly490 and Ile491 were rapidly lost
and only occasionally reformed (Fig. 4B), whereas one of
the side-chain oxygen atoms of Asp84 was able to form a
salt bridge with Lys85, itself bound to Asp81 (Fig. 4C). This
double salt bridge was not constant throughout the simu-
lation, with variable positions of Lys85 side-chain and
transient H-bonds of Asp84 with Gly490 and Ile491
main-chain N atoms, suggesting that this feature may be a
key-point for conformational change during the human
FPN1 cycle. It was noteworthy that these bonds could not
be formed in the BbFpn structure because the amino acids
homologous to Asp81 and Lys85 are Lys66 and Thr70,
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Figure 3. Cell surface expression and iron export ability of the
GIn481Ala-Glu486Ala double mutant. A) HEK293T cells were
transiently transfected with the bicistronic pIRES2 plasmid
encoding both full-length human FPN1 and CDS8. After 36 h,
cells were double-stained for CD8 (APC) and the FPNI1-V5
fusion protein (FITC) and analyzed by 2-color flow cytometry.
Data are presented as percentages of FPNI1-positive over CD8-
positive events. Each bar represents the means * sp of 4
independent experiments. B) HEK293T cells were transfected
with pcDNAS3.1-FPN1-V5-His vectors, grown for 24 h, and then
fed with 20 wg/ml of 55Fe-transferrin for 16 h. Cells were then
washed and counted. Counts per minute (cpm) were normal-
ized by total protein and (-gal activity. Each bar represents the
means * sp of 5 independent experiments.
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(N) of Gly490 and I1e491 (B); intrahelical side-chain—side-chain interactions at the level of TM2 involving Asp84, Lys85, Asp88, and
Arg88 (C). At right are represented 3 different conformational states extracted from the simulation, illustrating different positions
of the side chains of Glu486 and Lys85. D) Orange box of Fig. 1: interhelical side-chain-side-chain interactions involving TMb
(Asn174) and TM10 (GIn478 and GIn481). The inset between panels Cand D represents 3 different conformational states extracted
from the simulation, illustrating different positions of the side chains of Glu486 and Lys85. This figure was drawn using chimera
(54). For convenience, amino acids are described by a 1-letter code, instead of the 3-letter code used in the main text.
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respectively. Finally, the H bond between GIn481 and
Asnl74 was also not maintained, and it occurred very
rarely during the simulation (Fig. 4D). In contrast, Asn174
made other H-bonds with GIn478 on TM10 and Argl78
on TM5, Arg178 also forming an interlobe salt bridge with
Asp473, as previously reported (15).

In conclusion, these results explain the noncritical role
of GIn481 and Glu486 for the FPN1 function, highlight an
alternative functional role of Asp84 in a dynamic network,
and suggest a critical role for GIn478, interacting with
Asn174, itself included in a wide bond network involving
Argl78 and Asp473. These 3 features were not anticipated
from the experimental static 3D structure of BbFpn.

In vitro evaluation of the GIn478Ala mutant

To check our predictions, we also evaluated the effects of
the GIn478Ala mutant. The mutant was detected on the
surface of HEK293T transiently transfected cells at levels
similar to those seen with the WT protein (Fig. 5A). Its
ability to export iron out the cell was, however, markedly
reduced (Fig. 5B). Of note, functional consequences of the
GIn478Ala mutant were comparable to those observed for
the Asn174Ile mutant (Fig. 24, B).

Genotype-phenotype correlations

Based on the literature, we identified 13 missense muta-
tions that affect 7 different gating residues (Asp84, Arg88,
Aspl57, Asn174, Argl78, Arg489, and Gly490) and have
been reported in a total of 77 patients (32 female, 45 male;
Table 1). As summarized in Fig. 6, most patients presented
serum ferritin >1000 n.g/L and transferrin saturation <50%
(females) or <60% (males) at diagnosis. This is characteristic
of the hemochromatosis type 4A subtype and FPN1 loss-of-
function (28, 29).

DISCUSSION

In-depth knowledge of the main elements of normal FPN1
physiology is an important prerequisite for understanding
the mechanism of iron export in mammals. Here, we in-
vestigated the structure-function relationships of a set of
amino acids previously predicted, from the bacterial homo-
log BbFpn 3D structure, as key elements for stabilizing the
protein in the outward-facing state. This revealed non-
covalent interactions between several amino acids that are
conserved between species and form a first essential in-
teraction network. Moreover, MD simulations performed on
the model of the human FPN1 3D structure led to explain the
noncritical role of a few amino acids and to reveal other
critical ones, which were further supported at the experi-
mental level. These additional residues are also permanently
involved in noncovalent interactions, with either a unique or
multiple partners, within networks that are specific to human
FPN1. This study thus provides for the first time an accurate
topological description of the human FPN1 intracellular gate.

