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Avant-propos

Les plantes sont des organismes fixés qui doivent à tout prix s’adapter à leur environnement pour
survivre. La nutrition métallique est au centre de ces adaptations car, bien que les métaux soient
essentiels à la plante, ils peuvent également être toxiques à forte concentration. IRT1 est respon-
sable de l’absorption du fer depuis le sol au niveau des cellules épidermiques situées à l’interface
sol-racine et est ainsi un acteur majeur de l’homéostasie du fer chez la plante comme l’atteste
la très forte chlorose et la létalité du mutant perte de fonction irt1-1. IRT1 est également re-
sponsable de l’absorption d’autres métaux divalents potentiellement toxiques pour la plante que
sont le zinc, le manganèse, le cobalt et le cadmium. Récemment, en utilisant comme modèle
d’étude IRT1, notre équipe a mis en évidence pour la première fois chez les plantes un rôle de
l’ubiquitination dans l’endocytose d’une protéine membranaire. L’ubiquitination des protéines
est une modification post-traductionnelle jouant un rôle majeur dans le monde du vivant, per-
mettant de contrôler l’activité ou le devenir des protéines. Bien que le rôle de l’ubiquitination
dans l’endocytose et la dégradation des protéines membranaires soit bien décrit chez la levure et
les animaux, sa fonction chez les plantes reste très peu documentée et IRT1 constitue un modèle
majeur d’étude de ce phénomène.

Au niveau cellulaire, la protéine IRT1 est principalement localisée au niveau des endosomes
précoces et cycle rapidement avec la membrane plasmique où se produit l’influx de fer et de
métaux. Des approches biochimiques ont démontré que la protéine IRT1 est monoubiquitinée
au niveau de deux résidus lysine présents dans la grande boucle cytosolique située entre les
segments transmembranaires III et IV. De plus, une forme mutée d’IRT1 non-ubiquitinable
(IRT1K154,179R) est localisée exclusivement à la membrane plasmique, ce qui conduit à une
absorption incontrôlée de Zn2+, Mn2+ et Co2+ dans la plante. Ces données prouvent le rôle
fondamental joué par l’ubiquitination dans le contrôle de la localisation subcellulaire d’IRT1 entre
la surface cellulaire et les endosomes précoces, et démontrent son caractère essentiel au niveau
du maintien de l’homéostasie métallique chez les plantes. Récemment, l’équipe a montré par des
approches d’immunolocalisation que lors d’une carence en métaux substrats secondaires d’IRT1,
le transporteur se trouvait uniquement localisé à la membrane plasmique et présentait ainsi un
profil de localisation subcellulaire similaire aux plantes exprimant IRT1 non-ubiquitinable. Cela
m’a conduit à étudier le rôle des métaux substrats secondaires du transporteur dans la dynamique
et l’ubiquitination d’IRT1 ce qui a constitué l’objectif principal de cette thèse.
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Avant-propos

Mon projet scientifique visait à :
i) Mieux comprendre comment l’ubiquitination contrôle la localisation et le destin du trans-

porteur IRT1 en fonction de la nutrition métallique. Pour cela, j’ai caractérisé l’influence des
métaux substrats secondaires d’IRT1 (carence, concentrations physiologiques et excès) sur le
trafic intracellulaire d’IRT1, et sur le type, le degré et les sites d’ubiquitination de la protéine
IRT1.

ii) Étudier un mécanisme potentiel de "sensing" du statut métallique par la protéine IRT1
et son rôle dans l’ubiquitination de ce transporteur.

iii) Identifier des acteurs moléculaires responsables de l’ubiquitination d’IRT1 en relation
avec la nutrition métallique.

Jusqu’à présent, notre équipe étudiait le trafic intracellulaire d’IRT1 par immunolocalisation
à l’aide d’un anticorps anti-IRT1. Or, cette technique est fastidieuse, onéreuse, et ne permet
pas d’étudier la dynamique d’une protéine. Mon premier objectif a donc été de caractériser des
lignées transgéniques exprimant des formes étiquetées d’IRT1 avec une protéine fluorescente, la
mCitrine. Ces fusions exprimées sous le contrôle du promoteur pIRT1 endogène sont fonction-
nelles car elles permettent de complémenter le phénotype du mutant irt1-1. L’observation en
microscopie confocale, l’utilisation de drogues et de conditions interférant avec le trafic endoso-
mal, ainsi que la co-localisation avec des marqueurs endosomaux a permis de confirmer que la
protéine de fusion IRT1-mCitrine se comportait comme la protéine IRT1 endogène observée par
immunofluorescence. Disposant d’une lignée exprimant la protéine IRT1-mCitrine fonctionnelle,
j’ai pu tester l?influence des métaux autres que le fer et substrats d’IRT1 sur sa dynamique. Pour
cela, j’ai cultivé les plantes sur différentes concentrations en zinc, manganèse et cobalt. Con-
trairement à ce qui est observé lors de conditions contrôles correspondant à un milieu de culture
Murashige et Skoog classique où IRT1-mCitrine est présent à la membrane plasmique et dans
les endosomes, IRT1-mCitrine est exclusivement observé à la membrane plasmique en conditions
d’absence de Zn, Mn et Co (dénommés par la suite métaux substrats secondaires), confirmant ce
qui avait été observé par des approches d’immunolocalisation. Cela nous a conduit à tester l’effet
d’un excès de métaux sur la dynamique du transporteur. Il se trouve qu’en présence d’un excès
de métaux, la protéine de fusion n’est plus localisée à la membrane plasmique mais se retrouve
principalement dans des endosomes tardifs. J’ai aussi pu mettre en évidence qu’après transfert
en conditions d’excès de métaux substrats secondaires d’IRT1, le transporteur est rapidement
envoyé vers la vacuole afin d’y être dégradé. Nous avons donc émis l’hypothèse qu’IRT1 devait
être régulé post-traductionnellement par les métaux autres que le fer afin d’ajuster sa localisation
subcellulaire et sa dégradation en condition d’excès métallique. Cependant, nous avons aussi mis
en évidence que la nutrition en métaux (Zn, Mn et Co) modifiait l?activité du promoteur IRT1 et
que lors d’une carence de ces trois métaux, l’expression du gène codant la protéine IRT1-mCitrine
était très faible. Ces niveaux variables d’expression de la protéine de fusion IRT1-mCitrine selon
le statut métallique peuvent donc poser des problèmes lors de l’analyse de sa dynamique ou
lors de l’étude de ses profils d’ubiquitination en réponse aux métaux. Afin de contourner les
problèmes liés à la régulation indirecte du promoteur IRT1 par les métaux substrats secondaires

5



Avant-propos

du transporteur, nous avons généré des plantes transgéniques exprimant IRT1-mCitrine de façon
constitutive. Des lignées homozygotes et mono-insertionnelles exprimant IRT1-mCitrine consti-
tutivement ont ainsi été isolées au cours de cette thèse. Ces nouvelles lignées ont notamment
permis d’étudier les niveaux d’ubiquitination d’IRT1 ainsi que le type d’ubiquitination en relation
avec la nutrition métallique. IRT1 se trouve être plus ubiquitiné en réponse à l?excès de métal
mais aussi différemment modifié. En effet, des analyses biochimiques ont montré qu’IRT1 porte
des chaînes de polyubiquitines liées entre elles par la lysine 63 en réponse à l’excès métallique.

Un des objectifs du projet de thèse concernait l’identification d’une E3 ligase régulant IRT1
mais, au début de mon doctorat, une équipe a montré qu’IRT1 DEGRADATION FACTOR
1 (IDF1), une ubiquitine ligase de la famille RING, était impliqué dans l’endocytose d’IRT1
médiée par l’ubiquitination. Ainsi, une fois la régulation post-traductionnelle d’IRT1 par les
métaux caractérisée en détail, je me suis donc attaché à étudier le rôle d’IDF1 dans la régulation
post-traductionnelle d’IRT1 en lien avec la nutrition métallique. J’ai notamment testé l’effet des
métaux chez un mutant perte de fonction idf1-1. De telles plantes s’avèrent être hypersensibles à
l’excès métallique et suraccumulent les substrats secondaires d’IRT1. De plus, la protéine IRT1
s’accumule dans ce contexte mutant en excés de métal indiquant le rôle prépondérant d’IDF1
dans la dégradation d’IRT1 en conditions de stress métallique. Pour aller plus loin, l’expression
d’IRT1-mCitrine dans ce fond mutant a permis d’apporter des réponses quant à l’implication de
cette E3 ligase dans la dynamique et l’ubiquitination d’IRT1 en réponse à l’excès de métaux. En
effet, IRT1-mCitrine n’est plus polyubiquitiné en réponse à l’excès de métaux et n’est pas non plus
adressé aux endosomes tardifs dans de telles conditions. IDF1 semble être l’E3 ligase responsable
de l’adressage à la vacuole d’IRT1 en réponse à l’excès de métaux via la polyubiquitination du
transporteur.

J’ai aussi pu mettre en évidence au cours de cette thèse qu’IRT1 était modifié par phos-
phorylation en réponse à l’excès de métaux. Une des hypothèses de travail concernait le rôle de
cette modification post-traductionnelle dans la possible interaction entre IRT1 et IDF1 dans un
contexte de stress métallique. La phosphorylation pourrait permettre un changement de con-
formation du transporteur et ainsi rendre accessible les sites d’ubiquitination pour l’E3 ligase
IDF1. Il se trouve que dans un système hétérologue, IRT1 et IDF1 interagissent mieux lorsque la
phosphorylation du transporteur est mimée. Cela semble indiquer un rôle de la phosphorylation
en amont de la polyubiquitination médiée par IDF1. Pour confirmer cela, j’ai analysé le statut
de phosphorylation d’IRT1 dans le contexte mutant idf1-1 et il se trouve que le transporteur
est toujours phosphorylé, ceci appuyant l’importance de l’ubiquitination et donc avant l?action
d’IDF1 per se. Le mécanisme moléculaire de régulation d’IRT1 par ses substrats secondaires
semble donc impliquer deux modifications post-traductionnelles mais sans aucune idée de la cas-
cade d’évènements permettant cette réponse. J’ai donc cherché si IRT1 était capable de percevoir
les métaux directement. La protéine IRT1 possède ainsi une répétition de résidus histidine (H)
au sein de la boucle comprise entre les segments transmembranaires III et IV qui porte les sites
d’ubiquitination K154 et K179. Il a été montré dans la littérature que les répétitions H ne sont
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pas requises pour l’activité de transport d’IRT1. Cependant, les résidus H ayant la capacité de
coordonner les métaux, nous avons émis l’hypothèse qu’IRT1 pourrait percevoir directement la
présence de métaux au niveau de cette boucle. Afin de tester cette hypothèse, des formes mutées
d’IRT1 pour ces résidus H ont été générées et sont exprimées de façon stable chez Arabidopsis
afin d’évaluer le rôle de ces résidus en réponse aux métaux. Il est important de noter que de
telles plantes sont hypersensibles à un excès de métal comme j’ai pu le montrer pour le mutant
perte de fonction idf1-1. L’étude de la localisation subcellulaire et des profils d’ubiquitination
et de phosphorylation de cette forme mutée en réponse à l’excès de métaux par des approches
d’imagerie confocale et biochimique ont permis de montrer que ce motif était primordial pour
la réponse du transporteur à l’excès de métaux. Cette répétition semble être à la base de la
réponse permettant ainsi directement ou indirectement l’intervention d?une protéine kinase qui
phosphorylerait IRT1 ce qui permettrait le recrutement d’IDF1 et la polyubiquitination du trans-
porteur entrainant ainsi sa dégradation. Cette régulation permettrait de modifier les niveaux de
la protéine et ainsi directement l’influx de métaux depuis le milieu extérieur selon le contexte
métallique. IRT1 étant régulé au niveau transcriptionnel par le fer, l’addition de cette double
régulation post-traductionnelle par ses substrats secondaires ajoute un niveau de complexité qui
n’a jamais été décrit dans la littérature faisant d’IRT1 un modèle prépondérant pour l’étude des
régulations de protéines membranaires chez les plantes.

Toutes ces strates de régulations du transporteur permettraient donc à la plante d’optimiser
l’absorption du fer tout en évitant d’accumuler des métaux potentiellement toxiques à sa phys-
iologie et à son développement. Le travail présenté ici ouvre donc une voie majeure à la com-
préhension de mécanismes conduisant au possible développement de plantes permettant la phy-
toremédiation ou autre stratégie de dépollution des sols dans le futur.

Cette thèse sur articles comprend plusieurs travaux rédigés initialement en anglais dans les
parties III et IV. Dans un désir de cohérence, le reste de ce manuscrit est ainsi présenté en
anglais afin d’éviter de perturber le lecteur.
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Abbreviations

DNA desoxyribonucleic acid
cDNA complementary DNA
ADP adenosine diphosphate
ATP adenosine triphosphate
ARF ADP ribosylation factor
ARF-GEF ARF GDP/GTP exchange factor
RNA ribonucleic acid
mRNA messenger RNA
BFA brefeldin A
bHLH basic helix-loop-helix
CCP clathrin-coated pit
CCV clathrin-coated vesicle
Cd cadmium
CHC clathrin heavy chain
CHX cycloheximide
CLC clathrin light chain
Co cobalt
Col columbia
ConcA concanamycin A
DNase deoxyribonuclease
dNTP deoxynucleotide triphosphate
DTT dithiothreitol
E1 Ub-activating enzyme
E2 Ub-conjugating enzyme
E3 Ub ligase
EE early endosome
ER endoplasmic reticulum
RE recycling endosome
ERAD ER-associated protein degradation
ESCRT endosomal sorting complex required for transport
Fe iron
Fe2+ ferrous iron
Fe3+ ferric iron
FIT Fe-deficiency induced transcription factor
FLS FLAGELLIN SENSING
FM4-64 N-(3-triethyl-ammoniumpropyl)-4-(p-diethyl-aminophenyl-hexatrienyl)pyridinium dibromide
FYVE zing finger domain named after FAB1, YOTB, VAC1 and EEA1
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Abbreviations

GAP GTPase-activating protein
GDP guanosine diphosphate
GFP green fluorescent protein
GTP guanosine triphosphate
GUS β-glucuronidase
H histidine
HECT homology to E6-AP carboxyl terminus
IRT IRON-REGULATED TRANSPORTER
K lysine
kDa kilodalton
LE late endosome
mCit mCitrine
MES 2-(N-morpholino)ethanesulfonic acid
Mn manganese
MS Murashige and Skoog medium
MVB multivesicular body
Ni nickel
PCR polymerase chain reaction
PEG polyethylene glycol
PIP plasma membrane intrisic protein
PM plasma membrane
PIP phosphatidylinositol phosphate
PVC prevacuolar compartment
PVDF Polyvinylidene fluoride
qRT-PCR quantitative RT-PCR
R arginine
ROS reactive oxygen species
RT reverse transcription
SDS sodium dodecyl sulfate
SNX SORTIN NEXIN
T threonine
TE Tris-EDTA
TGN trans-Golgi network
Tris 2-amino-2-(hydroxymethyl)propane-1,3-diol
TyrA23 tyrphostin A23
UIM Ub interacting motif
Ub ubiquitin
VSR vacuolar sorting receptor
Wm wortmannin
YFP yellow fluorescent protein
WS Wassilewskija
ZIP ZRT-IRT-like protein
Zn zinc
ZRT ZINC REGULATED TRANSPORTER
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Eukaryotic cells are continuously sensing external and internal stimuli in order to survive.
As such, the ability to dynamically reorganize the composition of the plasma membrane is a
key component for the proper development and survival of a cell. Endocytosis is the process of
internalizing patches of plasma membrane (PM) via the formation of vesicles called endosomes.
On the contrary, exocytosis drives the fusion of intracellular membrane fractions with the plasma
membrane (Doherty and McMahon, 2009). In 2013, James Rothman, Randy Schekman, and
Thomas Südhof received the Nobel Prize in Physiology or Medicine for their discoveries on
membrane trafficking and particularly on exo- and endocytosis, highlighting the importance of
this field for the scientific community. The equilibrium between exo- and endocytosis allows a
tight control of protein levels at the PM. Thus, endocytosis plays a crucial role in the control of the
level or activity of receptors, transporters and other PM proteins (Doherty and McMahon, 2009).
While the endocytic system and the mechanisms driving its regulation in yeast and animals has
been well characterized during the past few decades, the study of endocytosis in plants has mostly
been made through analogies with what has been described in other organisms (Paez Valencia
et al., 2016).

The objective of my thesis was to study the molecular mechanisms driving the endocytosis
of an integral multipass plasma membrane protein, IRON-REGULATED TRANSPORTER 1
(IRT1), in response to environmental cues in Arabidopsis thaliana. Before describing the reasons
making of IRT1 one of the model proteins to study intracellular dynamics of PM proteins, I will
first review our current knowledge on endocytosis in yeast, mammals and plants. I will then
give an overview on the regulation of endocytosis, in particular on the molecular mechanisms
described as crucial for internalization, establishment of polarity and lysosomal/vacuolar sorting.
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Chapter 1

The endocytic pathways of
membrane proteins

1 The endomembrane system

1.1 The secretory system
The secretory system of eukaryotic cells is the membrane network linking the endoplasmic retic-
ulum (ER), the plasma membrane and the lysosome/vacuole (Foresti and Denecke, 2008). The
secretory system is involved in the biosynthesis of membrane proteins and on their targeting to
various destinations along the endomembrane network (Foresti and Denecke, 2008; Hwang and
Robinson, 2009). Interestingly, the secretory system has been described as a dynamic structure
that co-exist and is imbricated within the endocytic system (Hwang and Robinson, 2009).

The secretory system allows not only synthesis of membrane and secreted proteins but also
their maturation through the ER and the Golgi apparatus (Fig. 1). Indeed, properly folded
proteins follow the anterograde pathway from the ER to the Golgi apparatus mediated by coat
protein II (COPII)-coated vesicles (Bonifacino and Glick, 2004) (Fig. 1). Conserved di-acidic
and di-hydrophobic motifs found in specific transmembrane proteins are required for their se-
lection into COPII-coated vesicles and have been characterized in plants (Sieben et al., 2008;
Zelazny et al., 2009; Sorieul et al., 2011). Finally, the recruitment process occurring throughout
the formation of such vesicles requires ADP-ribosylation factor (ARF) GTPases such as ARF1
or SAR1 and the ARF GTPase guanine-nucleotide exchange factor (ARF-GEF) GNOM-LIKE
1 (GNL1). These ARF and ARF-GEF are essential for ER-Golgi trafficking processes as well as
for protein recycling between endosomes and the plasma membrane (Richter et al., 2007; Teh
and Moore, 2007; Nielsen et al., 2008; Du et al., 2013). Similar to ER-Golgi trafficking, vesicle
formation and movement, vesicle tethering and fusion are influenced by GTP-binding proteins of
the ARF and RAS genes from rat brain (Rab) types (Nielsen et al., 2008). Subcellular localiza-
tion observations reveal that many Rabs share organelle specificity with yeast and mammalian
orthologs (Nielsen et al., 2006). GFP-tagged RabD1 and RabD2 GTPases co-localize at the Golgi
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The endocytic pathways of membrane proteins

Figure 1 – The secretory system in plants. Protein synthesis occurs in the endoplasmic reticulum (ER)
where the protein starts its maturation. The protein reaches the Golgi apparatus via COPII-coated vesicles (blue).
A retrograde transport also exists through COPI-coated vesicles (red). Finally, the protein can be released to
the trans-Golgi network/early endosomes (TGN/EE) and then transported to the plasma membrane or to other
compartments via AP1-coated vesicles (green).

apparatus and in the trans-Golgi network/early endosomal (TGN/EE) compartments (Pinheiro
et al., 2009). Dominant-negative forms of RabD1 (DN-RabD1) inhibit the trafficking from ER
to Golgi (Pinheiro et al., 2009). In addition, ER/Golgi apparatus trafficking is inhibited when a
dominant negative form of RabD2a is expressed (Pinheiro et al., 2009). Interestingly, DN-RabD1
inhibits Arabidopsis growth and cannot be rescued by RabD2a further suggesting that the ac-
tivity of these two Rab subclasses are linked to distinct sorting events (Pinheiro et al., 2009). As
such, RabD1 and RabD2 could potentially act in different secretory pathways or at a different
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level of the same pathway. In addition, a retrograde transport exists for ER-Golgi trafficking
and it is mediated by COPI-coated vesicles (Hwang and Robinson, 2009) (Fig. 1).

