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bstract

Genetic medicine applied to the study of hemochromatosis has identified the systemic loop controlling iron homeostasis, centered on hepcidin-
erroportin interaction. Current challenges are to dissect the molecular pathways underlying liver hepcidin synthesis in response to circulatory
ron, HFE, TFR2, HJV, TMPRSS6 and BMP6 functions, and to define the major structural elements of hepcidin-ferroportin interaction. We built

 first 3D model of human ferroportin structure, using the crystal structure of EmrD, a bacterial drug efflux transporter of the Major Facilitator
uperfamily, as template. The model enabled study of disease-associated mutations, and guided mutagenesis experiments to determine the role of
onserved residues in protein stability and iron transport. Results revealed novel amino acids that are critical for the iron export function and the
epcidin-mediated inhibition mechanism: for example, tryptophan 42, localized in the extracellular end of the ferroportin pore and involved in both
iological functions. Here, we propose a strategy that is not limited to structure analysis, but integrates information from different sources, including
uman disease-associated mutations and functional in  vitro  assays. The first major hypothesis of this PhD thesis is that ferroportin resistance to
epcidin relies on different molecular mechanisms that are critical for ferroportin endocytosis, and include at least three fundamental steps: (i)
epcidin binding to ferroportin, (ii) structural reorganization of the N- and C-ter ferroportin lobes, and (iii) ferroportin ubiquitination.
 2017 Elsevier Masson SAS. All rights reserved.

f-function mutations
eywords: Iron metabolism; Hemochromatosis; Ferroportin; Hepcidin; Gain-o
ésumé

L’étude des formes rares d’hémochromatose a contribué à une meilleure connaissance des mécanismes cellulaires et systémiques qui participent
u maintien de l’homéostasie du fer et qui dépendent de l’axe hepcidine-ferroportine. Des questions fondamentales majeures restent posées sur les
oies d’activation de la synthèse d’hepcidine en fonction de la quantité de fer plasmatique et de l’action à la surface des hépatocytes des protéines
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FE, TFR2, HJV, TMPRSS6 et BMP6, ainsi que sur les bases structurales de l’interaction hepcidine-ferroportine. Nous avons construit un premier
odèle tridimensionnel de la ferroportine humaine à partir de la structure cristallographiée d’EmrD, un exportateur de drogues bactérien qui

ppartient à la famille des transporteurs secondaires MFS (« Major Facilitator Superfamily »). Cette modélisation a permis, en lien avec l’étude
onctionnelle de mutations faux-sens identifiées chez des patients présentant des phénotypes typiques d’hémochromatose de type 4, d’identifier
es acides aminés qui ont une fonction critique dans la stabilité de la ferroportine, la fonction d’export du fer, ou la régulation par l’hepcidine.
e tryptophane en position 42 s’est, par exemple, révélé important à la fois pour la prise en charge du fer et l’endocytose de la ferroportine à la
uite de la fixation de l’hepcidine. Nous proposons ici une stratégie qui combine analyses structurales, corrélations génotype/phénotype et tests
onctionnels in  vitro. Ce travail de thèse vise à révéler les différents mécanismes moléculaires qui sous-tendent le processus de dégradation de la
erroportine. Ce processus semble comprendre trois étapes essentielles : (i) fixation de l’hepcidine à la ferroportine, (ii) réorganisation structurale
es lobes N et C-terminaux de la ferroportine, et (iii) ubiquitination et internalisation du transporteur.

 2017 Elsevier Masson SAS. Tous droits réservés.
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.  Introduction

Iron is essential to normal cell biology. As a component of
eme, it is particularly important for erythropoiesis and oxygen
ransport. However, iron excess and “free” reactive iron is toxic.
ody iron loss is insufficient, and intertwined mechanisms have
volved to maintain intracellular and systemic iron homeostasis.
erroportin (FPN1, also referred to as SLC40A1, SLC11A1,
TP1 and IREG1) is the only known iron exporter in mammals

nd is considered a key coordinator of iron balance between the
wo compartments [1].

Ferroportin is expressed in all types of cell that handle
ajor iron flow, including iron-recycling macrophages, absorp-

ive enterocytes and storing hepatocytes (Fig. 1). Ferroportin is
redominantly regulated by the liver-derived peptide hepcidin,
hich binds ferroportin on the cell surface, inducing internal-

zation and degradation [2]. Hepcidin-ferroportin interaction is
ritical in both normal iron homeostasis and in common iron
etabolism pathologies, including not only inherited disorders

nd iron overload but also non-genetic diseases and anemia [3].