MEFS transporters must undergo large conformational
changes to transport substrates across membranes through
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Figure 5. Cell surface expression and iron export ability of the
GIn478Ala mutant. A) HEK293T cells were transiently transfected
with the bicistronic pIRES2 plasmid encoding both fulllength
human FPN1 and CD8. After 36 h, cells were double-stained for
CD8 (APC) and the FPN1-V5 fusion protein (FITC) and analyzed
by 2-color flow cytometry. Data are presented as percentages of
FPNI-positive over CD8-positive events. Each bar represents the
means * sp of 3 independent experiments. B) HEK293T cells
were transfected with pcDNAS3.1-FPN1-V5-His vectors, grown for
24 h, and then fed with 20 pwg/ml of 55Fe-transferrin for 16 h.
Cells were then washed and counted. Counts per minute (cpm)
were normalized by total protein and [(-gal activity. Each bar
represents the means = sp of 5 independent experiments.
P values were calculated by a Student’s ¢ test. **P < (.01
compared with WT FPN1.

alternate access mechanism. Accordingly, gates are
found at each end of the protein, which open and lock in
concert to allow passage of substrates. Gating residues
comprise amino acids that mediate interactions be-
tween the N- and C- domains in 1 conformational state.
Such contacts are important not only for stabilizing the
different conformational states but also for ensuring
cooperation in conformational changes, preventing
forbidden states with both gates open (10). Gating res-
idues in MFS proteins often involve charged residues
forming salt bridges (30, 31), but this appears to be a
recurrent feature of several membrane systems (32). Salt
bridges can also be found in the central cavities of
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TABLE 1. List of mutations in the SLC40A1 gene that affect an FPNI gating residue

Mutation Gender Age at diagnosis (yr) Reference

p-Asp84Glu Female (n = 1) 26 40

p-Arg88Thr Female (n = 1) 18 41
Male (n = 6) 15-61

p-Arg88Gly Female (n = 2) 41-77 38, 42
Male (n = 2) 38-41

p-Aspl57Ala Female (n = 2) Not provided 43-46, 48
Male (n = 5) 58-66

p-Aspl57Gly Female (n = 2) 42-66 38, 47
Male (n = 2) 61-64

p-Aspl57Asn Female (n = 4) 22-76 36, 49
Male (n=1) 20

p.-Asp157Tyr Male (n = 1) 64 38

p-Asnl74lle Female (n = 2) 38-66 27, 50
Male (n=1) 45

p-Argl78GlIn Female (n = 8) 11-72 15, 42, 51
Male (n=17) 6-71

p-Arg489Lys Female (n = 4) 39-60 39
Male (n = 2) 28-54

p-Arg489Ser Male (n = 4) 43-81 45, 52

p-Gly490Asp Female (n = 4) 23-54 38, 53
Male (n=3) 31-47

p-Gly490Ser Female (n = 2) 27-71 38, 42
Male (n=1) 24

membrane domains, stabilizing specific conformations
(17,33). The 3D structure of BbFpn suggests that the intra-
and extracellular gates clearly differ, involving salt bridge
or H-bonds and hydrophobic contacts, respectively (12).

Investigating both the 3D structure of human FPN1 and
the cellular effects of Ala-substituted mutants (Figs. 1 and
2) confirmed the existence of salt bridges between Arg88
(TM3), Aspl57 (ITM4), and Argd89 (TM11). These ele-
ctrostatic interactions, involving conserved residues and
appearing very stable along MD simulations (Supple-
mental Fig. S3A), are completed by another interdomain
salt bridge between Arg178 (TM5) and Asp473 (TM10), as
we demonstrated very recently (15). Interestingly, this last
salt bridge appears specific to human FNP1; it cannot exist
in the BbFpn structure because the residue equivalent to
Asp473 is Ser355. The whole salt-bridge network described

Transferrin saturation
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here is likely very important for stabilization of human
FPN1 in the outward-open conformation.