In recent years, a role for the exocyst complex in cargo trafficking has also emerged. Ex-
ocyst represents an evolutionarily conserved component of the eukaryotic sorting machinery
that functions as a tethering complex for exocytic vesicles upon fusion with the plasma mem-
brane (Fendrych et al., 2013). In yeast and mammals, exocyst was described as a cytoso-
lic complex composed of eight proteins: SEC3, SEC5, SEC6, SEC8, SEC10, SEC15, EXO70,
EXO84 (TerBush et al., 1996). Orthologs of these subunits have been identified in plant
genomes (Zárský et al., 2013). The analysis of fluorescently-tagged exocyst subunits has shown
that they co-localize at the cell surface with the endocytic tracer FM4-64, as would be predicted
for a plasma membrane tethering complex (Fendrych et al., 2013).

1.2 The endocytic system
Endosomes can be classified on their kinetic properties (early or late), their structure (tubular
or multivesicular) or even their function (recycling or sorting) (Perret et al., 2005; Robinson
et al., 2008). However, these different classifications are subjected to overlap but are still useful
to define specific compartments and their function in the endocytic pathway (Robinson et al.,
2008).

An early endosome (EE) is defined as the first compartment reached by an internalized
cargo protein (Fig. 2). In plants, EE is the first compartment highlighted by the styryl lipophilic
derivate FM4-64 commonly used as an endocytic tracer (Bolte et al., 2004). After treatment,
FM4-64 is inserted within the PM, quickly internalized, and follows the endocytic route towards
the vacuole (Bolte et al., 2004; Dettmer et al., 2006) (Fig. 2). However, EE does not cor-
respond to a unique cellular compartment within the cell. This is well illustrated with both
auxin influx AUX1 and auxin efflux PIN1 transporters that cycle from the PM through dis-
tinct EE (Kleine-Vehn et al., 2006). AUX1 trafficking depends on a Brefeldin A (BFA)-resistant
ARF-GEF whereas PIN1 is sensitive to the drug further indicating the existence of several en-
docytic pathways. Indeed, BFA is a fungal metabolite that specifically inhibits the activity of
certain ARF-GTPases interacting with their ARF-GEF (Donaldson and Jackson, 2000). Inter-
estingly, the first compartment marked by the FM4-64 totally overlap with the VHA-a1 TGN
marker (Dettmer et al., 2006). As such, EE and TGN are sub-domains of the same compartment
where secreted and endocytosed proteins are going through and thus referred as TGN/EE (Viotti
et al., 2010; Dettmer et al., 2006) (Fig. 2). RabA2 and RabA3 Rab-GTPases, BEN1 ARF-GEF,
as well as VTI12 are also well described TGN/EE markers (Chow et al., 2008; Tanaka et al.,
2009; Geldner et al., 2009) (Fig. 2). When plasma membrane proteins are internalized to
the TGN/EE, they can be recycled back to the PM via recycling endosomes (RE) or sorted
to the lysosome/vacuole through maturation of TGN/EE into multivesicular bodies/late endo-
somes/prevacuolar compartments (MVB/LE/PVC) (Robinson et al., 2008) (Fig. 2). The GNOM
ARF-GEF was initially described as a RE marker and mainly characterized for his role in the
recycling back of PIN1 to the PM (Geldner et al., 2003). GNOM was shown to co-localize with
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Figure 2 – The endocytic system in plants. Model presenting the different compartments (black), their
associated markers (blue) and their susceptibility to drugs (orange). PM, plasma membrane; TGN/EE, trans-
Golgi network/early endosomes; RE, recycling endosomes, MVB/LE/PVC, multivesicular bodies/late endo-
somes/prevacuolar compartments; TyrA23, Tyrphostin A23; BFA, Brefeldin A; Wm, Wortmannin; ConcA, Con-
canamycine A.

the FM4-64 tracer, with no overlapping with TGN/EE or MVB/LE/PVC markers, suggesting
that this ARF-GEF defined an endocytic compartment per se (Geldner et al., 2003; Chow et al.,
2008; Kleine-Vehn et al., 2009). Additional evidences indicate a role of GNOM in the control of
endocytosis directly at the PM (Naramoto et al., 2010; Irani et al., 2012). Ultrastructure and
super-resolution microscopy approaches were then used to decipher more precisely the localiza-
tion of GNOM in planta. A GNOM-GFP fusion protein was mostly found at the Golgi apparatus
in both transmission electron-microscopy and super-resolution microscopy technique (Naramoto
et al., 2014). Interestingly, time-lapse imaging and immunolocalization analysis demonstrated
that GNOM is stabilized at the Golgi apparatus after short-term BFA treatment. GNOM was
more recently shown to gradually translocated from the Golgi cisternae to TGN/EE compart-
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ments after prolonged BFA treatments (Naramoto et al., 2014). Altogether, these results reveal
the complex localization pattern of GNOM and the limitations of pharmacological approaches
to draw solid conclusions on trafficking events.

RabF1 (ARA6), RabF2a (Rha1) and RabF2b (ARA7) were described as markers of MVB/-
LE/PVC (Haas et al., 2007; Reichardt et al., 2007; Geldner et al., 2009) (Fig. 2). MVB/LE/PVC
are characterized as enriched in phosphatidylinositol-3-phosphate (PI3P) that are recognized
by several domains such as pleckstrin-homology (PH) domains, phox homology (PX) domains
and Fab1, YOTB, Vac1 and EEA1 (FYVE) domains (Cheever et al., 2001; Ellson et al., 2001;
Gillooly et al., 2001). Dimers of FYVE domains fused to YFP co-localize with the FM4-64
and the ARA7 marker in BY2 cells (Vermeer et al., 2006). Similarly, in Arabidopsis, a dimer
of the FYVE domain from the mammalian HRS protein strongly overlaps with Rha1-positive
compartments (Simon et al., 2014). MVB/LE/PVC compartments are also described at the
crossroads between secretory and endocytic pathways (Jaillais et al., 2006; Oliviusson et al.,
2006; Jaillais et al., 2008). Indeed, a retrograde transport from MVB/LE/PVC to the TGN/EE
was described for the recycling of the Vacuolar Sorting Receptors (VSRs) (Oliviusson et al.,
2006). VSRs are proteins implicated in the transport of lytic enzymes from the TGN/EE to the
vacuole. In Arabidopsis, the retromer complex was described as implicated in this retrograde
transport (Jaillais et al., 2006; Oliviusson et al., 2006; Jaillais et al., 2008). SORTIN NEXIN
1 (SNX1) was notably described as associated with the retromer complex and co-localizes with
the ARA6 and ARA7 MVB/LE/PVC markers at the Arabidopsis root tip (Jaillais et al., 2008).
However, the core retromer with its three subunits VPS26, 29 and 35, can function independently
of SNX1 in Arabidopsis (Pourcher et al., 2010; Zelazny et al., 2013). More recently, SNX1 was
shown to localize to the TGN/EE in Arabidopsis protoplasts (Niemes et al., 2010). Strikingly,
in this article, the authors used combination of immunolocalization and electron microscopy
approaches to observe the subcellular localization of SNX1, VPS29 and SNX2a cargos. However,
the endomembrane system is highly dynamic and the constant maturation of endosomes from
TGN/EE to MVB/LE/PVC makes complicated the interpretations of co-localization approaches.
Furthermore, confocal microscopy approaches in protoplasts are not sufficient per se to rule out
the work that was previously done at the root tip. More experiments using correlative microscopy
for instance are necessary to shed light on the exact localization of SNX1 in plant cells in vivo.

When proteins are targeted to the lysosome/vacuole to be degraded, they need prior invagi-
nation in intraluminal vesicles (ILVs) of the MVB/LE/PVC to ensure the proper entry inside
the lumen of the lytic compartment. The recognition and targeting of proteins in ILVs from
MVB/LE/PVC compartments is mediated via ubiquitination and recognition by the endosomal
sorting complexes required for transport (ESCRT) as described hereafter (Spitzer et al., 2006;
Spitzer et al., 2009; Haas et al., 2007; Schellmann and Pimpl, 2009). Tonoplastic proteins do not
traffic through ILVs and can possibly be routed directly from the ER to the vacuolar membrane
through provacuolar compartments that are not linked with the autophagy machinery (Viotti
et al., 2013). These tonoplastic proteins are degraded using an ubiquitin-dependent mechanism
in a process that was recently elucidated in yeast (Li et al., 2015b). These mechanisms involving
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ubiquitin will be further described in the section 3.4.2.

2 The internalization from the plasma membrane

2.1 Constitutive and regulated endocytosis
The internalization of a membrane protein from the cell surface controls its localization, its
level and its activity. Most membrane proteins are endocytosed in a constitutive manner to
allow their turnover via a lysosomal/vacuolar degradation. In plants, BRASSINOSTEROID
INSENSITIVE 1 (BRI1) is endocytosed, cycled between TGN/EE and the PM, and degraded
constitutively in the vacuole (Geldner et al., 2007; Viotti et al., 2010). A stimulus can also
induce the internalization and/or further the degradation of a cargo. In response to boron (B)
excess, the borate transporter BOR1 is endocytosed and degraded, likely to avoid B overaccu-
mulation in the plant (Takano et al., 2005; Takano et al., 2010). The flagellin receptor FLS2 is
also endocytosed and degraded in response to flagellin ligand binding (Robatzek et al., 2006).
Flagellin-induced degradation of FLS2 desensitizes cells after ligand binding by controlling the
levels of activated receptors at the PM (Robatzek et al., 2006; Smith et al., 2014b). This may
serve to desensitize cells to the same stimulus, preventing a continuous signal output upon repet-
itive ligand stimulation. The auxin efflux transporter PIN2 is also internalized and degraded
inside the vacuole in response to changes of light, with less PIN2 proteins at the PM in the
dark (Laxmi et al., 2008). Moreover, PIN2 trafficking and degradation has been well described
in the case of root gravitropism (Abas et al., 2006; Leitner et al., 2012). Following gravistimula-
tion, PIN2 protein levels are modulated at the upper and lower part of the root further resulting
in asymmetric distribution of the auxin-efflux facilitator. Furthermore, stabilization of PIN2 both
affected its abundance and distribution leading to defects in auxin distribution and gravitropic
responses (Abas et al., 2006).

Internalization also allows the relocalization of proteins and thus finely tune their activity. In
animals, signaling from early endosomal compartment has been described for the transforming
growth factor (TGFβ) receptor where some of the major molecular players of the TGFβ signaling
pathway accumulate in EE compartments (Chen, 2009). In plants, the first evidence of a possible
signaling from TGN/EE came from studies of the BRI1 steroid hormone receptor. Sequestra-
tion of BRI1 in endosome-derived BFA bodies after treatment with BFA has been associated
with increased steroid hormone signaling (Geldner et al., 2007). However, more recently, several
reports ruled out the ability of BRI1 to signal from intracellular compartments. Stabilization
of BRI1 at the cell surface, using Tyrphostin A23 (TyrA23) treatment and genetic interference
with clathrin-mediated endocytosis (CME) using a dominant-negative form of clathrin, AP2 mu-
tants, or ubiquitination-defective BRI1 enhanced BRI1 signaling (Irani et al., 2012; Di Rubbo
et al., 2013; Martins et al., 2015). The original observation supporting signaling from endosomes
likely result from the inability of the negative regulator BKI1 to accumulate in BFA compart-
ments (Wang and Chory, 2006; Jaillais et al., 2011), therefore allowing BRI1 to fire from these
intracellular structures.
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Endocytosed proteins are not necessarily meant to be degraded. The potassium channel
KAT1 is internalized and sequestered in endosomes in response to abscisic acid (ABA). This
sequestration limits the entry of potassium in the guard cell and allows stomata closure in
response to ABA (Sutter et al., 2007). This sequestration could allow a rapid relocalization of
KAT1 to the PM in absence of ABA therefore triggering a reopening of stomata without any waste
of energy needed for an extra synthesis of KAT1 protein. Salt stress are also responsible for the
internalization and cycling of PM proteins (Leshem et al., 2007; Boursiac et al., 2008; Luu et al.,
2011; Martiniere et al., 2012). The PIP1;2 and PIP2;1 aquaporins are internalized in response to
reactive oxygen species (ROS) generated in presence of salicylic acid or salt stress, thus controlling
the hydraulic conductance in roots in the case of salt excess conditions (Boursiac et al., 2008).
Furthermore, fluorescence recovery after photobleaching (FRAP) experiments indicate a high
cycling dynamics of PIP1;2 and PIP2;1 aquaporins in response to salt stress (Luu et al., 2011;
Martiniere et al., 2012).

Different types of endocytosis have been described in animals: phagocytosis, pinocytosis,
caveolin-dependent, clathrin-dependent, caveolin-independent and clathrin-independent endocy-
tosis (Doherty and McMahon, 2009). CME is the best studied endocytic pathway in mam-
mals and yeast. In plants, CME is the major way of plasma membrane internalization as at-
tested by the stabilization at the PM of the majority of cargos and even FM4-64 when CME is
blocked (Dhonukshe et al., 2007; Pérez-Gómez and Moore, 2007).

2.2 Clathrin-dependent or independent endocytosis
Clathrin is an ubiquitous molecule composed of three heavy chains (CHC) and three light chains
(CLC) organized in a triskelelion (Fig. 3). The clathrin triskelion has three protrusions that
radiate from a central vertex (Kirchhausen, 2000) (Fig. 3). The CHC chain is divided in

Figure 3 – Model of the key steps of Clathrin-Mediated Endocytosis (CME) in plants. CME starts
with recognition of AP2 or TPLATE adaptors and recruitment of clathrin for the clathrin-coated pit (CCP). This
is followed by membrane curvature for invagination and maturation of the vesicle. Finally, dynamin mediated
twisting promotes scission and release of the clathrin-coated vesicle (CCV).
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three regions: a proximal region that is close to the vertex where the light chain attaches, a
distal region, and the N-terminal domain. This arrangement was first visualized by electron
microscopy (EM) observations of isolated triskelia (Ungewickell and Branton, 1981; Kirchhausen
and Harrison, 1981). CME is the association process of clathrin triskelia forming a clathrin-coated
pit (CCP) and then a clathrin-coated vesicle (CCV) (Fig. 3). AP2 or Epsin adaptors recognize
internalization motifs allowing the polymerization of clathrin and other accessory proteins to form
a CCP and then a CCV. The vesicles are then uncoated before the fusion with or the maturation
into TGN/EE. In plants, the CCP formation is not PM specific. Indeed, it was also described
at the level of the Golgi apparatus and the TGN/EE and implicates the adaptor AP1 (Happel
et al., 2004; Park et al., 2013; Gershlick et al., 2014) (Fig. 1). Cytological approaches of
clathrin-mediated endocytosis revealed CCP and CCV at the plant cell periphery (Holstein,
2002; Dhonukshe et al., 2007; Onelli et al., 2008; Karahara et al., 2009).

Completion of the Arabidopsis genome sequencing project revealed the presence of genes
homologous to CHC, CLC, adaptors (AP complexes and Epsins) and dynamin-like GTPase
found in animals (Holstein, 2002; Paul and Frigerio, 2007; Hwang and Robinson, 2009). Genetic
and pharmacological approaches in A. thaliana indicate a conservation of CME (Ortiz-Zapater
et al., 2006; Dhonukshe et al., 2007). For example, overexpression of a dominant-negative form of
clathrin, corresponding to the C-terminus of CHC (HUB1), blocks the internalization of FM4-64,
PINs and other membrane proteins (Dhonukshe et al., 2007). TyrA23 was supposed to prevent
recognition between cargo proteins and AP2 complexes thereby inhibiting the formation of CCV,
at least in animals (Crump et al., 1998; Banbury et al., 2003). TyrA23 treatment disrupts
internalization of membrane proteins in plant cells and it was suggested that it was through
inhibition of CME via impairment of cargo recognition by AP2 adaptor (Ortiz-Zapater et al.,
2006; Dhonukshe et al., 2007; Barberon et al., 2011; Dejonghe et al., 2016). However, a recent
paper described this drug-induced block of endocytosis as a role of TyrA23 as a protonophore in
plants (Dejonghe et al., 2016). Indeed, acidification of the cytosol by uncoupling mitochondrial
oxidative phosphorylation led to a dramatic interference with CME. In plants, we still lack
biochemical evidences that TyrA23 affects cargo recognition by AP2 adaptor. As such, the use
of TyrA23 should be avoided for CME-specific inhibition in plants, unless a TyrA23 analogue
which cannot dissipate proton gradients is developed.

Genetic interference with clathrin in plants results in severe developmental defects, including
alterations in root elongation, root and hypocotyl gravitropism, as well as lateral root primordia
initiation (Kitakura et al., 2011; Wang et al., 2013). Arabidopsis clathrin chains associate with
AP2 complex and form punctate foci at the plasma membrane (Fan et al., 2013; Kim et al.,
2013; Yamaoka et al., 2013). As such, and similar to clathrin mutants, plants impaired in
AP2 subunits show alterations in general endocytosis, as visualized by FM4-64 internalization
kinetics, in PIN internalization and/or polarity, and in BRI1 internalization (Di Rubbo et al.,
2013; Fan et al., 2013; Kim et al., 2013; Yamaoka et al., 2013). More recently, the activity of
the TPLATE adaptor complex, which is plant-specific, has been linked to early events in CME
(Gadeyne et al., 2014; Zhang et al., 2015). TPLATE consists of eight core subunits and has been
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demonstrated to accumulate at distinct sites at the plasma membrane, preceding the recruitment
of further components required for CCV formation (Gadeyne et al., 2014). Interestingly, the
authors observed that a minor fraction of CCP only recruited AP2 subunits, further suggesting
that the TPLATE complex and AP2 can be independent adaptors of the CME process (Fig. 3).
The loss of AP2 adaptor complex function only results in mild phenotypes in plants while a tplate
mutant appears to display a fully penetrant pollen defect causing male sterility (Van Damme
et al., 2011; Gadeyne et al., 2014). This establishes TPLATE as a major adaptor complex that
acts during early stages of CCV formation in plant cells (Zhang et al., 2015). However, cargo
recognition by plant adaptor complex subunits remains largely underexplored.