.1.  Regulation  of  ferroportin  activity

Ferroportin expression is regulated transcriptionally, post-
ranscriptionally, and post-translationally. At the cellular level,
erroportin synthesis is regulated via the iron-responsive ele-
ent/iron regulatory proteins system. This system orchestrates

he post-transcriptional regulation of several other important iron
etabolism genes [4]. At the level of the organism, ferroportin is

ubject to post-translational downregulation via the liver-derived
eptide hepcidin [2,5]. The molecular mechanism of hepcidin-
ediated ferroportin downregulation is not fully understood, but

ncludes at least three fundamental steps:

 hepcidin binding to ferroportin, a step that involves amino
acid residue p.Cys326 [6];

 ferroportin ubiquitination, a step that is thought to involve

several lysine residues between positions 229 and 269 [7];

 ferroportin trafficking to the multivesicular body and degra-
dation in the late endosome/lysosome compartment [8].

t
p
t
i

tions « gain-de-fonction »

.2.  Dichotomous  patterns  of  human  SLC40A1  mutation

In humans, most ferroportin mutations affect plasma mem-
rane location and/or iron export ability. These loss-of-function
utations explain the classical reports of isolated serum ferritin

levation, relative plasma iron deficiency and preferential iron
etention in cells of the reticuloendothelial system. This histo-
ogical picture is commonly referred to as ferroportin disease
9].

In contrast, some SLC40A1  mutations do not impair the
bility of ferroportin to export iron but result in partial to com-
lete resistance to hepcidin. Patients with these gain-of-function
utations (hemochromatosis type 4) usually display histolog-

cal and clinical presentations similar to those of the typical
FE-related hemochromatosis. More especially, due to greater
ow of iron through iron-recycling macrophages and increased

ron absorption, transferrin saturation is expected to be markedly
levated in these patients [10,11].

.3.  Ferroportin  structure

The structural organization of human ferroportin in the lipid
ilayer is controversial. Wallace and collaborators reported the
rst model of the 3D structure of human ferroportin, with 12
redicted transmembrane helices built de  novo  (i.e., without
omology). They subsequently fitted the model to experimental
ata, using Escherichia  coli  glycerol-3-phosphate (GlpT) trans-
orter as template [12]. This template belongs to the Major
acilitator Superfamily (MFS), which is the largest group of
econdary active membrane transporters, transporting a range
f diverse substrates across membranes.

Bonaccorsi di Pati and collaborators described a fairly similar
D model of ferroportin, based on threading/ab initio  mod-
ling [13]. This is not surprising, since, independently of the
lgorithms used, the Italian group predicted an inward-open
onformation of the ferroportin iron transporter, using GlpT as

emplate. They used a different MFS member, E.  coli  L-fucose
roton symporter (FucP), to build an outward-open conforma-
ion of ferroportin. The switch between the two conformations
s believed to drive iron transport across the plasma membrane.
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Fig. 1. Schematic representation of iron metabolism. Iron is partly imported in duodenal enterocytes by DMT1 (Divalent Metal Transporter 1), stored in hepatocytes
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nd recycled from senescent red blood cells (RBC) in macrophages. Ferroportin
ron-recycling macrophages and iron-storing hepatocytes. The iron released into
ellular iron export is regulated by hepcidin, which directly binds ferroportin a

We built a third 3D model of ferroportin, using a true com-
arative modeling approach, with sensitive methods for remote
omology detection based on profile–profile alignments, and
or alignment refinement (specific hydropathy profiles, deduced
rom hydrophobic cluster analysis), and validating the use of the
rystal structure of one MFS antiporter, E.  coli  multidrug efflux
rotein D (EmrD), as template [14]. The structure of EmrD was
etermined in an occluded state. It is more compact than the
rystal structure of GlpT, and the 12 transmembrane helices are
rranged around a central pore.