An intriguing issue was the observation that GIn481
(TM10) and Glu486 (preceding TMI11), which were
predicted from the BpFpn structure (corresponding
amino acids GIn363 and Glu368) as also involved in the
intracellular gate, are not essential to human FPN1 activ-
ity. These observations were reinforced by the study of the
GIn481Ala-Glu486Ala double mutant, which was
indistinguishable from the WT protein for cell surface
expression and iron export ability (Fig. 3). This marks a
clear difference from hypotheses based on the bacterial
homolog outward-facing structure, and this can only be
explained after MD simulations and refinement of the
model of the 3D structure of human FPN1. Hence, GIn481
is thought to interact only transiently with Asn174 (TM5),
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Figure 6. Distribution of iron parameters among suspected hemochromatosis type 4A patients with a missense mutation affecting
an FPNI1 gating residue. Serum ferritin and transferrin saturation (when available) values were extracted from the literature for
11 missense mutations (listed in Table 1) and 67 patients. Data are presented by gender because penetrance of the
hemochromatosis type 4A-related genotypes at the SLC40A1 locus are known to be lower in females.
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which actually forms quasi-stable H-bonds with both GIn478
(TM10) and Argl178 (TM5) (Figs. 1 and 4). The 2 side-chain
oxygen atoms in Glu486 are very often free of any interaction
(Figs. 1 and 4A), and Glu486 is thus unable to actively par-
ticipate in the interaction network formed by Arg88, Asp157,
and Arg489. The situation of Asp84 is even more complex
because it relies on local interactions that do not exist in the
bacterial homolog BbFpn. Indeed, Asp84 is expected to
briefly form H-bonds with both the main-chain N atoms of
Gly490 and Ile491, when not forming a salt bridge with
Lys85. The local network involving Asp84 and Lys85 in TM2
can be reinforced by an additional bond between Lys85 and
Asp81 (Figs. 1 and 4B-D). Important conclusions to our
study, which are supported at the experimental level, are
thus the identification of GIn478 as an additional critical actor
of the human FPNT1 intracellular gate and of the involvement
of Asn174 and Asp84 in multiple bonds also playing a fun-
damental role in this gate. Interestingly, these networks of
interactions involve residues that are specific to human
FPN1: Asp473, GIn478, Asp81, and Lys85 (Ser355, Glu360,
Lys66, and Thr70, respectively, in BbFpn).

Worth noting is the potential role that surrounding
phospholipids may play in the structural rearrangements
enabling alternate access mechanism by interfering with
the conserved network of interactions in the cytoplasmic
gate. In particular, phosphatidylethanolamine lipids may
directly interact with some acidic residues of the intracellu-
lar gate charged network, such as Asp84, and stabilize the
inward-facing conformation by interfering with contacts
between the cytoplasmic ends of the N- and C-lobe. The role
of such molecular switches in the dynamic interconversion
underpinning transport cycle has been described for some
other MFS transporters (34, 35); it should be further in-
vestigated in the particular case of FPN1.

Like other adult-onset autosomal dominant diseases,
hemochromatosis type 4A (or ferroportin disease) is char-
acterized by incomplete penetrance and wide phenotypic
heterogeneity. So far, 51 missense mutations have been
associated with the disease (28, 36, 37). Not all have been
functionally investigated, and not all have been defini-
tively identified as disease-causing. It is, however, in-
teresting that 13 missense mutations map to the FPN1
intracellular gate. They correspond to 7 gating residues
(Asp84, Arg88, Aspl57, Asnl74, Argl78 Argd89, and
Gly490) that, according our investigations, are involved in
the formation of noncovalent interactions at the interface
between the N- and the C-domains (Fig. 1). As illustrated in
Fig. 6, patients with these missense mutations generally
present high serum ferritin concentrations (>1000 wg/L),
suggesting significant iron overload in tissue, related to se-
rious FPN1 dysfunction. The p.Asp157Gly, p.Asp157Tyr,
and p.Arg489Lys substitutions are known to cause FPN1
mislocalization (38, 39). This likely results from folding de-
fects in TM helices 2, 4, or 11 or local unstability of the
structure, or any combination thereof. By contrast, the
p-Arg88Gly, p.Aspl157Ala, p.Asnl74lle, and p.Argl78GIn
substitutions reduce the ability of FPN1 to export iron with-
out defective cell surface expression (7, 15, 27). This is now
explained by the loss of interdomain interactions in the out-
wardly oriented FPN1 state. The p.Arg88Thr, p.Asp157Asn,
and p.Arg489Ser substitutions have not yet been studied

FERROPORTIN 1 STRUCTURE AND FUNCTION

experimentally; in light of the above observations, however,
it can reasonably be anticipated that they are all deleterious.

In summary, the present study provides an un-
precedented view of the interactions needed to form and
stabilize the FPN1 intracellular gate. It highlights intra-
and interdomain interactions, some of which are not
existing in the bacterial homolog BbFpn, thus identifying
the fundamental role of a set of specific residues in the iron
transport cycle in humans. It also confirms that hemo-
chromatosis type 4A is not restricted to missense muta-
tions that cause protein mislocalization, thus increasing
our ability to interpret rare genetic variants at the SLC40A1
locus. This will have profound implications for patient
management. More extensive MD simulations are war-
ranted to understand the mechanisms associated with the
conformational changes leading to the inward-facing
conformation and the influence of iron and calcium
binding and release. Particular attention should also be
paid to the identification of hydrophobic interdomain in-
teractions in the inward-facing structure of FPN1. This is
necessary in order to identify the entire network of gating
residues that participate in the global transition from the
outward-facing to the inward-facing state and vice versa
(36, 40-53).
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