Other components of CME, such as the dynamin-related proteins DRP1A and DRP2B were
characterized in A. thaliana and could be involved in the fission of CCV (Fujimoto et al., 2010).
These proteins interact in CCP and are sensitive to TyrA23 (Fujimoto et al., 2010). Recruitment
of DRP1A and DRP2B to CCP occurs subsequently to clathrin (Fujimoto et al., 2010), consistent
with what has been observed for Dynamins in yeast and mammals (Loerke et al., 2009; McMahon
and Boucrot, 2011) (Fig. 3). The biological importance of DRPs for the plant physiology have
recently been uncovered. DRP1A/B and C were shown to be essential for boron-induced degra-
dation of BOR1 (Yoshinari et al., 2016). In Arabidopsis, a null drp2b mutant shows increased
sensitivity to Pseudomonas syringae pv. tomato (Pto) DC3000 (Smith et al., 2014a). Based
on live-cell imaging studies, ligand-triggered internalization of FLS2 was found to be partially
dependent on DRP2B but not on DRP2A (Smith et al., 2014a). This article provides genetic
evidence for a CME component implicated in ligand-induced endocytosis of FLS2. More recently,
a Phytophthora infestans effector AVR3a was shown to interact with DRP2 (Chaparro-Garcia
et al., 2015). AVR3a further interferes with FLS2 internalization usually triggered by the addi-
tion of its ligand (Chaparro-Garcia et al., 2015). Taken together, these results indicate a role of
a bacterial effector in the DRP2-mediated ligand-induced endocytosis of FLS2 further providing
new interesting roles of dynamin-related proteins in plants. Dynasore is a molecule described
in animals as a dynamin inhibitor, blocking the formation of CCV from the PM (Macia et al.,
2006; Miyauchi et al., 2009). Furthermore, Dynasore stabilizes LeEIX2 at the PM in transiently
transfected tobacco leaves further suggesting the inhibition of dynamin-related activity by this
drug in plant cells (Sharfman et al., 2011).

The disassembly of the CCV is mediated by auxilin in animals. This protein is recruited
to the clathrin coat once the vesicle is free in the cytosol (McMahon and Boucrot, 2011). Aux-
ilin allows the recruitment of the ATPase heat shock cognate 70 (HSC70) which initiates the
clathrin uncoating per se (Schlossman et al., 1984; Ungewickell et al., 1995). In Arabidopsis, the
SH3P1 protein contains an SH3 domain and co-localizes with clathrin at the PM (Lam et al.,
2001). Furthermore, SH3P1 interacts with phospholipids such as PI4P and PI(4,5)P2, actin and
an auxilin-like protein (Lam et al., 2001). This auxilin-like protein increases clathrin uncoat-
ing from plant microsomal fraction in the presence of animal HSC70 (Lam et al., 2001). This
strongly argues in favor of a conservation of the clathrin uncoating process in plants. Inter-
estingly, overexpression of auxilins have been shown to block internalization of cargos from the
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PM (Ortiz-Morea et al., 2016). In Arabidopsis thaliana, endogenous elicitor peptides (Peps) are
released into the apoplast after cellular damage and can directly bind to the leucine-rich repeat
receptor kinases (LRR-RK) PEP RECEPTOR1 (PEPR1) and PEPR2. The interaction between
Peps and PEPR1/2 triggers the interaction between these receptors and their coreceptor BRI1-
ASSOCIATED KINASE 1 (BAK1) (Mbengue et al., 2016; Tang and Zhou, 2016). Interestingly,
overexpression of auxilin2 inhibits CME of Pep1-PEPR1 (Ortiz-Morea et al., 2016), suggesting
that the internalization of the Pep/PEPR complex largely relies on clathrin and that auxilin
does play a role in CME in plants.

Besides CME, a number of endocytic pathways originating from membrane microdomains
have been linked to cargo internalization. A well-characterized pathway in mammals uses cave-
olae, but the structural components of caveolae are absent from plants (Kurzchalia and Parton,
1999). Flotillins are structurally related to caveolins and are probably associated with mem-
branes through acylation and the insertion of hydrophobic hairpins into the inner leaflet of
the membrane (Bauer and Pelkmans, 2006). In animal cells, flotillin-enriched microdomains
are internalized in a clathrin-independent manner and contain specific cargo, such as the gly-
cophosphatidylinositol (GPI)-anchored protein CD59 and the receptor for cholera toxin, the
glycosphingolipid GM1 (Glebov et al., 2006; Saslowsky et al., 2010). Plant membranes contain
flotillin-based microdomains that are distinct from CCVs, and plant flotillin function has been as-
sociated with endocytic events during symbiotic bacterial infection, although no cargo has been
clearly identified to date in plants (Haney and Long, 2010). The PIP2;1 aquaporin has been
reported to co-localize and co-migrate with the FLOT1 flotillin (Li et al., 2011). Interestingly,
both membrane rafts and CME contribute to the internalization of PIP2;1 (Li et al., 2011). In
addition, using variable angle total internal reflection fluorescence microscopy (VA-TIRFM), fluo-
rescence correlation spectroscopy (FCS) and fluorescence cross-correlation spectroscopy (FCCS),
BRI1 was shown to co-localize with FLOT1 at the PM (Wang et al., 2015). In contrast with
CCVs, flotillin endocytic vesicles in plants are three times larger with an approximate diameter
of 100nm (Li et al., 2011).

Although little is known about the mechanisms that regulate microdomain-mediated endocy-
tosis in plants, it seems to be highly sensitive to environmental cues. For example, the association
of the NADPH oxidase RboHD in microdomains and its CME-independent internalization are
enhanced under salt stress (Hao et al., 2014). However, the internalization of RboHD, the
ammonium transporter AMT1;3, and PIP2;1 depends on both CME and clathrin-independent
membrane microdomains (Li et al., 2011; Wang et al., 2015). Recently, BRI1 was also shown to
be endocytosed in a clathrin-independent manner (Wang et al., 2015). BRI1 is found enriched in
FLOT1-positive rafts in response to binding of its ligand brassinolide (BL). This suggests a parti-
tioning of BRI1 endocytosis in response to brassinosteroids (BRs) as attested by the attenuation
of BR signaling after disruption of membrane microdomains (Wang et al., 2015). This article
clearly indicates the co-existence of two endocytic pathways for a given cargo and the existing
balance between the two in response to a ligand. This further suggests a putative cooperative
role of CME and microdomain-associated endocytosis for cargo internalization.
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3 The recycling to the plasma membrane
Proteins recycling from the TGN/EE compartment back to the PM can have different biological
functions: constitutive recycling of receptors in the case of BRI1 or FLS2 (Russinova et al., 2004;
Robatzek et al., 2006; Geldner et al., 2007), a rapid adaptation to environmental conditions in
the case of endosome-sequestered KAT1 that recycles to the PM after a few hours for modulating
potassium levels in the cell (Sutter et al., 2007) or a polar localization of a membrane protein
like PIN transporters or BOR1 (Geldner et al., 2001; Geldner et al., 2003; Takano et al., 2010;
Alassimone et al., 2010; Langowski et al., 2010).

At the molecular level, the GNOM ARF-GEF is involved in recycling events (Geldner et al.,
2001; Geldner et al., 2003). ARF-GTPases associate with membranes after exchange of their
GDP into GTP. This reaction is catalyzed by an ARF-GEF. The ARF-GTPase-membrane asso-
ciation allows the recruitment of proteins necessary for vesicle formation (Donaldson and Jackson,
2000). Once formed, the vesicles are uncoated after GTP hydrolysis by the GAP (GTPase activat-
ing protein) activated GTPases (Donaldson and Jackson, 2000). As mentioned previously, BFA
specifically inhibits the activity of certain ARF-GTPases interacting with their ARF-GEF (Don-
aldson and Jackson, 2000). In the Arabidopsis root tip, BFA leads to aggregation of RE and
TGN/EE into a so-called BFA body (Fig. 2). As a result, BFA treatment provokes an interrup-
tion of endocytosed proteins recycling, as well as the trapping or de novo synthesized proteins
passing through TGN/EE (Geldner et al., 2001). Sensitivity to BFA has been described for many
membrane proteins such as PINs, BOR1, PIP2, FLS2, BRI1 or IRT1 (Geldner et al., 2001; Geld-
ner et al., 2003; Kleine-Vehn et al., 2006; Takano et al., 2005; Robatzek et al., 2006; Dhonukshe
et al., 2007; Geldner et al., 2007; Barberon et al., 2011). GNOM is sensitive to BFA (Geldner
et al., 2001; Geldner et al., 2003), however there are also BFA-sensitive routes independent of
GNOM (Tanaka et al., 2009). The BEN1 ARF-GEF is sensitive to BFA but is distinct from
GNOM. BEN1 is localized in the TGN/EE and is involved primarily in the transport from the
TGN/EE to the RE compartment (Tanaka et al., 2009).

The close link between recycling and polarity establishment will be further discussed in the
section 2.3.2.

4 The lysosomal/vacuolar degradation of membrane
proteins

In plants, internalized proteins localized in the TGN/EE can be transported to the lytic vacuole
via the MVB/LE/PVC in order to be degraded (Robinson et al., 2008). This degradation is
carried out by lytic enzymes under acidic conditions via the combined activity of vacuolar H+-
ATPase and vacuolar H+-pyrophosphatase (Tamura et al., 2003; Kriegel et al., 2015). The
phospholipids forming the vesicle in which the membrane protein is buried are degraded through
the action of phospholipases in the vacuole/lysosome (Kolter and Sandhoff, 2009). Sphingolipids
are degraded by the co-action of hydrolases, glucosidases, ceramidases and lipases (Kolter and
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Sandhoff, 2009). The glycocalyx layer of the vacuolar/lysosomal protects the membrane from
the action of these degrading enzymes (Kolter and Sandhoff, 2009). Concanamycin A (ConcA),
which inhibits the activity of the V-ATPase subunit c, blocks the vacuolar degradation and allows
the accumulation of proteins in vacuolar compartments (Tamura et al., 2003) (Fig. 2). However,
this drug also blocks the endocytic transport of FM4-64 on its way to the tonoplast implicating
the accumulation of the dye but also interfering with the formation of BFA bodies (Dettmer et al.,
2006) . In addition, BRI1 accumulates in intracellular vesicles in presence of both cycloheximide
(CHX) and ConcA further suggesting the impairment of endocytosis on its way to the vacuole
by the drug (Dettmer et al., 2006). This strongly suggests that ConcA affects the V-ATPase
subunit a located in the TGN/EE, as the identity of this compartment is impacted by drug
treatment (Viotti et al., 2010) (Fig. 2). Despite their ease of use, many precautions must be
taken into account for pharmacological approaches.

Vacuolar degradation has been demonstrated for BOR1, PIP2, BRI1, PIN2 and IRT1 plant
cargos (Takano et al., 2005; Kleine-Vehn et al., 2008; Barberon et al., 2011). Interestingly, dark
growth conditions also decrease the lytic activity of vacuoles. These conditions can therefore be
used to reveal the vacuolar accumulation of a protein fused to a fluorescent protein (Tamura et al.,
2003). Consistently, the fusion PIP2-GFP, BOR1-GFP, BRI1-GFP, BRI1-mCitrine and PIN2-
GFP proteins are visualized in the vacuole after a few hours of incubation in the dark (Kleine-
Vehn et al., 2008; Kasai et al., 2011; Martins et al., 2015).

Pharmacological approaches have also been implemented to characterize the endocytic path-
way from the TGN/EE to the vacuole, and the molecular players involved. Indeed, high con-
centrations of BFA lead to swelling of MVB/LE/PVC compartments in BFA bodies further
indicating the pleiotropic effect of this drug along the endocytic pathways (Tse et al., 2006;
Robinson et al., 2008) (Fig. 2). PIN2, BRI1 and FM4-64 sorting to the vacuole is sensitive
to BFA treatment but independent of GNOM (Kleine-Vehn et al., 2008). This indicates the
intervention of another ARF-GEF sensitive to BFA in this pathway (Kleine-Vehn et al., 2008).
Wortmannin (Wm) inhibits the activity of phosphatidylinositol-3-kinase (PI3K) involved in the
formation of PI3P. As previously mentioned, PI3P are found in MVB/LE/PVC and are essential
phospholipids for the formation of ILVs of such compartments (Robinson et al., 2008). In plants,
Wm particularly affects the vacuolar targeting of FLS2, PIN2 and PIP2, revealing a role of PI3P
in late events of endocytosis for these cargos (Robatzek et al., 2006; Leshem et al., 2007; Kleine-
Vehn et al., 2008). In most cases, Wm treatment leads to an accumulation of cargo proteins at the
PM (Robatzek et al., 2006; Kleine-Vehn et al., 2008). This is probably linked with the defective
sorting of such cargos in MVB/LE/PVC, leading to their recycling back to the PM. Wm can also
inhibit phosphatidylinositol-4-kinase (PI4K) at elevated concentrations thereby affecting endo-
cytosis (Matsuoka et al., 1995). Wm can also lead to endosomal aggregates formation called Wm
bodies, with reference to BFA bodies, resulting from homotypic fusions of MVB/LE/PVC (Jail-
lais et al., 2006) (Fig. 2). Interestingly, genetic interference with PI3K leads to the same result
as a Wm treatment (Leshem et al., 2007). SNX1 accumulates in the Wm body and belongs
to the retromer complex in plants (Jaillais et al., 2006; Oliviusson et al., 2006; Jaillais et al.,
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2008). In yeast and animals, the retromer complex is involved in the retrograde transport of
MVB/LE/PVC to TGN/EE (McGough and Cullen, 2011). SNX1 was initially identified for its
role in the recycling of PIN2 (Jaillais et al., 2006). SNX1 now seems to be preferentially involved
in the retrograde transport from the MVB/LE/PVC and also acts as a key player for the vac-
uolar sorting of endocytosed proteins (Kleine-Vehn et al., 2008). Thus, a snx1 mutant exhibits
increased vacuolar degradation of PIN2 (Kleine-Vehn et al., 2008). Consistently, in response to
a gravi-stimulation, where PIN2 was demonstrated to be degraded in the vacuole (Abas et al.,
2006; Kleine-Vehn et al., 2008), PIN2 is addressed to a SNX1-endosome (Jaillais et al., 2006).
More recently, SNX1 was shown to be important for the trafficking and stability of IRT1 (Ivanov
et al., 2014). The snx1 loss-of-function mutant shows decreased IRT1 protein with no change
in mRNA levels, further indicating an enhanced degradation of the transporter when SNX1 is
absent. This is correlated with the apparent chlorosis due to lack of iron in aerial parts of snx1
and snx triple mutants (Ivanov et al., 2014).

The endosomal sorting complex required for transport (ESCRT) machinery is involved in
the formation of ILVs of MVB/LE/PVC compartment and the sorting of cargos of their way to
the vacuole. This complex will be further presented in the section 3.2.
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Chapter 2

Molecular mechanisms driving the
fate of membrane proteins

Proteins are removed from the PM for different reasons. In some instances, endocytosis is required
for the degradation of the cargo protein to the lysosome/vacuole. In other cases, endocytosis of
cargo proteins underlies the cycling events between the PM and TGN/EE. The internalization of
PM proteins is controlled by signals present in their cytosolic parts (Bonifacino and Traub, 2003;
Traub, 2009). These signals include tyrosine or di-leucine motifs recognized by the AP2 adaptor
complex (Bonifacino and Traub, 2003; Traub, 2009; Kozik et al., 2010). Internalization signals
may also be conjugated to cargo proteins by covalent bonds, as in the case of ubiquitin (Hicke and
Dunn, 2003; Traub, 2009). Phosphorylation is another signal that can control i) the activity of
factors implicated in the endocytic pathways (Schroeder et al., 2012) ii) the proteins themselves
by changing their conformation (Reiter and Lefkowitz, 2006) and iii) the polarity of cargos such
as PIN proteins (Luschnig and Vert, 2014).

1 Tyrosine motifs
In animals, the role of tyrosine motifs as internalization signals was first illustrated by a study
of the hemagglutinin (HA) where the substitution of a cysteine residue into a tyrosine in a
cytosolic domain allows the quick internalization of the protein via CCPs (Lazarovits and Roth,
1988). Subsequently, tyrosine motifs were involved in the internalization of many membrane
proteins (Bonifacino and Traub, 2003). The tyrosine motifs NPXY and YXXΦ are particularly
well described (Bonifacino and Traub, 2003; Traub, 2009), while the YXXXLN sequence was
identified more recently (Kozik et al., 2010). Structural approaches have shown that the NPXY
and YXXΦ motifs can directly interact with the C-terminus of µ2 subunit of the AP2 complex,
allowing the formation of a CCV (Owen and Evans, 1998).

In plants, these YXXΦ motives are found in many membrane receptors (Geldner and Ro-
batzek, 2008), and their role was originally characterized for the tomato xylanase receptor
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LeEix2 (Ron and Avni, 2004; Bar and Avni, 2009). Substitution of a tyrosine residue into an ala-
nine within an YXXΦ motif of LeEix2 prevents the internalization of the receptor in the presence
of the fungal elicitor, which causes a loss of the hypersensitive response (Ron and Avni, 2004;
Bar and Avni, 2009). The lateral polarity and the vacuolar degradation of the boron transporter
BOR1 in presence of boron excess also involves an internalization via an YXXΦ motif (Takano
et al., 2010). Indeed, mutation of three tyrosine (Y) residues Y373, Y398 and Y405 into ala-
nines in a predicted cytosolic loop of BOR1 leads to an apolar localization of the transporter in
root epidermal cells (Takano et al., 2010). Furthermore, these mutations led to the stabilization
of BOR1 in response to high boron (Takano et al., 2010). This indicates that those tyrosine
residues are required for both vacuolar and polar trafficking pathways. Interestingly, and as pre-
viously mentioned, TyrA23 was described to inhibit the formation of CCVs by interfering with
the recognition between YXXΦ motif and the µ2 subunit of the AP2 complex (Banbury et al.,
2003). In plants, this mechanism was thought to be conserved since TyrA23 also inhibits the
internalization of many plant membrane proteins (Ortiz-Zapater et al., 2006; Dhonukshe et al.,
2007; Barberon et al., 2011). However, recent evidence point to a protonophore role of TyrA23
thereby inhibiting CME by suppression of proton gradient within cells, as already mentioned in
section 1.2.2 (Dejonghe et al., 2016).

Recognition of these tyrosine motifs by the AP2 complex is regulated by phosphorylation
(Bonifacino and Traub, 2003). Phosphorylation of the µ2 subunit on residue threonine (T)
156 by the serine (S)/T kinase AAK1 increases the affinity of AP2 complex purified from pigs
for the YXXΦ motif (Ricotta et al., 2002)). This phosphorylation step is necessary for the
CCP formation and further internalization of hTfr, a cargo know to rely on YXXΦ motif for
its internalization (Collawn et al., 1990; Ohno et al., 1995; Olusanya et al., 2001). Thus, the
phosphorylation/dephosphorylation state of the µ2 subunit controls the recruitment of the cargo
protein into the CCP (Ricotta et al., 2002; Semerdjieva et al., 2008). The role of phosphorylation
in the recognition of the YXXΦ patterns has not been shown yet in plants. The interaction of the
AP2 complex with PI(4,5)P2 and PI(3,4,5)P3 phosphoinositides also increases the recognition
of the YXXΦ motifs (Bonifacino and Traub, 2003; Semerdjieva et al., 2008). In A. thaliana,
this type of mechanism is probably conserved as salt stress induces the formation of CCV in
combination with PI(4,5)P2 (König et al., 2008).

The tyrosine motifs described above for their role as signal for cargo internalization are also
involved in the transport from the TGN/EE to the MVB/LE/PVC (Bonifacino and Traub, 2003).
In A. thaliana, the YXXΦ motif from VSR proteins interacts with the µ subunit from the AP1
complex and allows the transport of this Golgi receptor to the PM and to the MVB/LE/PVC
compartments (Happel et al., 2004; daSilva et al., 2006) (Fig. 1).