A comparison of the 3D models of all possible states accom-
anying iron transport is essential for understanding the structure
nd biology of human ferroportin. In addition to the outward-
nd inward-facing states, MFS transporters are thought to form a
ransitional occluded state, in which the substrate is sequestered
rom both sides of the membrane. The recent report of the crys-
al structures of a putative bacterial homologue of ferroportin
BbFPN) and the description of intra-domain conformational
earrangements during iron transport opens up new avenues for
redicting the atomic details of the organization of ferroportin
ransmembrane helices and elucidating the detailed mechanisms
f iron egress and hepcidin-mediated downregulation [15].

.  Objectives

Fundamental questions concerning ferroportin structure and
iology remain to be answered. Based on structural and muta-

ional analyses, we aim to:

 get insight into the interaction of hepcidin with ferroportin;

f
m
a

1) mediates iron export into the bloodstream from iron-absorptive enterocytes,
asma is transported by transferrin mainly to the bone marrow for erythropoiesis.
ds to its internalization and degradation.

 characterize sequence invariants that may play a key role in
conformational changes following hepcidin binding;

 improve interpretation of rare missense mutations found in
suspected hemochromatosis patients.

Our research project is organized around three questions.

.1.  How  can  the  study  of  missense  mutations  identified  in
emochromatosis  patients  help  to  reveal  the  molecular
echanisms  underlying  phenotypic  variability  and  to  shed

ight on  protein  function?

As mentioned above, ferroportin gene mutations fall into
 functional categories, responsible for different phenotypes
hemochromatosis type 4 vs. ferroportin disease). Most are
nable to export iron (loss-of-function mutants; ferroportin
isease), while others retain full capability but are insensi-
ive to down-regulation by hepcidin (gain-of-function mutants;
emochromatosis type 4). Most ferroportin mutants are private,
nd most alter amino acids. This hinders both diagnosis and
herapeutic decision-making, but structure-function studies may
hed light on ferroportin function and its relationship with hep-
idin. This is exemplified by the results of two previous studies:
he first studied disease-causing mutations and revealed a clear
ichotomy between gain-of-function mutations, which clustered
n a region exposed to the extracellular milieu, accessible to
epcidin, and loss-of-function mutations, located at the cytoplas-
ic interface, where intracellular iron is delivered to ferroportin
or export [14]; the second functionally characterized missense
utations of unknown significance and identified novel critical

mino acids [11].
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Fig. 2. Ferroportin down-regulation mechanisms. A. Gain-of-function ferroportin mutations identified in patients and functionally characterized. Substitution residues
generating partial resistance of ferroportin to hepcidin are labeled in green, and those generating strong resistance in red. B. Model of hepcidin-mediated down-
r  its re
u f the i

2
p

o
t
h
t
i
n
i
o
i
b
h
n
a
h
p

e
l
w
a
l
(
a
e
t
a

f
c
a
l

2
f

t
b
s
o
l
t
c
m
i
s
i
i
k
i

a
t

egulation of ferroportin. Hepcidin binds to the ferroportin C-ter lobe, preventing
biquitination by ubiquitin ligases, triggering internalization and degradation o

.2.  How  to  improve  our  knowledge  of  the  hepcidin  docking
rocess?

A critical point in the elucidation of the structure and biol-
gy of ferroportin was reached with the recent publication of
he outward- and inward facing structures of a putative bacterial
omologue of ferroportin (BbFPN). Taniguchi and collabora-
ors supplied very important clues for identifying amino acids
nvolved in the iron-binding site and for deciphering interaction
etworks between transmembrane helices in the outward- and
nward-facing extreme structures. They further revealed the piv-
tal role of a central cavity that hosts the iron-binding site in the
ntra- and extra-cellular open states of BbFPN and is likely to
e targeted by hepcidin in the outward-facing conformation of
uman ferroportin [15]. Although very important, these data are
ot the last word, but will serve as the starting point to predict
tomic details of the organization of ferroportin transmembrane
elices and to achieve accurate modeling of the human ferro-
ortin 3D structure.