2 Di-leucine motifs
Di-leucine motifs were also described as signal for internalization of membrane proteins (Boni-
facino and Traub, 2003; Traub, 2009). In humans, the cytosolic domain from the CD3-γ chain
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of the antigen receptor of T-cells contains no tyrosine motifs but is still capable of being inter-
nalized. This allowed the identification of a di-leucine motif (or isoleucine) [DE]XXXL[LI] (Le-
tourneur and Klausner, 1992). Structural approaches revealed that the [DE]XXXL[LI] motif
interacts with the σ2 subunit of the AP2 complex (Kelly et al., 2008; Kozik et al., 2010). The
interaction between [DE]XXXL[LI] and σ2 subunit occurs in a certain conformation. Thus, the
[DE]XXXL[LI] motif is localized near the α subunit associated with PI(4,5)P2 (Kelly et al.,
2008). The interaction between the di-leucine motif and the AP2 complex allows the formation
of CCP and the internalization of cargo protein (Bonifacino and Traub, 2003; Traub, 2009). In
plants, the di-leucine motives are found in the protein sequence of many membrane receptors or
transporters (Geldner and Robatzek, 2008). To date, only the nicotianamine synthase 2 (NAS2)
protein from Oryza sativa was shown to be impaired, at least in part, for its internalization when
mutated in a di-leucine motif (Nozoye et al., 2014).

3 Phosphorylation

3.1 Generalities
Phosphorylation is the reversible addition of a phosphate group to a serine, threonine or tyro-
sine residue of a substrate protein. Large scale phosphopeptide sequencing analysis indicates
that the majority of the mammalian cellular protein content may be phosphorylated (Olsen
et al., 2006). Phosphorylation itself changes the electrostatic properties of proteins. This en-
ables conformational changes that can allosterically regulate the modified protein. Alternatively,
phosphorylation can induce protein-protein interaction, as it is sensed by specialized protein do-
mains (Pawson and Scott, 2005). Phosphorylation is performed by 518 protein kinases in human
cells, whereas there are fivefold less protein phosphatases able to remove phosphate groups (Man-
ning et al., 2002). In the Arabidopsis genome are found over 1000 genes encoding kinases and
112 genes encoding phosphatases (Kerk et al., 2002; Wang et al., 2003).

Phosphorylation is implicated in a myriad of processes and one of its well-described role in
endocytosis is the control of PINs polarity.

3.2 Polar recycling
In the case of the plant auxin hormone PIN efflux carrier, the basal or apical localization is
controlled by phosphorylation at their cytosolic loop thanks to the antagonistic action of the ser-
ine/threonine kinase PINOID (PID) and phosphatase-2A (PP2A) (Friml et al., 2004; Michniewicz
et al., 2007; Kleine-Vehn et al., 2009; Zhang et al., 2010). In a pp2a loss-of-function mutant or
with gain-of-function plant for the PID protein, the polarity of PIN2 in young cortical cells
switches to apical instead of basal (Michniewicz et al., 2007). Similarly, PIN4, which is basally
localized in proximal initials and daughter cells of the wild-type root meristem, shifted to the
apical side in a pp2a mutant background (Michniewicz et al., 2007). Interestingly, PIN2 polarity
remains unaffected in the epidermis in a pp2a mutant background compared to WT (Michniewicz
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et al., 2007). Site-directed mutagenesis approaches also indicate that constitutive phosphoryla-
tion of PINs is sufficient to cause a polarity inversion (Zhang et al., 2010). More recently, PIN
phosphorylation by another protein kinase, the D6 protein kinase (D6PK), was also shown to
control auxin transport activity (Zourelidou et al., 2014). Besides its role in polarity inversion,
PID kinase also activate PINs activity but to a lesser extent compared with D6PK (Zourelidou
et al., 2014; Barbosa et al., 2014). D6PK and PID phosphorylate PINs at different phospho-
sites (Zourelidou et al., 2014). However, D6PK overexpression does not lead to a change of
polarity of PINs (Zourelidou et al., 2014; Barbosa et al., 2014). In epidermal cells of the shoot
apical meristem or at the root tip, respectively both PIN1 and PIN2 are at the apical PM
whereas D6PK is basally localized further indicating that D6PK and PINs polarity are inde-
pendent (Friml et al., 2004; Barbosa et al., 2014). Altogether, these results suggest a strong
involvement of phosphorylation in PINs localization as well as for their transport activity.

In the endodermis, the Casparian strip (CS) represents a cell wall modification acting as
a physical barrier for the apoplastic flow. CS membrane domain is defined by the presence of
CASPs proteins (Roppolo et al., 2011). This CASP domain formation is restricted to a median
longitudinal position in endodermal cells, requiring tightly-controlled mechanisms to establish
such a restricted domain. Recently, the receptor-like cytoplasmic kinase SCHENGEN 1 (SGN1)
was shown to be required for CS domain positioning and integrity (Alassimone et al., 2016).
SGN1 is localized at the outer polar domain of the PM in endodermal cells. The authors also
showed that the kinase activity of SGN1 was important for its localization and function. Indeed,
a kinase-dead version of SGN1 is mostly observed in the cytosol and did not display any rescue
activity (Alassimone et al., 2016). However, the direct target of SGN1 is not known. SGN3 is
a receptor-like kinase and greatly co-localizes with the CASP domain (Pfister et al., 2014). KO
mutants of both SGN3 and SGN1 genes display very similar phenotypes with the formation of
highly discontinuous CASP domain suggesting that both kinases act in close functional relation
to each other (Pfister et al., 2014; Alassimone et al., 2016). Furthermore, functional genetic data
suggests that both SGN3 and SGN1 individually contribute to CASP domain formation, but
that their respective activities could be enhanced at their region of overlap (Pfister et al., 2014;
Alassimone et al., 2016). Altogether, these results suggest a role of these kinases for the polar
positionning of the CASP domain in the root endodermis.

4 Ubiquitination

4.1 Generalities
Ubiquitin (Ub) is a 76 amino acid-long polypeptide whose structure is highly conserved in all
eukaryotes (Craig et al., 2009; Komander, 2009). Ubiquitination is the reaction where an Ub
moiety is attached by a covalent bond between a glycine residue of its C-terminus and a -
NH2 group of a lysine (K), in most cases, within the target protein. This process leads to
the covalent attachment of a single Ub moiety and is named monoubiquitination (Fig. 4A).
A target protein can have multiple lysine residues that can be monoubiquitinated, leading to
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Figure 4 – Forms of ubiquitination (adapted from (Komander, 2009)). (A) The ubiquitin modification
has three general layouts: mono-ubiquitination, multi-monoubiquitination and polyubiquitination. (B) Forms of
polyubiquitination, where each ubiquitin chain contains a single linkage type. Individual linkages may lead to
distinct ubiquitin chain structure, and K48- and K63-linked/linear chains have different conformations.

multi-monoubiquitination (Fig. 4A). Ub itself contains seven lysine residues (K6, K11, K27,
K29, K33, K48 and K63) that can be self-ubiquitinated, forming polyUb chains with different
conformations (Hicke, 2001; Belgareh-Touzé et al., 2008; Komander, 2009) (Fig. 4A and B; Fig.
5). All these different polyUb chains have been detected in plants except for the K27 linkage (Kim
et al., 2013) (Fig. 4B). Linear polyUb chains can be made by linking Ub to the N-terminal
methionine in a protein (Swatek and Komander, 2016). More complex arrangements of ubiquitin
exist such as mixed polyUb carrying alternative linkage types within the same chain (Ben-Saadon
et al., 2006), or branched ubiquitin chains where more than one lysine residue from a single
ubiquitin is used to make a chain (Kim et al., 2007). Finally, lysine residues from Ub can also
be modified by Ub-like molecules such as SUMO or NEDD8 (Hendriks et al., 2014; Singh et al.,
2012), and Ub can also be phosphorylated at residue S65 by PINK1 (Koyano et al., 2014). All
these different forms of ubiquitin dramatically increase the complexity of Ub-dependent processes
and point to our lack of resolution in the analysis of ubiquitinated proteins.

Ubiquitination per se needs the sequential action of three enzymes: the Ub-activating enzyme
(E1), the Ub-conjugating enzyme (E2) and the Ub ligase (E3) (Hicke and Dunn, 2003) (Fig. 6).
The E1 enzyme activates ubiquitin in an ATP-dependent reaction and then transfers ubiquitin
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to an E2 (Fig. 6). The E2 enzyme then cooperates with an E3 ligase to catalyze the formation
of an isopeptide bond between ubiquitin and substrate (Fig. 6). In most cases, the E2 enzymes
are implicated in catalyzing the type of ubiquitination. For instance, the ubiquitin-conjugating
enzyme from the UBC13 family is implicated in the formation of K63 polyUb chains (Hofmann
and Pickart, 1999; Pickart and Fushman, 2004). On the contrary, E3 ligases play a critical role
in the recognition of cargo proteins to be ubiquitinated and therefore provide specificity in the
reaction (Léon and Haguenauer-Tsapis, 2009; David et al., 2011). This is further supported
by the abundance of E3 ligases (>600 in animals, >1400 in plants) compared with E2s (37 in
animals and plants) or E1s (2 in animals and plants) (Komander, 2009; Callis, 2014). In many
cases the interaction between a cargo protein and the E3 ligase is finely tuned by adaptors,
or activators/inhibitors of post-translational modifications such as phosphorylation (Léon and
Haguenauer-Tsapis, 2009). E3 ligases are traditionally categorized into two main types: Really
Interesting New Gene (RING) family and Homologous to E6AP C-Terminus (HECT) E3s. The
two E3 families differ in the general mechanism of Ub transfer: HECT E3s accept Ub from E2s
and then ligate the moiety onto the substrate, while RING ligases facilitate Ub transfer from E2
enzymes to substrate lysine (Fig. 6).

Figure 5 – The ubiquitin structure and its lysine residues (adapted from (Komander, 2009)).
Analysis of the Ub structure reveals that all seven lysine residues (red, with blue nitrogen atoms) reside on
different surfaces of the molecule. Methione 1 (with a green sulfur atom) is the linkage point in linear chains,
and is spatially close to K63. The C-terminal glycine (G)75-G76 motif involved in isopeptide bond formation is
indicated (red oxygen atoms, blue nitrogen atoms). Lysine residues are labelled, and red numbers in parentheses
refer to the relative abundance of the particular linkage in yeast (Xu et al., 2009). The proteomic study relied on
His-tagged ubiquitin, and hence linear chains could not be determined (ND) (Xu et al., 2009). The roles of the
particular linkages are indicated.
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Figure 6 – The ubiquitin cascade reaction. Ubiquitin (Ub) is activated for transfer by E1 (ubiquitin-
activating enzyme). Activated ubiquitin is transferred in thioester linkage from the active-site cysteine of E1
to the active-site cysteine of an E2 ubiquitin-conjugating enzyme. The E2-Ub thioester next interacts with an
E3 ubiquitin ligase, which effects transfer of Ub from E2-Ub to a lysine residue of a substrate. E3 ligases are
traditionally categorized into two main families: HECT E3s which accept Ub from E2s and then ligate the moiety
onto the substrate, and RING ligases that facilitate Ub transfer from E2 enzymes to substrate lysine. Eventually,
the substrate-Ub bond can be released via the action of a deubiquitinase (DUB).

Ub is particularly well described for its role as signal for the degradation of soluble cytosolic
and nuclear proteins by the 26S proteasome (Weissman, 2001; Vierstra, 2009). This quality
control system of proteins is also called ubiquitin-proteasome system (UPS) and involves K48
polyUb chains as signal (Smalle et al., 2004). Ub plays also a major role along the endomembrane
system, controlling the fate of proteins and organelles. Ub has notably been described as crucial
for quality control processes during membrane protein or secreted protein maturation in the
ER (Meusser et al., 2005), and for the endocytosis of membrane proteins (Hicke, 2001; Hicke
and Dunn, 2003). Finally, Ub has been demonstrated to act during autophagy, a process during
which cytosolic compounds are degraded to the lysosome/vacuole via the formation of a double
membrane compartment called autophagosome (Mizushima et al., 2011).
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4.2 The ERAD pathway
The protein maturation process in the ER is an imperfect process that can produce defective
proteins, which must be degraded. The first indication that certain ER proteins are eliminated
came from studies in mammalian cells. Some subunits of the T-cell receptor, such as TCR-α, were
described as retained in the ER and subsequently degraded (Bonifacino et al., 1989). A punctate
mutant for the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) shares a similar
fate. The mutation of the F508 residue in CFTR is the main cause for cystic fibrosis. This
mutant is prematurely degraded and is therefore absent from the surface of epithelial cells (Cheng
et al., 1990). The recognition of misfolded or mutated proteins depends on the detection of
several factors such as exposed hydrophobic regions, unpaired cysteine residues and immature
N-glycans. To be correctly targeted to the cytosol where degradation via the Ub-proteasome
system occurs, defective proteins need to be released through the ER membrane and this step
is called retro-translocation (Vembar and Brodsky, 2008). However, the molecular nature of
the retro-translocon remains controversial (Hampton and Sommer, 2012). It was previously
thought that SEC61 was responsible for retro-translocation of ERAD substrates through the
ER membrane (Pilon et al., 1997). The yeast protein DER1 and its mammalian orthologs
Derlins were also suspected to be the retro-translocon (Lilley and Ploegh, 2004; Ye et al., 2004).
Eventually, because ERAD is an Ub-dependent process, the E3 ligase HRD1/DER3 implicated in
the pathway was suggested to be also responsible for the retro-translocation step (Carvalho et al.,
2010). It is possible that these three different factors could act as a retro-translocon for different
misfolded substrate proteins thereby involving different adaptors for this retro-translocation.

As mentioned previously, the HRD1/DER3 was identified as the Ub ligase required for the
ERAD pathway. This E3 ligase ubiquitinates denatured proteins in vitro suggesting that it func-
tions as a quality control component (Bays et al., 2001). This ubiquitination of defective proteins
led to their degradation via the proteasome 26S in the cytosol after the retro-translocation from
the ER to the cytosol. Other key components of the ERAD pathway were identified so far such
as the AAA-ATPase p97 (CDC48 in yeast) that is involved in the initiation of the substrate
retro-translocation (Ye et al., 2001; Jentsch and Rumpf, 2007). HRD3 is another ER membrane
protein and is a cofactor for HRD1/DER3 that may target substrates to the site of dislocation
via its large lumenal domain (Gardner et al., 2000). Surprisingly, unconventional K11 linkages
were also shown to be associated with ERAD pathway by quantitative proteomics analysis (Xu
et al., 2009) (Fig. 4; Fig. 5). Thus, the UPS is not just associated with conventional K48 polyUb
chains but also with unconventional linkages making ubiquitination a far more complex process
than previously expected (Komander, 2009).

Homologs of yeast and mammalian ERAD components have been identified in the Arabidop-
sis genome and include E3 ubiquitin ligases that label substrate proteins for degradation, and
accessory proteins such as the ATPase CDC48, the putative retro-translocon DER1 and the
chaperone HRD3 (Su et al., 2011; Rancour et al., 2002; Kirst et al., 2005; Chen et al., 2016).
However, recent genetic, biochemical and cell biological studies revealed unique aspects of the
plant ERAD mechanisms and especially their connections with both stress tolerance and plant
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defense (Liu and Li, 2014). For instance, the E2 enzyme UBC32 is an ERAD component im-
plicated in brassinosteroid-mediated salt stress tolerance (Cui et al., 2012). Indeed, UBC32 is
localized at the ER membrane and is involved in the degradation of bri1-9, a dwarf Arabidop-
sis mutant caused by retention of a defective brassinosteroid receptor in the ER (Cui et al.,
2012). A suppressor screen of bri1-9 made in the lab of Jianming Li lead to the discovery of
either mammalian or yeast homologous proteins or plant specific factors implicated in the ERAD
pathway (Jin et al., 2007b; Liu and Li, 2014). Among them, a plant specific calreticulin CRT3
was described as a key retention factor for a defective version of BRI1 in the ER (Jin et al.,
2007b). Furthermore, a crt3 null mutant does not accumulate the EFR innate immune receptor
suggesting that EFR is also a substrate for CRT3 (Li et al., 2009).

4.3 Autophagy
Macroautophagy (or autophagy) is the process leading to the degradation of cytosolic compounds
in the lysosome/vacuole during starvation. Indeed, upon starvation conditions, bulk cytosol is
taken up by autophagosomes, transported to the lysosome/vacuole for degradation, and recycled
into small biosynthetic precursors making a link between autophagy and a survival process.
However, autophagy has broad roles in cellular housekeeping, including removal of damaged
or unnecessary organelles and intracellular pathogens (Mizushima and Komatsu, 2011). Even
the proteasome itself has been shown to be degraded by autophagy (Marshall et al., 2015).
ATG8 is a well-described member of the autophagy-related (ATG) family and is required for
the autophagosome formation. In plants, ATG5 has been shown to be in close contact with
ATG8 in the growing phase of this autophagic compartment (Le Bars et al., 2014). In yeast,
autophagosome biogenesis nucleates at the phagophore assembly site (PAS) (Stanley et al., 2014).
The lipidation of yeast ATG8 or its mammalian counterpart LC3 begins at the PAS after the
recruitment of all other ATG proteins and is required for phagophore expansion (Suzuki et al.,
2007; Xie et al., 2008). The PAS is thought to be a dynamic structure that nucleates into a
phagophore (Reggiori and Klionsky, 2013). It was suggested that various compartments including
the ER, the Golgi apparatus and even the PM could contribute to the phagophore expansion
(Reggiori and Klionsky, 2013). The cell indeed may mobilize membrane from multiple sources
to respond to the demand from macroautophagy. As the phagophore grows, it can engulf the
cytosol forming the autophagosome. The sequestration of a cytosolic compound requires a double
membrane compartment to be thermodynamically favorable. When the external membrane of
the autophagosome fuses to the vacuole/lysosome, the inner membrane, called the autophagic
body, is released inside the lumen of the lytic compartment and further degraded. In plants,
most of the genes coding for the ATG proteins have been identified (Michaeli et al., 2016).

This past decade, the implication of ubiquitination and particularly K63 polyUb chains
in the autophagy process has been described. ATG8/LC3 can interact with adapter proteins
through a LC3-interacting region (LIR) motif (Pankiv et al., 2007; Ichimura et al., 2008). These
adapters have also the ability to bind ubiquitinated substrates (Kirkin et al., 2009). This co-
interaction likely facilitates autophagic degradation. For instance, PARKIN is an E3 ligase that
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can catalyze K63 polyUb chains leading to the recruitment of the Ub-binding adaptor p62 which
is an autophagy receptor implicated in the clearance of protein inclusions (Tan et al., 2008;
Kuang et al., 2013). PARKIN can also promote the degradation of misfolded proteins through
K63-linked ubiquitylation, marking these proteins for clearance by autophagy via the adaptor
protein HDAC6 (Olzmann and Chin, 2008). The implication of K63 polyubiquitination appears
to be linked with selective autophagy in contrast with non-selective autophagy processes (Kraft
et al., 2010).

In plants, FYVE1/FYVE domain protein for endosomal sorting 1 (FREE1) is a protein at
the interplay between autophagy and sorting to the vacuole via the ESCRT complex (Gao et al.,
2014; Gao et al., 2015). Depletion of FREE1/FYVE1 in an inducible free1/fyve1 RNAi knock-
down (KD) mutant leads to the accumulation of autophagosomes and an impaired autophagic
degradation (Gao et al., 2014). FYVE1/FREE1 directly interacts with the autophagic regula-
tor SH3 domain-containing protein 2 (SH3P2) which has been only described in plants (Zhuang
et al., 2013). SH3P2 indeed binds to PI3P and ATG8 and regulates the formation of autophago-
somes in plants (Zhuang et al., 2013). FYVE1/FREE1 also affects the association between
autophagosomes and MVBs further suggesting the crucial role of this protein in the interplay
between ESCRT-related endocytic and autophagic pathways (Gao et al., 2015). As mentioned
later in this manuscript, FYVE1/FREE1 localizes to MVB/LE/PVC and interacts with IRT1
to control its trafficking. FYVE1/FREE1 overexpression therefore affects IRT1 localization be-
tween the plasma membrane and TGN/EE, and its polarity on the PM (Barberon et al., 2014).
FYVE1/FREE1 likely acts on the recycling of IRT1 from endosomal compartments back to the
plasma membrane.

Autophagy can also be implicated in the degradation of PM cargos in plants. The TRYPTO-
PHAN-RICH SENSORY PROTEIN (TSPO) was initially described as a heme-binding protein
whose interaction with ATG8 enables the degradation of porphyrins via autophagy (Vanhee et al.,
2011). More recently, TSPO was shown to interact with the aquaporin PIP2;7 and to mediate its
delivery from the plasma membrane to the vacuole in an autophagic-dependent pathway. This
autophagic degradation of PIP2;7 seems to regulate water permeability, an important function
under heat and drought stresses (Hachez et al., 2014).

Altogether, autophagy is a major process for recycling materials within cells and the implica-
tion of K63 polyubiquitination in selective autophagy is still poorly characterized particularly in
the plant field. Despite its role in autophagy, K63 polyubiquitination has also been well-described
for its role in the endocytosis of membrane proteins, especially in yeast and mammals, and will
be discussed extensively in the next chapter.
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Chapter 3

Ubiquitin-mediated endocytosis

The role of Ub as endocytosis signal has first been evidenced in yeast by Kolling and Hollen-
berg, who showed that mutants of S. cerevisiae deficient in the endocytic pathway accumulate
ubiquitinated forms of the pheromone carrier STE6 at the PM (Kölling and Hollenberg, 1994).
After that, the internalization of several membrane proteins has been correlated with their level
of ubiquitination (Kölling and Hollenberg, 1994; Hicke and Riezman, 1996; Staub et al., 1997;
Terrell et al., 1998). The following sections will review our current knowledge about Ub-mediated
endocytosis in various model organisms.

1 Ubiquitination of PM proteins: internalization
versus sorting

While only little is known on Ub-mediated endocytosis in plants, this process is well characterized
in other model systems.

1.1 Yeast
The involvement of ubiquitination in the early steps of endocytosis, i.e. the internalization from
the PM, came from the analysis of non-ubiquitinatable versions of cargos in yeast. GAP1 is highly
active and stable at the plasma membrane in cells growing on poor nitrogen sources like proline
(Springael and Andre, 1998). Upon addition of a favored nitrogen source like ammonium, GAP1
is ubiquitinated on its amino-terminal K9 and K16 thus causing its internalization (Springael
and Andre, 1998; Soetens et al., 2001). K6R and K9R substitutions abolish its ubiquitination
and provoke its accumulation at the PM (Soetens et al., 2001). GAP1 recycling requires the
YPT6 GTPase involved in endosome to TGN transport (Nikko et al., 2003). After deletion
of the YPT6 gene, GAP1 is internalized in these cells at a similar rate regardless of whether
it is monoubiquitinated or polyubiquitinated and of whether one or two lysines are modified
further indicating that monoubiquitination even on a single lysine residue is sufficient for GAP1
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internalization from the PM (Lauwers et al., 2009). Zinc regulated transporter 1 (ZRT1) is
another cargo that is endocytosed following its mono-, di- and/or multi-monoubiquitination
(Gitan and Eide, 2000). Mutation on the K195 into arginine triggers a loss of both ubiquitination
and internalization of ZRT1 (Gitan and Eide, 2000). Altogether, this suggests that mono- or
multi-monoubiquitination of cargos is sufficient for the internalization step of endocytosis.

Other studies indicate that even if monoubiquitination constitutes a sufficient internaliza-
tion signal for many membrane proteins, multi-monoubiquitination or a K63 polyUb chain can
accelerate the process of internalization (Barriere et al., 2006; Hawryluk et al., 2006; Kim and
Huibregtse, 2009; Lauwers et al., 2010). The internalization efficiency of the uracil permease
FUR4 is proportional to the number of Ub monomers linked to this cargo (Blondel et al., 2004).
Furthermore, when K63 polyubiquitination is impaired, the permease still undergoes endocyto-
sis but at a reduced rate (Galan and Haguenauer-Tsapis, 1997). The SUB413 strain express no
internal Ub pool which is counterbalanced by overproducing UbKR variant unable to form K63
polyUb chains (Spence et al., 1995). The JEN1 monocarboxylate transporter is stabilized at the
PM in the strain producing the UbK63R variant (Paiva et al., 2009).

The RSP5 E3 ligase is the only member of the HECT family in yeast. First evidence sup-
porting the role of RSP5 in endocytosis came from point mutations in some domains of the
E3 ligase that impaired both STE2 ubiquitination and internalization (Dunn and Hicke, 2001).
END3 was the first gene shown to be necessary for the internalization step in yeast (Raths
et al., 1993). JEN1 is not internalized in end3 mutant cells and less ubiquitinated, as in the
rsp5 mutant strain (Paiva et al., 2009). Interestingly, overexpression of RSP5 suppresses the
growth defect of an end3 mutant indicating the importance of this E3 ligase for the internal-
ization step in yeast (Kaminska et al., 2002). As a result, RSP5 may function independently
of END3 or downstream of it. RSP5 is now considered as responsible for the ubiquitination
of most if not all internalized membrane proteins such as GAP1, JEN1, FUR4, ZRT1, or the
siderophore iron transporter SIT1 (Hein et al., 1995; Galan et al., 1996; Gitan and Eide, 2000;
Soetens et al., 2001; Erpapazoglou et al., 2008; Belgareh-Touzé et al., 2008). To recognize this
myriad of substrates, RSP5 needs some adaptors to provide some specificity to the ubiquitination
process. Emr and colleagues described in 2008 the arrestin-related trafficking adaptors (ART)
family that have the ability to target specific PM proteins (Lin et al., 2008). ART1 is a pro-
tein with an arrestin motif that can interact with RSP5 (Lin et al., 2008). ART1 was initially
identified from a genetic screen of 4652 knock-out yeast strains - each deleted for a nonessential
gene - for increased sensitivity to canavanine, a toxic arginine analog that enters the cell via the
arginine transporter CAN1 (Lin et al., 2008). A deletion of ART1 gene led to a strong defect in
CAN1 endocytosis and turnover (Lin et al., 2008). Furthermore, ART1 is recruited to the PM
in response to high nutrient conditions suggesting its role in cargo downregulation (Lin et al.,
2008). SMF1 is a metal transporter that is internalized in response to cadmium (Nikko et al.,
2008). RSP5-mediated ubiquitination of K33 and K34 residues is implicated in the internaliza-
tion of this transporter since a double mutant for these two lysines is slowly endocytosed from
the PM (Nikko et al., 2008). Strikingly, ECM21 is an arrestin protein that can interact with both
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RSP5 and SMF1 bridging the gap between the E3 ligase and the substrate (Peng et al., 2003;
Nikko et al., 2008). Arrestins were also shown to regulate the final fate of the cargo, by acting on
the balance between cargo recycling to the plasma membrane, or its vacuolar/lysosomal degra-
dation. Indeed, arrestins have the ability to recruit E3 ligases and promote cargo ubiquitination,
therefore acting as adaptor proteins (Shenoy et al., 2008). A phylogenetic study has revealed
that proteins of the arrestin family are present in all eukaryotes except in plants (Alvarez, 2008;
Aubry et al., 2009). Interestingly, arrestins are themselves targets of ubiquitination allowing
further feedback (Shenoy et al., 2001; Lin et al., 2008). JEN1 undergoes Ub-mediated endocy-
tosis and is degraded in response to glucose (Paiva et al., 2009). ROD1 is an adaptor of the
arrestin family that is dynamically relocalized from cytosol to TGN compartment in response to
glucose treatment. Furthermore, ROD1 is crucial for JEN1 sorting to the vacuole in response to
glucose (Becuwe and Léon, 2014). Glucose removal promotes ROD1 relocalization to the cytosol
and JEN1 deubiquitination, allowing transporter recycling when the signal is only transient (Be-
cuwe and Léon, 2014). ROD1 indeed trigger ubiquitination or deubiquitination by interacting
with JEN1 dynamically in response to glucose (Becuwe and Léon, 2014). Therefore, nutrient
availability regulates the fate of this transporter through the localization of the ROD1/RSP5
ubiquitination complex at the TGN.? An ubiquitinated cargo protein can then be recognized by
adaptors. The best characterized adaptors are Epsins (EPS15 interacting protein) (Traub, 2009).
These adaptors are monomeric, contain a Ub-binding site (UIM) and are able to interact with
clathrin, AP2 complex and PI(4,5)P2 via their ENTH domain (Wendland, 2002; Traub, 2009).
Arrestins can also interact with clathrin through a clathrin-binding motif (Goodman et al., 1996;
Goodman et al., 1997; Krupnick et al., 1997). Altogether, arrestins may act at two different lev-
els: first, for cargo ubiquitination, which could recruit Epsin endocytic adaptors, and, second, to
assist the latter in the recruitment of a clathrin coat. Furthermore, Epsins are ideal candidates
to coordinate ubiquitin recognition and cargo internalization. While such a function appears to
be established in mammalian cells (Barriere et al., 2006; Kazazic et al., 2009; Sigismund et al.,
2005), recent data in yeast favor a more complex model, where UIM domains would play a more
general role in protein interactions and the assembly of the endocytic network (Dores et al.,
2010). Ubiquitination is a reversible post-translational modification, counterbalanced by deubiq-
uitination. Deubiquitination is involved in the regulation of CME, by acting directly on cargo
ubiquitination status as well as on the endocytic machinery. EDE1 is ubiquitinated by RSP5
and allows the coat protein recruitment (Weinberg and Drubin, 2014). The deletion of UBP2
and UBP7 deubiquitinases (DUBs) implicated in EDE1 deubiquitination result in elongating
the lifetime of cargos at the PM (Weinberg and Drubin, 2014). This mechanism emphasizes
the existing balance to maintain protein level at the PM thereby controlling CME by dynamic
ubiquitination and deubiquitination (Weinberg and Drubin, 2014).

In yeast, ubiquitination is also a signal driving to the lysosomal/vacuolar degradation of a
cargo protein (Lauwers et al., 2010). The role of Ub in MVB sorting was difficult to establish
given the crucial role of Ub in the early stages of endocytosis in yeast. This difficulty was by-
passed in studies using cargo proteins which were directly addressed to the MVB. For instance,
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the carboxypeptidase S 1 (CPS1) and the polyphosphatase PHM5 are directly sorted from the
Golgi apparatus to the vacuole/lysosome through MVB/LE/PVC compartments (Odorizzi et al.,
1998; Reggiori and Pelham, 2001). These two cargos are ubiquitinated, and non-ubiquitinatable
variants of these proteins fail to reach the vacuolar lumen (Reggiori and Pelham, 2001; Katz-
mann et al., 2001). In addition, vacuolar delivery of PHM5 mutant cargos can be restored
upon engineered fusion with Ub (Reggiori and Pelham, 2001). Whereas monoubiquitination
of a protein may be sufficient for internalization, K63 polyubiquitination emerges as the signal
required for lysosomal/vacuolar degradation (Erpapazoglou et al., 2008; Lauwers et al., 2009;
Huang et al., 2013; Martins et al., 2015). The yeast GAP1 protein modified with a single diUb
residue with K63 association is effectively directed to the vacuole whereas GAP1 modified with
two monoubiquitins accumulates on the tonoplast following an internalization defect in ILVs of
MVB/LE/PVC (Lauwers et al., 2009).

1.2 Mammals
In mammalian cell lines, the study of membrane protein ubiquitination is mainly focused on
the EGF receptor (EGFR), the archetypal Receptor Tyrosine Kinase (RTK). EGFR was the
first ubiquitinated cargo described in mammals (Galcheva-Gargova et al., 1995). Following EGF
binding, EGFR is ubiquitinated by the RING E3 ligase CBL (Levkowitz et al., 1998). EGFR is
ubiquitinated by the co-action of CBL, CIN85 and Endophilins that are bound constitutively with
CIN85 and mediate CME (Soubeyran et al., 2002; Verstreken et al., 2002). EGFR is not properly
internalized in CIN85-defective mutants (Soubeyran et al., 2002). The interaction between EGFR
and CBL is mediated by the adaptor GRB2 (Waterman et al., 2002; Sorkin and Goh, 2009; Mad-
shus and Stang, 2009). EGFR was first described as multi-monoubiquitinated (Haglund et al.,
2003). The use of the FK1 and FK2 antibodies, specifically recognizing polyUb chains, failed
to detect ubiquitination signals on EGFR immunoprecipitates, while the generic P4D1 antibody
recognizing both mono- and polyubiquitin chains did. This observation suggested that multi-
ple monoubiquitination were decorating EGFR in mammalian cells (Haglund et al., 2003). An
EGFR-Ub∆GG chimera, depleted from the tyrosine kinase domain and translationally fused to
an Ub moiety unable to be conjugated to additional Ub moieties, was used to evaluate the role of
EGFR monoubiquitination. This monoUb-mimic version of EGFR is constitutively internalized
and degraded in NR6 cells, indicating that monoubiquitination is sufficient for the endocytosis of
the receptor (Haglund et al., 2003). Mass spectrometry analyses of EGFR revealed that it does
not only carry multiple monoUb but can also be polyubiquitinated mostly with K63 polyubiq-
uitin chains (Huang et al., 2006). Mutation of nine ubiquitination target lysines into arginines
has however no effect the internalization of the receptor, whereas the loss of both GRB2 and
CBL were crucial for this first step of endocytosis (Huang et al., 2006), suggesting that either
ubiquitination of EGFR do not play a role in internalization or that additional ubiquitination
sites exist. Ubiquitination of EGFR however appeared essential for its lysosomal targeting and
degradation (Huang et al., 2006). In addition to the nine lysine residues mentioned above, six
additional KR mutations in the kinase domain of EGFR were investigated to test whether resid-
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ual ubiquitination of the 9KR mutant was responsible for its rapid internalization (Huang et al.,
2007). A 15KR mutant version of EGFR revealed a partial internalization defect, with only low
rates of endocytosis while its kinase activity is unchanged (Huang et al., 2007). Taken together,
these results suggest that ubiquitination is not sufficient for internalization per se. However,
siRNA used to knock-down the clathrin heavy chain (CHC), GRB2 and CBL strongly inhibited
the internalization of EGFR (Huang et al., 2007). A more recent study shed light on the involve-
ment of the AP2 adaptor complex and another post-translational modification, acetylation of
lysine residues in the regulation of the CME of the receptor (Goh et al., 2010). The EGFR15KR

mutant was mutated for its AP2 binding domain together with the mutation of five other lysines
residues mutated into arginines implicated in both acetylation or ubiquination at the C termi-
nal part of the protein (Goh et al., 2010). EGFR21KR∆AP2 has a normal kinase activity but
is impaired for internalization from the PM further suggesting that CME of EGFR involves at
least four redundant mechanisms (Goh et al., 2010). However, the residual CME of this mutant
version of EGFR was investigated in carcinoma cells more recently to further understand the
mechanisms driving the EGFR internalization step (Fortian et al., 2015). The strong inhibition
of the 21KR∆AP2 mutant endocytosis by siRNA knock-down of the UBCH5 E2 enzyme directly
demonstrates the involvement of an ubiquitination event in this endocytosis process (Fortian
et al., 2015). GRB2 has an essential function in the internalization of EGFR21KR∆AP2 fur-
ther supporting the role of ubiquitination in this process (Fortian et al., 2015). The authors
finally uncovered the role of new Ub conjugation sites that may mediate the internalization of
EGFR21KR∆AP2 in carcinoma cells (Fortian et al., 2015). Analysis of the CCP dynamics using
VA-TIRF microscopy in those cells indicated that the primary defect responsible for reduced
internalization rates of EGFR21KR∆AP2 is at the CCP recruitment step and an additional defect
is the delayed completion of the CCP life cycle (Fortian et al., 2015). Altogether, these results
led the authors to revise their previous model of the CME of EGFR that assumed at least four
redundant mechanisms to be involved (Goh et al., 2010) and led to a new model whereby both
receptor ubiquitination and interactions with AP2 mediate EGFR recruitment into CCP and
endocytosis (Fortian et al., 2015). The internalization step of EGFR is controlled by at least
two mechanisms but does not rely only on ubiquitination. This is a different situation compared
with yeast where RSP5-mediated ubiquitination is absolutely necessary for the internalization
of many cargos. The mammalian EGFR is also K63 polyubiquitinated and this modification
triggers its degradation in lysosomal compartments (Huang et al., 2013). When EGFR is fused
to the AMSH DUB, K63 polyubiquitination of the receptor is impaired and, as such, EGFR is
slowly degraded in lysosomes (Huang et al., 2013).