It noteworthy that missense mutations leading to the high-
st degrees of hepcidin resistance are located in the C-ter
obe of ferroportin [6,11,16–18], in the vicinity of Cys326,
hich is known to be essential to hepcidin/ferroportin inter-

ction, while several missense mutations located in the N-ter
obe have proved to induce partial resistance to hepcidin
Fig. 2A) [6,16,19,20]. Results, however, are conflicting, prob-
bly because different concentrations of hepcidin and different

xperimental procedures were used by the various groups. Fur-
hermore, many missense mutations identified in patients with

 typical hemochromatosis phenotype have not been evaluated

fi
t
t
t

turn to the inward conformation. Intracellular loop access is improved, enabling
ron exporter (adapted from Taniguchi et al., 2015 [15]).

unctionally. Homogenous procedures are needed, to better dis-
ern gain-of-function mutations and confirm the existence of

 functional dichotomy between the N- and C-ter ferroportin
obes.

.3.  How  to  identify  ferroportin  domains  that  are  important
or hepcidin-induced  endocytosis?

In general, ligand-induced endocytosis of plasma membrane
ransporters is triggered by a conformational change followed
y phosphorylation and/or ubiquitination of their cytoplasmic
egments [21]. Qiao et al. demonstrated that the ubiquitination
f lysines between residues 229 and 269 in the third intracellu-
ar loop of ferroportin is the major signal for incorporation into
he multivesicular body and degradation in the late endosome
ompartment. They further showed that the human ferroportin
utation p.Lys240Glu (K240E) caused resistance to hepcidin

n vitro  by interfering with ferroportin ubiquitination [7]. The
pecific details of ferroportin’s cellular internalization process,
ncluding which ubiquitin-binding adaptor proteins may be
nvolved, remain to be determined. In addition, nothing is yet
nown about the conformational changes that result from the
nteraction of hepcidin with ferroportin.

The fact that several missense mutations in the N-ter lobe are
ssociated with partial resistance to hepcidin without affecting
he primary docking step [6] suggests that local changes in the

rst six helices play an important role (Fig. 2B). Here, we plan

o functionally characterize 10 missense mutations located in
ransmembrane helices 1, 2, 4, 5 and 6. This could help iden-
ify inter-domain interactions and residues that are critical for
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epcidin-induced endocytosis, in a step that depends on hepcidin
inding and comes before ubiquitination of lysines between
esidues 229 and 269.

.  Experimental  procedures

.1.  Genetic  studies

In recent years, we contributed to reporting a handful of new
utations and disease phenotypes in patients with iron overload.
e will capitalize on our expertise to investigate new SLC40A1
issense mutations in patients with well-defined phenotypes.
his will be facilitated by a national medical research program

PHRC) to determine the prevalence and severity of ferroportin-
ssociated iron overload. Eighteen missense mutations, found
n 44 French patients, have already been reported and function-
lly characterized [11]. Five missense mutations are still under
nvestigation, and we can confidently predict that a few others
ill be identified in the coming two years.

.2.  Functional  in  vitro  testing

To test the degree of resistance of the ferroportin variants
o hepcidin, we will use Western blot analysis, flow cytome-
ry and measurements of radiolabeled 55Fe. We will use the
EK293T cells as a cellular model to transiently or stably

tetracyclin-inducible system) overexpress ferroportin, while
uman hepcidin will be produced in stably transfected Hep3B
ells. This will enable us to perform co-culture experiments
nd improve our ability to reveal subtle differences between
utations that cause resistance to hepcidin. A C-ter biotinylated

epcidin synthetic peptide will be used in pull-down and West-
rn blotting experiments to test the interaction between hepcidin
nd ferroportin mutants. 125I-Hepcidin uptake experiments and
lobal analysis of lysine ubiquitination will be performed to
nvestigate amino acids that do not directly interact with hepcidin
ut could be involved in ferroportin endocytosis.

.3.  Structural  studies

We will seek to provide a refined model of human ferroportin
espite a relatively low level of sequence identity (24%) with
he bacterial template. This will be completed by a molecular-
ocking approach to study the interaction between hepcidin and
erroportin. This theoretical analysis, combined with experimen-
al testing, will benefit from our past experience in membrane
rotein modeling (e.g., CFTR) [22,23].

.  Milestones

 M1- Accurate structure prediction of human ferroportin;
 M2- Better definition of the hepcidin-binding site on ferro-

portin;

 M3- Identification of the functional network (key residues and

interactions) that orchestrate hepcidin-induced ferroportin
endocytosis;

[

 et Biologique 24 (2017) 462–467

 M4- Better understanding of the molecular and physiological
bases of hemochromatosis, by characterizing new mutations
and reporting well-defined phenotypes.
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