1.3 Plants
In plants, the role of ubiquitination as endocytic signal was first suggested by the study of
FLS2 (Robatzek et al., 2006; Göhre et al., 2008). The proteasome inhibitor MG132 was shown
to prevent the internalization of the FLS2 flagellin receptor upon ligand binding. This observation
led the authors to conclude that FLS2 degradation involves the UPS (Robatzek et al., 2006).
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Considering the extensive knowledge accumulated in yeast and mammals on the degradation of
PM proteins by endocytosis, this conclusion appeared rather inappropriate. FLS2 ubiquitination
has later been demonstrated in vitro and in vivo in the context of a pathogen infection (Göhre
et al., 2008). Ubiquitination of FLS2 is dependent on the AvrPtoB bacterial effector which acts
as E3 ligase exploiting cellular machinery to ubiquitinate and accelerate the degradation of FLS2
and thus suppress the immune defense reaction (Göhre et al., 2008). More recently, a 22-amino-
acid peptide containing a conserved epitope from bacterial flagellin, flg22 binding to FLS2 was
shown to allow the recruitment of the U-box E3 ligases PUB12 and PUB13 and to promote their
phosphorylation by the FLS2 co-receptor BAK1 (Lu et al., 2011). Once phosphorylated, PUB12
and PUB13 mediate the ubiquitination and degradation of FLS2 (Lu et al., 2011). Treatment
with MG132 abolished the flg22-induced degradation of FLS2, leading the authors to conclude
on the involvement of proteasome for the ubiquitin-mediated degradation of FLS2, although
flg22-mediated endocytosis has been known for many years (Robatzek et al., 2006). A role of
ubiquitination in endocytosis and degradation of PIN2 has also been suggested (Abas et al., 2006;
Laxmi et al., 2008). PIN2 ubiquitination was shown in vivo and MG132 treatment is associated
with an increased level of PIN2 ubiquitination and slower degradation in the vacuole, which
highlights the indirect role of proteasome in the control of PIN2 turnover (Abas et al., 2006; Laxmi
et al., 2008). For both PIN2 and FLS2, MG132 effect on the ubiquitination and degradation
of membrane proteins is likely mediated via a depletion of free Ub pool for the ubiquitination
of cargo proteins (Melikova et al., 2006), or via the stabilization of a protein that must be
turned over to proceed with endocytosis. More recently, PIN2 was described as modified by K63
polyUb chains (Leitner et al., 2012). K63 polyubiquitination of the auxin efflux transporter is
required for its vacuolar sorting in planta (Leitner et al., 2012). Consistently, mutation of 12K
residues into arginines stabilized PIN2 protein levels together with a loss of ubiquitination for
the cargo (Leitner et al., 2012). Altogether, PIN2 ubiquitination triggers its vacuolar targeting
thereby affecting auxin distribution in root meristems and demonstrating a function in the control
of gravitropic root growth (Leitner et al., 2012). The borate transporter BOR1 is another plant
cargo that undergo ubiquitination (Kasai et al., 2011). Interestingly, BOR1 ubiquitination did
not control its internalization but rather its vacuolar targeting (Kasai et al., 2011). Mutation
of the K590 residue into alanine impaired the vacuolar sorting of BOR1-GFP (Kasai et al.,
2011). In addition, BOR1 likely carries mono- or diUb residues at its K590 amino acid but
this does not rule out the implication of K63 linkages between the two moieties (Kasai et al.,
2011). The root iron transporter IRT1 is endocytosed following the monoubiquitination of its
two K154 and K179 residues located in the large cytosolic loop of the protein (Barberon et al.,
2011). However, there are no evidences for a role of ubiquitination in the vacuolar targeting
of the transporter for now. The other plant cargo BRI1 fused to mCitrine fluorescent tag and
attached with a single Ub moiety in its kinase domain is targeted to the vacuole and efficiently
degraded (Martins et al., 2015). Mutations of 25K into arginines within the kinase domain of
BRI1-mCitrine led to both ubiquitination defect and lower internalization rate compared with
WT BRI-mCit (Martins et al., 2015). As such, BRI125KR-mCit is found at the PM compared
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with non-mutated BRI1-mCit which is found at the PM and in endosomes (Martins et al., 2015).
Indeed, using VA-TIRF microscopy in the hypocotyl, BRI125KR-mCit was found to be more
stable at the PM but was still internalized (Martins et al., 2015). Pharmacological approaches
indeed showed that BRI125KR-mCit accumulate in BFA bodies in presence of CHX suggesting
an internalization of this mutated version of the cargo (Martins et al., 2015). However, loss of
BRI1 ubiquitination impaired its vacuolar degradation indicating that this modification is at
least essential for late events of endocytosis (Martins et al., 2015).

The implication of Ub along the endocytic pathway is undoubtedly established by now in
several model organisms. However, while Ub-triggered internalization is well established in yeast,
Ub functions has been more described to date in late events of endocytosis in animals and plants.

2 The endosomal sorting complex required for trans-
port (ESCRT)

The ESCRT system is responsible for the recognition of ubiquitinated proteins at the MVB/LE/-
PVC and their subsequent internalization on ILVs of this compartment (Spitzer et al., 2006; Haas
et al., 2007; Spitzer et al., 2009; Schellmann and Pimpl, 2009; Raiborg and Stenmark, 2009) (Fig.
7). The ESCRT system is particularly well described in yeast. It is subdivided into 4 complexes
of cytosolic proteins (ESCRT0, I, II and III) which are transiently recruited to endosomes and
act sequentially by transmitting to each other the ubiquitinated cargo protein (Williams and
Urbé, 2007; Schellmann and Pimpl, 2009; Raiborg and Stenmark, 2009). The cargo protein is
then deubiquitinated by DOA4 DUB that interacts with the ESCRTIII complex (Amerik et al.,
2000; Luhtala and Odorizzi, 2004). This complex then recruits the proteins that are necessary
for the invagination step giving an internal vesicle of MVB/LE/PVC (Williams and Urbé, 2007;
Schellmann and Pimpl, 2009; Raiborg and Stenmark, 2009). Disassembly and recycling of ES-
CRT subunits is performed via the AAA ATPase VPS4 that is associated with the ESCRTIII
complex (Obita et al., 2007; Williams and Urbé, 2007; Schellmann and Pimpl, 2009). The in-
vagination of the membrane in an ILV also depends on PI3P and PI(3,5)P2 phosphoinositides
recognized by the ESCRT system (Williams and Urbé, 2007).

The A. thaliana genome includes most of the genes encoding proteins of the ESCRT system
(Winter and Hauser, 2006; Spitzer et al., 2006; Schellmann and Pimpl, 2009). ELC is a VPS23
homologous protein of the ESCRTI complex and was the first ESCRT component characterized
in plants (Spitzer et al., 2006). ELC is able to bind directly to the Ub residue and is located
at MVB/LE/PVC where it interacts with homologs of ESCRTI in Arabidopsis (Spitzer et al.,
2006). The best characterized ESCRT component in plants is SKD1. SKD1 is a homolog of
VPS4 which has ATPase activity and is recruited to the MVB/LE/PVC compartment (Haas
et al., 2007). The expression of a dominant-negative form of SKD1 leads to the formation of
an expanded MVB/LE/PVC compartment containing a reduced number of ILVs (Haas et al.,
2007). In plants, CHMP1-A and CHMP1-B proteins are homologs of VPS46, a component of
the ESCRTIII complex. They have also been characterized and are involved in the vacuolar
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Figure 7 – Model of action of the ESCRT complex in plants. The ESCRT system is responsible for the
recognition of ubiquitinated proteins (here the cargo carries a K63 polyUb chain) at the MVB/LE/PVC and their
subsequent internalization on ILVs of this compartment and further degradation onto the vacuole.

targeting (Spitzer et al., 2009). In a double mutant chmp1-a/chmp1-b, PIN1, PIN2 and AUX1
are not internalized in ILVs of MVB/LE/PVC which results in an accumulation of these cargos
on the tonoplast thus disrupting the degradation of these proteins in the vacuolar lumen (Spitzer
et al., 2009). Recently, the AMSH3 DUB was described as involved in the vacuolar transport of
cargo proteins and in the vacuolar biogenesis (Isono et al., 2010). AMSH3 hydrolyses K48 and
K63 polyUb chains in vitro and is probably the main DUB enzyme in A. thaliana (Isono et al.,
2010). In addition, an amsh3 mutant has severe defect to target FM4-64 and PIN2 cargo protein
to the vacuole (Isono et al., 2010). AMSH3 could therefore participate in the ESCRT system
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by deubiquitinating cargo proteins recognized by the complex. However, no interaction between
AMSH3 and the ESCRTIII complex proteins has been demonstrated to date (Isono et al., 2010).
While most of the genes encoding components of the ESCRT complex exist in plants, ESCRT0
subunit is absent of the Arabidopsis genome and appears to be opisthokont-specific (Herman
et al., 2011). However, in plants, the TOM1-LIKE (TOL) family was described to play the role
of the ESCRT0 component in the degradative sorting of plant cargos (Korbei et al., 2013).

As mentioned in section II.d.iii, FYVE1/FREE1 localizes to MVB/LE/PVC and is essential
for the formation of ILVs at such compartments (Gao et al., 2014). FYVE1/FREE1 is part of the
ESCRTI complex as it is able to interact with VPS23 (Gao et al., 2014). Interestingly, as TOL
proteins, FYVE1/FREE1 regulates the vacuolar sorting of cargos (Gao et al., 2014). However,
this topic will be further discussed on the Discussion and perspectives part.

3 Crosstalk between phosphorylation and ubiqui-
tination in endocytic pathways

Over the past twenty years, several studies suggested an interplay between the two major post-
translational modifications phosphorylation and ubiquitination along the endocytic pathways. In
yeast, STE2 ubiquitination at K337 by RSP5 requires hyperphosphorylation of the cargo (Terrell
et al., 1998). The FUR4 yeast permease needs to be phosphorylated on its PEST-like sequence to
be efficiently ubiquitinated and further degraded (Marchal et al., 1998; Marchal et al., 2000). In
2004, Kelm and colleagues suggested the existence of the PURE pathway as a multistep process
of internalization involving Phosphorylation, Ubiquitination, Recognition of the substrate by the
endocytic machinery and further Endocytosis of the cargo (Kelm et al., 2004). In their study, the
authors showed the interplay of all these processes for the STE6 yeast α-factor transporter (Kelm
et al., 2004). The monocarboxylate transporter JEN1 also necessitate YCK1/2 kinase activity to
be properly degraded further suggesting the need of phosphorylation before JEN1 ubiquitination
and endocytosis (Crapeau et al., 2014). In mammals, autophosphorylation at tyrosines 1045,
1068 and 1086 of the EGF receptor creates a major docking site for the E3 ligase CBL and its
adaptor GRB2 (Levkowitz et al., 1999; Waterman et al., 2002; Jiang and Sorkin, 2003; Huang and
Sorkin, 2005; Huang et al., 2006). Furthermore, the interferon α-receptor 1 (IFNAR1) necessitate
phosphorylation at serine 535 and 539 to be efficiently ubiquitinated and degraded (Kumar et al.,
2004). It was suggested ten years ago that a change of conformation and/or phosphorylation
status of mammalian G protein-coupled receptors (GPCRs) might lead to recruitment of adaptors
and subsequent ubiquitination (Reiter and Lefkowitz, 2006). The examples of phosphorylation-
coupled ubiquitination of substrate proteins are numerous, although ubiquitination may also
occur in the absence of prior phosphorylation.

The interplay between phosphorylation and ubiquitination of cargos can be at the effector
level and not directly on the substrate. While auto-phosphorylation of EGFR is needed for
further interaction with the E3 ligase CBL, phosphorylation of CBL itself by EGFR induces the
interaction CIN85 that also necessitate to be phosphorylated for an effective EGFR ubiquitination
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and sorting into MVBs (Levkowitz et al., 1999; Soubeyran et al., 2002; Schroeder et al., 2012).
In plants, the PUB12 and PUB13 E3 ligases need a prior phosphorylation by BAK1 to efficiently
ubiquitinate FLS2 (Lu et al., 2011).

Taken together, phosphorylation appears to be a major molecular switch to trigger ubiqui-
tination of plasma membrane proteins.

4 Regulations of endocytosis by ligands and sub-
strates

Controlling the level of proteins at the PM is crucial to respond to both endogenous and environ-
mental cues. The turnover of proteins is essential for the quality control process, regulating the
amount of proteins at the PM in response to a stimulus is a well described process in yeast and
mammals. In plants however, only few plasma membrane proteins were described as regulated
in response to their substrates, to biotic or abiotic stresses or even in response to their ligand in
the case of receptors.

4.1 Ligand-mediated regulation
Many receptors in eukaryotes are internalized by endocytosis following the binding of their lig-
ands. Ligand binding can trigger conformational changes and post-translational modifications
such as phosphorylation and ubiquitination that lead to receptor-ligand endocytosis. In mam-
mals, following the binding of EGF on its receptor, EGFR autophosphorylates on tyrosines 1045,
1068 and 1086 via its kinase domain (Levkowitz et al., 1999; Huang and Sorkin, 2005; Huang
et al., 2006). This autophosphorylation allows the recruitment of the CBL-GRB2 complex,
triggering ubiquitination of EGFR (Waterman et al., 2002; Jiang and Sorkin, 2003).

In plants, the receptor-like kinase FLS2 receptor is ubiquitinated, internalized, and degraded
upon binding of flg22. Flg22 binding induces the interaction of FLS2 with another plasma
membrane kinase called BAK1 (Chinchilla et al., 2007). This interaction promotes the activation
of the whole complex and ultimately the internalization and degradation of FLS2 (Chinchilla
et al., 2007). FLS2 binding to flg22 recruits the E3 ubiquitin ligases PUB12 and PUB13 and
promotes their phosphorylation by BAK1 and the ubiquitination of FLS2 (Lu et al., 2011). The
brassinosteroid receptor BRI1 is structurally related to FLS2 and also associates with BAK1
upon activation (Li et al., 2002; Nam and Li, 2002). However, in contrast to FLS2, the BRI1
endocytosis rate is not changed in the presence of its ligand (Geldner et al., 2007).

4.2 Substrate-mediated regulation
? The endocytic internalization and degradation of transporters in response to their substrates
has been at the edge of recent publications in the literature. This substrate-induced ubiquitin-
mediated endocytosis of transporters has mainly been explored in yeast and only a few evidence
were published in plants (Dupre et al., 2004).

49



Ubiquitin-mediated endocytosis

This downregulation mechanism was originally described for the inositol permease ITR1
(Lai et al., 1995). Since then, a lot of transporters in yeast were described as endocytosed in
response to their substrate(s). For instance, K63 polyubiquitin-dependent degradation of SIT1
is mediated by iron, substrate of the transporter (Erpapazoglou et al., 2008). On the other
hand, JEN1, a monocarboxylate transporter, is tightly controlled by glucose while it is not its
direct substrate (Paiva et al., 2009; Becuwe and Léon, 2014). JEN1 is indeed ubiquitinated
and degraded in response to glucose (Paiva et al., 2009; Becuwe and Léon, 2014). To further
demonstrate the implication of K63 polyubiquitination in the glucose-induced degradation of
the transporter, the authors expressed JEN1 in a yeast strain defective for making K63 polyUb
chains by mutating lysine 63 of ubiquitin into arginine (Paiva et al., 2009). JEN1 is stabilized
at the PM and does not respond to glucose upon defective K63 polyubiquitin chain formation,
further highlighting the glucose-induced K63 polyUb-mediated degradation of the transporter
(Paiva et al., 2009). The glucose-induced internalization of JEN1 relies on ubiquitination of the
transporter by RSP5 E3 ligase but also on another factor called ROD1 (Becuwe and Léon, 2014).
As already mentioned, ROD1 is a protein of the arrestin family that is dynamically relocated from
cytosol to TGN compartment in response to glucose treatment. Furthermore, ROD1 is crucial for
JEN1 sorting to the vacuole in response to glucose (Becuwe and Léon, 2014). The well-described
yeast permease GAP1 is ubiquitinated and internalized in response to ammonium (Crapeau
et al., 2014). In cells growing on a poor nitrogen source, both BUL1 and BUL2 adaptors are
phosphorylated by the NPR1 kinase and the phosphorylation state of BUL1/2 is stabilized by
14-3-3 proteins thereby inactivating BUL1/2 (Crapeau et al., 2014). In those conditions, GAP1 is
not ubiquitinated by RSP5 and is found at the PM (Springael and Andre, 1998; Merhi and André,
2012; Crapeau et al., 2014). This inhibition of ubiquitination is relieved when NPR1 is itself
phosphoinhibited by the TORC1 kinase complex when there is an increase of the internal amino
acid pool (Merhi and André, 2012). As such, BUL1/2 are dephosphorylated thereby inducing
RSP5-mediated ubiquitination on the N-terminal part of GAP1 and further degradation of the
permease (Springael and Andre, 1998; Soetens et al., 2001; Merhi and André, 2012). Interestingly,
another way of degradation exists through the inhibition of the TORC1 kinase complex by
rapamycin (Crapeau et al., 2014). The arrestin-like ALY1 and ALY2 proteins together with
BUL1/2 remain phosphorylated but still play a role in GAP1 ubiquitination and degradation
(Crapeau et al., 2014). In a recent article, Ghaddar and colleagues showed that GAP1 and
the arginine-specific permease CAN1 were ubiquitinated and endocytosed in response to their
substrates (Ghaddar et al., 2014). This ubiquitin-dependent endocytosis is due to transport
catalysis rather than intracellular substrate accumulation (Ghaddar et al., 2014).

A remaining question concerns the degradation of proteins found at the vacuolar/lysosomal
membrane. Interestingly, recent publications by the Emr lab described a novel vacuole membrane
recycling and degradation (vReD) pathway to downregulate vacuolar membrane transporters (Li
et al., 2015b; Li et al., 2015a). The amino acid transporter YPQ1 is localized at the tonoplast and
is selectively sorted and degraded in the vacuolar lumen following lysine withdrawal (Li et al.,
2015b). This process requires a vacuole anchored ubiquitin ligase complex (VAcUL-1) that is
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composed of RSP5 and one of its adaptor SSH4 (Li et al., 2015b). Eventually, the ESCRT
complex allows the internalization of YPQ1 in ILVs and further degradation into the vacuolar
lumen (Li et al., 2015b). The vReD pathway is conserved as zinc efflux ZRT3 and influx COT1
transporters are ubiquitinated and degraded in the vacuole following the application of zinc
excess (Li et al., 2015a). However, COT1 is not ubiquitinated by RSP5 but by another RING E3
ligase TUL1 and more generally by the DSC complex (Li et al., 2015a). In the contrary, ZRT3
is ubiquitinated in response to its substrate by the co-action of both RSP5 and TUL1 E3 ligases
and the DSC complex (Li et al., 2015a).

In plants, some metal transporters are internalized and degraded by high concentrations of
their substrates, representing an important mechanism to regulate ion homeostasis. The boric
acid exporter BOR1 is localized in the inner polar domain of root cells where it mediates boron
loading into the root xylem (Takano et al., 2002; Takano et al., 2005). BOR1 is internalized
and degraded in the presence of boron excess (Takano et al., 2005; Takano et al., 2010). Under
low-boron conditions, BOR1 undergoes constitutive internalization and recycling from the TGN
in a process dependent on a Tyr-based sorting signal in the large cytosolic loop of the transporter
(Takano et al., 2010). When roots are exposed to high boron, BOR1 is ubiquitinated and the flux
of BOR1 to the vacuole increases, although ubiquitination itself is not needed for internalization
(Takano et al., 2005; Takano et al., 2010; Kasai et al., 2011). However, no phenotypes were
associated with this high boron response decoupling cellular response and plant physiology.

IRT1 is a root transporter which mediates the uptake of iron in epidermal cells from the soil
under iron-deficient conditions (Vert et al., 2002; Barberon et al., 2011). IRT1 is finely regulated
at the transcriptional level by low iron notably through the action of FIT and other bHLH
transcription factors (Vert et al., 2002; Vert et al., 2003; Séguéla et al., 2008; Sivitz et al., 2011).
IRT1 is also able to transport other metals, such as zinc, manganese, cobalt and cadmium (Eide
et al., 1996; Korshunova et al., 1999; Rogers et al., 2000; Vert et al., 2001; Vert et al., 2002).
However, iron is the primary substrate of the transporter as it is able to complement an irt1-1
knock-out mutant while the metals mentioned above failed to restore a normal phenotype and
are then considered as secondary substrates (Vert et al., 2002). IRT1 protein levels are tightly
regulated through both transcription and post-translational modification. Indeed, the multi-
monoubiquitination of IRT1 at lysine residues 154 and 179 in the large cytosolic loop of the
transporter is required for its constitutive internalization and recycling (Barberon et al., 2011).
Although IRT1 abundance at the plasma membrane is not affected by iron concentration, it
was subjected that the availability of non-iron substrates could affect the trafficking of IRT1
(Barberon et al., 2011; Zelazny et al., 2011). This hypothesis was at the basis of my thesis
project and will be further discussed in the next part.
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Context and objectives
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The major objective of Grégory Vert’s lab is to better understand the role(s) of K63 polyubiq-
uitination in plant endocytosis and to unravel new roles associated with this poorly-characterized
post-translational modification. Previous work from the group demonstrated for the first time
the existence of Ub-mediated endocytosis in plants, taking advantage of the root iron transporter
IRT1 as a model (Barberon et al., 2011). Following this pioneering work, two model PM proteins
were implemented in the lab to grasp further how Ub, and more specifically K63 polyUb, is used
to control the dynamics of these two PM proteins in the cell and its biological relevance. These
models are IRT1 and the plant steroid hormone receptor BRI1.

I joined the group to follow up on the Ub-mediated endocytosis of IRT1. IRT1 was previ-
ously demonstrated by former lab members (Marie Barberon and Enric Zelazny) to be multi-
monoubiquitinated on two lysine residues located in the large cytosolic loop of IRT1. At steady
state, this transporter is localized to TGN/EE compartments. However, work from previous
lab members unraveled the dynamic behavior of IRT1 between the cell surface and TGN/EE
as a consequence of the constant and rapid endocytosis and recycling of IRT1. Mutation of the
residues K154 and K179 into the non-ubiquitinatable arginine residues triggers accumulation of
IRT1 at the PM. Furthermore, transgenic plants expressing IRT1K154,179R displayed a dramatic
phenotype due to uncontrolled metal uptake, further indicating that the control of IRT1 protein
levels and localization by ubiquitination is critical for proper iron homeostasis of plant root cells
and the whole organism (Barberon et al., 2011). The availability of iron, which is the primary
substrate of IRT1, has no apparent impact on the localization or the levels of IRT1, questioning
the biological relevance of such a control by Ub-mediated endocytosis. IRT1 is a broad range
metal transporter able to uptake other highly reactive divalent metals such as zinc, manganese,
cobalt and cadmium (Eide et al., 1996; Korshunova et al., 1999; Rogers et al., 2000; Vert et al.,
2001; Vert et al., 2002), raising the possibility that these non-iron metals may control IRT1
post-translationally by ubiquitin-mediated endocytosis. A first evidence for the involvement of
non-iron metals in IRT1 dynamics came from observations made by Marie Barberon where IRT1
was shown to relocalize from early endosomal compartments to the outer polar PM domain fac-
ing the soil when secondary metal substrates of IRT1 are absent from the medium (Barberon
et al., 2014).

The first objective of my PhD was to precisely dissect the impact of Zn, Mn and Co in
the trafficking of IRT1 and to investigate deeper the relationship between non-iron metal nutri-
tion, IRT1 localization and its ubiquitination profile. I also focused on the identification of the
molecular mechanisms and actors involved in the metal-dependent Ub-mediated endocytosis of
IRT1. Although one of the goal was to identify E3 ligases interacting with IRT1 and driving
its response to non-iron metals, a paper reporting the characterization of the RING E3 ligase
IRON-DEGRADATION FACTOR 1 (IDF1) came out at the beginning of my PhD. I therefore
focused my attention on the potential role of IDF1 in the metal-triggered endocytosis of IRT1.
I also shed light on the role of a histidine-rich stretch in the large cytosolic loop of IRT1 as
potential direct metal-binding site, and the phosphorylation of IRT1.
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The vast majority of the results accumulated during my PhD have been combined in a
manuscript on which I am first author and that will serve as a basis for a submission within
the next few weeks/months depending on the results from final ongoing experiments, notably on
phosphorylation. This manuscript is presented in the fourth part of this thesis.

Marie Barberon also identified the FYVE domain-containing FYVE1 protein as interacting
with IRT1 in a yeast two-hybrid (Y2H) assay. Interestingly, the overexpression of FYVE1 led
to the loss of polarity of IRT1 in root epidermal cells, allowing to tackle for the first time the
functional relevance of outer polarity of transporters in the root epidermis for plant nutrition.
This work was published in Proceedings of the National Academy of Sciences of the United
States of America (PNAS) in 2014 in which I am the second author. Marie Barberon did most
of the experiments illustrated in the paper but I contributed to several experiments, as described
hereafter: I confirmed the localization of IRT1 at the outer polar domain at the PM in non-
iron metals depleted conditions (Fig. 8A and C), I also performed imaging of FYVE1-mCit in
response to Wm treatment (Fig. 10D and E), and I eventually imaged and quantified the FM4-64
uptake for wild-type and 35S::FYVE1 plants (Fig. 13D and E) to evaluate the possible impact
of FYVE1 on general endocytosis. Furthermore, I wrote an addendum to this paper published in
the journal Communicative and Integrative Biology (CIB) in 2015 to further discuss about the
close parallel between mammals and plants in polarity of transporters to ensure proper uptake
of nutrients. The PNAS and CIB articles are presented in two chapters of the third part of this
thesis.
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Polarity and dynamics of IRT1
mediate plant metal homeostasis
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1 Abstract
In plants, the controlled absorption of soil nutrients by root epidermal cells is critical for growth
and development. IRT1 is the main root transporter taking up iron from the soil, and is also
the main entry route in plants for potentially toxic metals such as manganese, zinc, cobalt, and
cadmium. Previous work demonstrated that the IRT1 protein localizes to early endosomes/trans-
Golgi network (EE/TGN) and is constitutively endocytosed through a monoubiquitin- and
clathrin-dependent mechanism. Here we show that the availability of secondary non-iron metal
substrates of IRT1 (Zn, Mn and Co) controls the localization of IRT1 between the outer po-
lar domain of the plasma membrane and EE/TGN in root epidermal cells. We also identify
FYVE1, a phosphatidylinositol-3-phosphate (PI3P)-binding protein recruited to late endosomes
(LE), as an important regulator of IRT1-dependent metal transport and metal homeostasis in
plants. FYVE1 controls IRT1 recycling to the plasma membrane and impacts the polar delivery
of this transporter to the outer plasma membrane domain. This work establishes a functional
link between the dynamics and the lateral polarity of IRT1 and the transport of its substrates,
and identifies a molecular mechanism driving polar localization of a cell surface protein in plants.

Significance Statement Plants take up iron from the soil using a broad spectrum trans-
porter named IRT1. IRT1 mediates influx of potentially toxic elements such as manganese,
zinc, cobalt and cadmium. We uncovered that the localization at the cell surface of IRT1 is
directly controlled by its secondary toxic substrates. When these metals are found at low levels
in soils, IRT1 is located at the plasma membrane in a polar fashion to face the soil. We identified
a lipid-binding protein recruited to endosomes that controls the dynamics and the polarity of
IRT1, and that plays an important role in the radial transport of metals. Altogether, our work
points to an unexpected mode of radial transport of iron towards vascular tissues involving efflux
transporters.

57



Polarization of IRT1 plays crucial role in metal homeostasis

2 Introduction
Iron is an essential element for virtually all organisms because it plays critical roles in life-
sustaining processes (Kobayashi and Nishizawa, 2012). Iron’s ability to gain and lose electrons
makes iron a cofactor of choice for enzymes involved in a wide variety of oxidation-reduction
reactions, such as photosynthesis, respiration, hormone synthesis, and DNA synthesis. This es-
sential role of iron is highlighted by the severe disorders triggered by iron deficiency, including
anemia in mammals or chlorosis in plants (Kobayashi and Nishizawa, 2012). Although abundant
in nature, iron is often available in limited amounts to plants because it is mostly found in rather
insoluble Fe(III) complexes in soils (Kobayashi and Nishizawa, 2012). The IRON-REGULATED
TRANSPORTER 1 (IRT1) root iron transporter from the model plant Arabidopsis thaliana
takes up iron from the soil upon iron deficiency (Vert et al., 2002). IRT1 is a major player in the
regulation of plant iron homeostasis, as attested by the severe chlorosis and lethality of an irt1-1
knockout mutant (Vert et al., 2002). Consistently, IRT1 gene is highly expressed in iron-starved
root epidermal cells which face the rhizosphere (Vert et al., 2002). The resultant IRT1-dependent
iron absorption allows proper growth and development under iron-limited conditions. Despite
its absolute requirement, iron reacts in cells with oxygen and generates noxious reactive oxygen
species that are deleterious for plant growth and development (Thomine and Vert, 2013). Cel-
lular and whole-organism iron homeostasis must therefore be strictly balanced. Moreover IRT1
also participates in the absorption of manganese, zinc, cobalt and industrial pollutants such as
cadmium and nickel (Eide et al., 1996; Korshunova et al., 1999; Nishida et al., 2011; Rogers
et al., 2000; Vert et al., 2001). As such, IRT1 is the main entry route for such potentially toxic
metals in iron-starved plants and in the food chain. Intricate regulatory networks control plant
responses to low iron conditions, and more specifically IRT1 gene expression. Several transcrip-
tion factors directly binding to the IRT1 promoter in root epidermal cells have been identified
and control its inducibility by low iron conditions (Colangelo and Guerinot, 2004; Jakoby et al.,
2004; Yuan et al., 2005; Wang et al., 2013). Other pathways including the cytokinin-mediated
root growth control and the stress hormone ethylene impinge on iron uptake by converging at
the level of the IRT1 promoter (Séguéla et al., 2008; Lingam et al., 2011). The integration of
these regulatory networks aims at providing enough iron to sustain growth and avoid detrimental
effects of iron overload. Recently, a post-translational control of IRT1 protein by ubiquitination
was identified (Kerkeb et al., 2008; Barberon et al., 2011). IRT1 protein was shown to localize to
Early Endosomes/trans-Golgi Network compartments (EE/TGN) as a result of monoubiquitin-
and clathrin-dependent endocytosis, and is targeted to the vacuole for degradation via late endo-
somes (LE) (Barberon et al., 2011). The ubiquitin-mediated endocytosis of IRT1 is mediated by
the IDF1 RING E3 ligase (Shin et al., 2013). IRT1 localization and ubiquitination however ap-
peared to be unaffected by the availability of its primary substrate iron (Barberon et al., 2011),
raising the question of the biological relevance of such post-translational control of IRT1. In
the present study we show that the availability in secondary non-iron metal substrates of IRT1
(i.e. Zn, Mn and Co) controls its localization between the outer polar domain of the plasma
membrane and EE/TGN in root epidermal cells. We identified a previously uncharacterized
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phosphatidylinositol-3-phosphate (PI3P)-binding protein recruited to LE, FYVE1, as an impor-
tant regulator of IRT1-dependent metal transport and metal homeostasis. FYVE1 controls IRT1
recycling to the plasma membrane and impacts the polar delivery of this transporter to the outer
plasma membrane domain. This work establishes a functional link between the dynamics and the
lateral polarity of IRT1 and the transport of its substrates, and identifies a molecular mechanism
driving outer polar localization of a cell surface protein in plants.
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3 Results and discussion
The root iron transporter IRT1 undergoes Ub-dependent endocytosis, although this process is not
regulated by the availability in iron, its primary substrate (Barberon et al., 2011). To get further
insight into the mechanisms driving IRT1 localization in EE/TGN, we tested the influence of the
secondary metal substrates of IRT1 by immunolocalization using anti-IRT1 specific antibodies
on plants constitutively expressing IRT1. Although IRT1 localized under standard conditions
to intracellular vesicles that we previously characterized as EE/TGN (Barberon et al., 2011),
depletion of non-iron metal substrates of IRT1 led to its accumulation at the cell surface of
root hairs (Fig. 8A). The EE/TGN identity was not altered by non-iron metal deficiency since
known EE/TGN markers failed to relocalize to the cell-surface under such growth conditions in
differentiated root cells where IRT1 is expressed (Fig. 9A) (Dettmer et al., 2006; Geldner et al.,
2009). These observations highlight the ability of potentially toxic non-iron metals transported
by IRT1 to specifically trigger its intracellular dynamics between the cell surface and EE/TGN.
The non-ubiquitinatable IRT1K154RK179R was found at the cell surface in the presence of metals,
as previously reported (Barberon et al., 2011), providing genetic evidence that the response to
the secondary substrates of IRT1 is likely mediated by Ub-mediated endocytosis (Fig. 8A).
Metal-dependent endocytosis appears as a protective mechanism to limit the absorption of the
secondary substrates of IRT1. Indeed, depletion of Mn for example from the medium alleviates
the deleterious consequences of IRT1K154RK179R expression (Fig. 8B). Under iron limitation
where IRT1 is strongly expressed, non-iron metals are readily available for transport by IRT1
and are heavily accumulated (Vert et al., 2002). In contrast, iron is not efficiently taken up due to
its low level and the necessity of reduction by the FRO2 reductase whose activity is limiting for
iron transport (Connolly et al., 2003). Taken together, these observations point to the existence
of multiple layers of regulation for IRT1 gene expression by metals. Iron indeed controls IRT1
transcription while its secondary non-iron metal substrates act at the post-transcriptional level,
as observed for Zn (Connolly et al., 2002), and at the post-translational level on the dynamics
of IRT1 protein.

We also monitored IRT1 localization in response to metals in root epidermal cells. Inter-
estingly, IRT1 accumulated under metal-depleted conditions at the outer polar domain of the
plasma membrane facing the rhizosphere (Fig. 8C). Quantification of IRT1 fluorescence, repre-
sented as the fluorescence profile across root epidermal cells (Fig. 9B) or as the ratio between
outer and inner plasma membrane fluorescence intensities (Fig. 8D), show a clear enrichment
of IRT1 in the outer plasma membrane domain. Lateral polarity in plant roots was described
first in rice for the As/Si transporters Lsi1, Lsi2 (Ma et al., 2007) and in Arabidopsis for the
boron transporter BOR4 (Miwa et al., 2007). Then an increasing number of transporters were
demonstrated to be laterally polarized in Arabidopsis roots such PDR8/PEN3, BOR1, NIP5;1,
PIS1/PDR9/ABCG37, and NRT2.4 (Strader and Bartel, 2009; Langowski et al., 2010; Alassi-
mone et al., 2010; Takano et al., 2010; Kiba et al., 2012). However, the molecular mechanisms
controlling lateral polarity are still unclear. To shed light on the mechanisms controlling IRT1
metal-dependent dynamics and its localization at the outer plasma membrane domain of root epi-
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Figure 8 – IRT1 localization to the outer polar domain in low metal conditions. (A) IRT1 immunolocal-
ization with anti-IRT1 antibodies on root hair cells of irt1-1, irt1-1/35S::IRT1, and irt1-1/35S::IRT1K154RK179R
plants grown 7 days in different metal conditions. MS/2 refers to standard plant growth medium containing metals.
Metal depleted conditions correspond to combined absence of Zn, Mn, and Co. Scale bar, 10µm. (B) Phenotype
of wild-type, irt1-1/35S::IRT1 and irt1-1/35S::IRT1K154RK179R plants grown on standard medium (MS/2), iron-
(-Fe) and manganese-depleted media (-Mn). (C) IRT1 immunolocalization with anti-IRT1 antibodies on root epi-
dermal cells of irt1-1, irt1-1/35S::IRT1, tamoxifen-induced DN-HUB1, and irt1-1/35S::IRT1K154RK179R plants
grown 7 days in different metal conditions. DN-HUB1 plants express an inducible dominant-negative clathrin
HUB and are defective in CME. Scale bar, 10µm. Red and green arrows mark the inner and outer plasma
membrane domains of root epidermal cells (PMin and PMout) used for quantification of polarity profiles (Fig.
9B). (D) Quantification of the outer/inner polarity ratios in root epidermal cells. Data represents the mean ±SE
(n=10). Different letters indicate means that were statistically different by one-way ANOVA and Tukey’s multiple
testing method (P < 0.05). Ratio = 1 indicates apolar plasma membrane localization, or non-plasma membrane
localization in the case of wild-type plants, ratio < 1 indicates inner localization and ratio >1 indicates outer
localization.
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Figure 9 – Metal-dependent dynamics and polar localization of IRT1. (A) Confocal microscopy imaging
of the EE/TGN markers VTI12-YFP and VHAa1-GFP in differentiated root cells of plants grown in control or
metal-depleted conditions. Scale bar, 10µm. (B) Quantification of polarity profiles across epidermal cells (Fig.
8C). Data represent the best fitted curve corresponding to independent immunofluorescence experiments (n=10).
(C) Confocal imaging of BRI1-mCitrine and BRI1-mCitrine/DN-HUB1-RFP. DN-HUB1 is induced by tamoxifen
treatment prior to BFA application. The overlay between the yellow (BRI1-mCitrine) and red (DN-HUB1-RFP)
channels is shown. Scale bar, 30µm.

dermal cells, we investigated the localization of the non-ubiquitinatable IRT1K154RK179R mutant
version. IRT1K154RK179R localized to the outer polar domain in the presence of metals, similar
to what is observed with wild-type IRT1 under non-iron metal depleted conditions (Fig. 8C and
D; Fig. 9B). We previously demonstrated that IRT1 accumulates at the cell-surface in root hair
cells when clathrin-mediated endocytosis (CME) is impaired (Barberon et al., 2011). Inhibition
of CME in root epidermal cells, due to tamoxifen-inducible expression of a dominant-negative
clathrin form, led to the redistribution of IRT1 at the outer plasma membrane domain (Fig.
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8C and D; Fig. 9B). The same DN-HUB1 line prevented the accumulation of the BRI1 steroid
hormone receptor in endosomal aggregates triggered by the fungal toxin brefeldin A (BFA) upon
induction, ensuring that DN-HUB1 effectively inhibited CME (Fig. 9C). These results indicate
that the presence of IRT1 in the outer plasma membrane polar domain is established indepen-
dently of IRT1 ubiquitination and CME.

To identify factors involved in the control of IRT1 localization, we performed a yeast-two-
hybrid screen using the hydrophilic cytosolic loop of IRT1 as bait. This screen identified several
clones of an uncharacterized FYVE domain-containing protein named FYVE1 (Fig. 10A) (van
Leeuwen et al., 2004). Expression analyses confirmed that FYVE1 transcripts are found in
roots, similar to IRT1, although not regulated by iron starvation (Fig. 11A). To further confirm
the protein-protein interaction between FYVE1 and IRT1, we first generated transgenic plants
expressing FYVE1-mCitrine in the wild-type background. Using anti-GFP antibodies, FYVE1-
mCitrine was immunoprecipitated from wild-type or FYVE1-mCitrine iron-deficient plants where
IRT1 is expressed. The presence of IRT1 was only observed in immunoprecipitates from FYVE1-
mCitrine (Fig. 10B), attesting that both proteins are able to interact in vivo.

FYVE domains have been reported to recognize PI3P, leading to recruitment of FYVE
domain-containing proteins to EE and LE (Burd and Emr, 1998; Gaullier et al., 1998; Gaullier
et al., 2000; Vermeer et al., 2006). To assess whether FYVE1 binds to PI3P, we performed lipid
overlay analyses using in vitro-transcribed/translated FYVE1-FLAG. FYVE1 interacted with
PI3P, in agreement with previous reports on FYVE domain-containing proteins, as well as other
acidic phospholipids although to a lesser extent (Fig. 10C). Confocal microscopy imaging of
FYVE1-mCitrine showed that FYVE1 protein is found in the nucleus, the cytosol and in intra-
cellular vesicles that may correspond to LE in root tip cells (Fig. 11B) as well as in differentiated
root cells (Fig. 10D), although more difficult to visualize due to the large central vacuole. We
further investigated FYVE1 localization in differentiated epidermal cells where IRT1 is expressed,
as well as in root tip cells since they allow easy visualization of intracellular compartments, are
readily accessible to drug and dye treatments and have been extensively characterized (Jaillais
and Gaude, 2007). The recruitment of FYVE1 to LE was confirmed by its sensitivity to the in-
hibitor of PI3-kinase Wortmannin, which creates homotypic fusion and swelling of LE (Fig. 10E;
Fig. 11C) (Jaillais et al., 2006). Consistently, FYVE1-mCitrine showed colocalization with the
LE marker RabF2a (Fig. 10F and H; Fig. 11D and F) and the PI3P-recruited and LE-localized
2xFYVEHRS (Fig. 10G and H; Fig. 11E and F). Altogether those results demonstrate that IRT1
interacts with the LE-recruited and PI3P-binding protein FYVE1.

To functionally characterize FYVE1, we isolated the publicly available pst18264 RIKEN
insertion line hereafter named fyve1-1. This line carries the DS transposon in the first exon
of the FYVE1 gene. We repeatedly failed to identify homozygous fyve1-1 knock-out mutants
in the progeny of fyve1-1 heterozygous plants, suggesting that the corresponding mutation is
likely lethal at the homozygous state. Consistently, fyve1-1 segregating mutants produced about
26% of seeds that failed to germinate, corresponding to the ratio expected for plants segregat-
ing a recessive mutation impairing germination (Tab. 1). Genetic complementation of fyve1-1
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Figure 10 – FYVE1 interacts with IRT1 and PI3P and is recruited to late endosomes. (A) Yeast
two hybrid screening using IRT1 as bait identified FYVE1. The interaction is revealed by the activation of HIS3
transcription and growth on -HIS medium. (B) Co-immunoprecipitation analyses between FYVE1-mCitrine and
IRT1 in iron-deficient roots. (C) Lipid binding assays of in vitro transcribed/translated FYVE1 protein. LPA,
lysophosphatidic acic; LPC, lysophosphatidylcholine; PI, phosphatidylinositol; PI3P, PI-3-phosphate; PI4P, PI-4-
phosphate; PI5P, PI-5-phosphate; PE, phosphatidylethanolamine; PC, phosphatidylcholine; S1P, sphingosine-1-
phosphate; PI3,4P2, PI-3,4-bisphosphate; PI3,5P2, PI-3,5-bisphosphate; PI4,5P2, PI-4,5-bisphosphate; PI3,4,5P3,
PI-3,4,5-triphosphate; PA, phosphatidic acid; PS, phosphatidylserine. (D) Localization of FYVE1-mCitrine fusion
protein in differentiated root cells. Scale bar, 10µm. (E) Sensitivity of FYVE1-mCitrine trafficking to Wortmannin
(Wm) in differentiated root cells. Scale bar, 10µm. (F-G) Colocalization of FYVE-mCitrine with the late
endosomal marker RabF2a-mCherry (F) and 2xFYVEHRS-mCherry (G) in differentiated root cells. Arrows
show an example of colocalization. Scale bar, 10µm. (H) Quantification of FYVE1 colocalization with the
late endosomal markers RabF2a and 2xFYVEHRS. Colocalization of punctate structures was quantified in 10
cells from the F1 progeny from crosses between parental lines FYVE1-mCitrine and marker lines RabF2a and
2xFYVEHRS. Data represents the mean ±SE.
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Figure 11 – Characterization of FYVE1 localization. (A) Quantitative RT-PCR analyses monitoring
FYVE1 (left panel) and IRT1 (right panel) expression in roots of wild-type plants. Experiments were performed
using 10-d-old plants transferred for 3 d in iron-sufficient (+Fe) or iron-deficient (-Fe) conditions. Results are
presented as mean ±SD from 3 to 4 batches of 30 seedlings. (B) Confocal microscopy imaging of FYVE1-
mCitrine plants in root tip cells. Scale bar, 25µm. The inset is shown on the right panel. (C) Sensitivity of
FYVE1-mCitrine trafficking to Wortmannin (Wm) in root tip cells. Arrows show an example of a wortmannin
compartment. Scale bar, 10µm. The inset is shown on the right panel. (D-E) Colocalization of FYVE-mCitrine
with the late endosomal marker RabF2a-mCherry (D) and 2xFYVEHRS-mCherry (E) in root tip cells. Scale bar,
5µm. (F) Quantification of FYVE1 colocalization with the late endosomal markers RabF2a and 2xFYVEHRS.
Colocalization of punctate structures was quantified in 10 cells from the F1 progeny from crosses between parental
lines FYVE1-mCitrine and marker lines RabF2a and 2xFYVEHRS. Results are presented as mean ±SE.

was carried out by crossing heterozygous fyve1-1 mutant with a monoinsertional segregating line
constitutively expressing Ubi10::FYVE1. The progeny now only showed 6.9% of seeds that failed
to germinate, matching the expected segregation of 6.25% for plants carrying the homozygous
fyve1-1 mutation and that do not possess transgenic FYVE1 (Tab. 1). Homozygous fyve1-1
mutants carrying Ubi10::FYVE1 were also recovered in the progeny (Fig. 13A), further high-
lighting the genetic complementation of fyve1-1 by FYVE1. Overall, this clearly demonstrates
that the loss-of-function mutation in the FYVE1 gene is the direct cause of fyve1-1 lethality.
Since the onset of IRT1 expression is at 3 days after germination, we cannot use fyve1-1 to
address the biological role of FYVE1 in iron homeostasis. We therefore generated transgenic
plants constitutively expressing FYVE1 under the control of the strong 35S promoter, leading
to overaccumulation of FYVE1 transcripts in transgenic plants (Fig. 13B). Such plants showed
no phenotype when grown in the presence of iron in the medium (Fig. 12A and B). When
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Figure 12 – FYVE1 overexpression leads to iron deficiency and impaired transport of IRT1 sub-
strates. (A) Phenotype of wild-type (WT), two independent 35S:FYVE1 and two independent 35S::2xFYVEHRS
transgenic lines grown 5 days in +Fe (upper panel) or in -Fe (bottom panel). (B) Root length of 5-old-day wild-
type (WT), 35S::FYVE1 and 35S::2xFYVEHRS grown in + or -Fe. Results are presented as mean ±SD (n=20).
Statistical differences were calculated by one-way ANOVA. Different letters indicate means that were statistically
different by Tukey?s multiple testing method (P < 0.05). (C) Metal content determined by ICP-MS on roots
of 7-day old plants grown in + or -Fe. Results are presented as mean ±SD from 3 to 4 batches of 30 seedlings.
Statistical differences were calculated by one-way ANOVA. Different letters indicate means that were statistically
different by Tukey’s multiple testing method (P < 0.05) for genotypes within a given growth condition (+Fe or
-Fe).

grown on iron-depleted media, 35S::FYVE1 plants displayed shorter roots than wild-type (Fig.
12A and B), a hallmark of iron-deficient plants. The hypersensitivity of 35S::FYVE1 plants
to low iron conditions is abolished when plants are grown on medium containing Wortmannin
(Fig. 13C), indicating that PI3P is necessary for the role of FYVE1 in iron homeostasis. Plants
overexpressing the well-established PI3P-binding 2xFYVEHRS reporter showed wild-type sensi-
tivity to low iron, attesting the specific involvement of FYVE1 in plant responses to low iron
(Fig. 12A and B) (Vermeer et al., 2006). To further evaluate the biological role of FYVE1 in
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Figure 13 –Genetic characterization of FYVE1. (A) Phenotype of 3-week-old wild type (WT), heterozygous
fyve1/FYVE1 and homozygous fyve1/fyve1 carrying Ubi10::FYVE1 transgene (upper panel). The genotypes of
the photographed plants were verified by PCR-based genotyping (lower panel). Genotyping was performed for
the endogenous gene (G), for the T-DNA (T) and for the transgene (Tr). (B) Quantitative RT-PCR analyses
monitoring FYVE1 (left) and IRT1 (right) expression in roots of wild-type and two 35S::FYVE1 independent
transgenic lines. Experiments were performed using 10-d-old plants grown in MS/2. Results are presented as mean
±SD from 3 to 4 batches of 30 seedlings. (C) Root length of 7-old-day wild-type (WT) and two independent
transgenic lines of 35S:FYVE1 grown in +Fe or ?Fe conditions with various concentrations of Wortmannin.
Results are presented as mean ±SD (n?8). Different letters indicate means that were statistically different by
one-way ANOVA and Tukey’s multiple testing method (P < 0.05). (D) FM4-64 internalization assays. 7-day-old
wild-type and 35S::FYVE1 plants were treated with FM4-64, rinsed and imaged every 5 minutes after treatment.
Representative images of FM4-64 signals obtained in root tip cells (upper panel) and differentiated root cells
(bottom panel) after twenty five minutes are shown. Scale bar, 10µm. (E) Quantification of FM4-64 internalization
on root tip cells (top) and differentiated root cells (bottom). Results are represented as mean ±SE (n=10).
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Parental genotype Germinated(%) Ungerminated(%) n χ2 p-value
WT 97.7 2.3 176
fyve1/FYVE1 70.9 29.1 617 2.628 0.019*
fyve1/FYVE1 Ubi10::FYVE1 +/- 91.8 9.2 455 2.634 0.011*
fyve1/FYVE1 (corrected) 73.2 26.8 617 0.390 0.373
fyve1/FYVE1 Ubi10::FYVE1 +/- (corrected) 93.1 6.9 455 0.037 0.729

Table 1 – fyve1-1 germination phenotype and genetic complementation. Segregation of the progeny
phenotypes (germinated:ungerminated) were corrected for the germination defect of wild-type (WT) Nossen eco-
type and evaluated with the chi-square goodness-of-fit test by using 3:1 segregation as a null hypothesis for fyve1
and 15:1 segregation as a null hypothesis for fyve1 Ubi10::FYVE1. Chi-square values (χ2) and corresponding
p-value are indicated. * indicates significant difference (P < 0.05).

metal homeostasis, we determined the metal content of both wild-type and 35S::FYVE1 plants
by Inductively-Coupled Plasma Mass Spectrometry (ICP-MS). Under metal replete conditions,
both wild-type and 35S::FYVE1 plants showed comparable metal accumulation profile (Fig.
12C). When grown in the absence of iron, however, 35S::FYVE1 roots accumulated slightly less
Fe and showed significantly reduced levels of non-iron IRT1 substrates. As a control, we moni-
tored accumulation of boron that is not transported by IRT1 and observed no difference between
the two genotypes (Fig. 12C).

The fact that 35S::FYVE1 showed hypersensitivity to low iron growth conditions and reduced
accumulation of metals transported by IRT1 prompted us to investigate IRT1 expression in both
wild-type and 35S::FYVE1 plants. FYVE1 -overexpressing plants accumulated wild-type levels
of IRT1 protein (Fig. 14A), indicating that the phenotypes displayed by 35S::FYVE1 plants
are not explained by lower accumulation of IRT1 transporter. We then analyzed IRT1 protein
localization by immunolocalization to highlight possible defects in IRT1 localization. Wild-type
plants grown in the absence of iron showed strong accumulation of IRT1 in EE/TGN, as previ-
ously reported (Barberon et al., 2011), while FYVE1-overexpressors readily accumulated IRT1 at
the plasma membrane in a non-polar fashion (Fig. 14B). The ratio of plasma membrane fluores-
cence intensity out/in is 1 for both genotypes (Fig. 14C), although corresponding to intracellular
EE/TGN and apolar plasma membrane localization respectively. However, quantification of flu-
orescence profiles across root epidermal cells clearly argues for IRT1 accumulating at the plasma
membrane in a non-polar fashion in 35S::FYVE1 plants (Fig. 14B). FYVE1 overexpression there-
fore affects IRT1 localization between the plasma membrane and EE/TGN as well as its polarity
on the plasma membrane. The presence of IRT1 at the cell-surface in 35S::FYVE1 transgenic
plants is not explained by a defect in general endocytosis since both wild-type and 35S::FYVE1
show comparable internalization of the endocytic tracer FM4-64 in both root tip and differenti-
ated cells (Fig. 13D and E). Taken together, these observations suggest that FYVE1 acts more
on the recycling of IRT1 from endosomal compartments back to the plasma membrane.

The polar localization of PIN proteins at the apico-basal domain of root cells requires clear-
ance from the PM by endocytosis involving clathrin (Dhonukshe et al., 2007; Kitakura et al.,
2011), retargeting to and retention at the polar domain (Kleine-Vehn and Friml, 2008; Kleine-
Vehn et al., 2011). Similarly, possible tyrosine-based motives have been involved in the lateral
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Figure 14 – FYVE1 overexpression leads to apolar IRT1 accumulation at the cell surface. (A) IRT1
protein accumulation in roots of 7-day-old wild-type (WT) and 35S::FYVE1 independent transgenic lines grown
in presence (+) or in absence (-) of Fe. Total protein were extracted and analyzed by western bolt with anti-IRT1
antibodies. (B) IRT1 immunolocalization with anti-IRT1 antibodies, in differentiated roots of wild-type (WT)
and 35S::FYVE1 plants grown in Fe deficient conditions. Scale bar, 10µm. Red and green arrows mark the inner
and outer plasma membrane domains of root epidermal cells (PMin and PMout), respectively. Quantification of
polarity profiles across corresponding epidermal cells is shown below each panel and represents the best fitted
curve from independent immunofluorescence experiments (n=10). (C) Quantification of the outer/inner polarity
ratios in differentiated root epidermal cells. Data represents the mean ±SE (n=10). Statistical differences were
calculated by one-way ANOVA. Different letters indicate means that were statistically different by Tukey’s multiple
testing method (P < 0.05). Ratio = 1 indicates apolar localization or non-plasma membrane localization in the
case of wild-type plants, ratio < 1 indicates inner localization and ratio >1 indicates outer localization.

polarity of BOR1, suggesting a role for endocytosis dependent on clathrin in this process (Takano
et al., 2010). CME appears not to be required for IRT1 polarization, as evidence by the lateral
polarity of IRT1 in DN-HUB1 transgenic plants (Fig. 8C and D; Fig. 9B). Our work rather
points to role for the LE-recruited PI3P-binding FYVE1 protein in the recycling of IRT1 from
endosomal compartments. Although the ability of LE to function in recycling have been debated
in the recent years (Niemes et al., 2010; Viotti et al., 2010), the presence of vacuolar sorting re-
ceptors (Tse et al., 2004) and retromer subunits (Oliviusson et al., 2006) in LE suggest a function
as a recycling compartment (Foresti and Denecke, 2008; Jaillais et al., 2008; Otegui and Spitzer,
2008). Overexpression of FYVE1 may therefore misroute IRT1 beyond the outer polar plasma
membrane domain on its way back to the cell surface.

We previously reported that IRT1 mis-localization at the plasma membrane, resulting from
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impaired ubiquitination of IRT1, leads to severe growth defects and oxidative stress due to metal
toxicity (Barberon et al., 2011). In this particular case, IRT1K154RK179R showed lateral polarity,
as observed for endogenous IRT1 protein (Fig. 8C and D; Fig. 9B). We now observe that the
apolar presence of IRT1 at the cell surface leads to metal deficiency (Fig. 12, Fig. 14B and C).
A possible explanation is that, although accumulating at the plasma membrane in 35S::FYVE1,
IRT1 has decreased transport activity. Impaired metal transport may for example result from
IRT1 being localized to different membrane subdomains in 35S::FYVE1, or lacking a partner or
post-translational modification required for full transport activity. Alternatively, a tantalizing
hypothesis is that the polarity of IRT1 is critical for proper radial transport of metal in the root.
We demonstrated that the vast majority of iron is taken up by root epidermal cells (Vert et al.,
2002). Whether iron is transported from epidermal cells to underlying cortical cells symplasmi-
cally using cell-cell connections called plasmodesmata or via efflux transporters remains elusive.
Our observations showing that IRT1 polarity is critical for iron and metal homeostasis suggest
that these metals exit root epidermal cells using efflux transporters rather than the symplasmic
route. The loss of polarity would result in IRT1 working against such efflux transporter, leading to
radial transport defects within the root and thus impaired metal accumulation. This is supported
by several studies based on dye-coupling approaches showing that differentiated root epidermal
and root hair cells of several plant species including Arabidopsis thaliana are symplasmically iso-
lated from neighboring cells (Erwee and Goodwin, 1985; Duckett et al., 1994). Although one can
argue that dyes used in these studies may have a larger radius than many hydrated ions, most
highly-reactive metals appear to be chelated to various organic molecules (i.e. nicotianamine,
citrate) and metallochaperones in the cell (Puig and Peñarrubia, 2009; Kobayashi and Nishizawa,
2012). Altogether, the lack of symplasmic transport between epidermal and underlying cortical
cells, associated to the specific requirement for a polar localization of IRT1 strongly suggest that
iron and metals transported by IRT1 exits epidermal cells using efflux transporters. Homologs
of mammalian metal efflux transporters from the IREG/ferroportin family have already been
described in Arabidopsis and play a role in metal homeostasis (Schaaf et al., 2006; Morrissey
et al., 2009). Whether such proteins play a role in iron and metal exit from epidermal cells will
have to be addressed in the future.

In plants, the necessity of a functional interface between the root and the soil is obvious,
but virtually nothing is defined. Here, we demonstrated that the localization of the IRT1 root
iron transporter is dynamically controlled between the EE/TGN and the cell surface by its
potentially toxic secondary substrates to avoid non-iron metal toxicity. In addition, we identified
a novel endosomal-recruited protein controlling not only the localization but also the polarity
of IRT1, and thus establishing the functional link between lateral polarity of a transporter and
transport of its substrate. Finally, our work also opens the door to a better understanding on
the establishment of polarity for other proteins targeted to the outer plasma membrane domain
and acting as nutrient and hormone transporters or mediators of pathogen defense (Ma et al.,
2007; Miwa et al., 2007; Strader and Bartel, 2009; Langowski et al., 2010; Takano et al., 2010;
Kiba et al., 2012).

70



Polarization of IRT1 plays crucial role in metal homeostasis

Name Use Sequence (5’ to 3’)
FYVE1 F Construct GGGAGCTCATGCAACAGGGAGATTACAATTCG
FYVE1 R Construct GCGGATCCTCAATGTGCGCTAACGAGGAAAGG
FYVE1attB1 Construct GGGGACAAGTTTGTACAAAAAAGCAGGCTGGGCCATGCA
FYVE1attB2 Construct GGGGACCACTTTGTACAAGAAAGCTGGGTCATGTGCGCTA
qFYVE1 F qRT-PCR CGTCTGGTTTGAGGGAAGGAT
qFYVE1 R qRT-PCR CGGGTAGGAAGATCAATGTGC
IRT1 F qRT-PCR CGGTTGGACTTCTAAATGC
IRT1 R qRT-PCR CGATAATCGACATTCCACCG
Clathrin F qRT-PCR AGCATACACTGCGTGCAAAG
Clathrin R qRT-PCR TCGCCTGTGTCACATATCTC
EI511 Genotyping GCGACATCACTAAACCC
EI512 Genotyping AACCCAC CAACATAAGAAC
Ds5-2a Genotyping TCCGTTCCGTTTTCGTTTTTTAC
CK150 Genotyping GGACGATCCATTAGCTTTT
EI2 Genotyping GGGGACCACTTTGTACAAGAAAGCTGGGT

Table 2 – List of primers used in this article.

4 Methods

4.1 Materials and growth conditions
Wild-type and the various transgenic lines used in this study were grown in sterile conditions
on vertical plates at 21◦C with 16-h light/8-h dark cycles, as previously described (Séguéla
et al., 2008). For expression analyses, plants were cultivated in the conditions described above
for 7 d and then transferred on iron-sufficient (50 µM Fe-EDTA) or iron-deficient (300 µM
Ferrozine [3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine sulfonate], a strong iron chelator) medium
for an additional 3 d. For immunolocalization studies, iron starvation was applied by directly
germinating seeds on half-strength Murashige and Skoog (MS) medium lacking exogenous iron
to preserve root integrity. All reagents were purchased from Sigma-Aldrich. The irt1-1, irt1-
1/35S::IRT1, irt1-1/35S::IRT1K154RK179R, dominant negative clathrin hub DN-HUB1, RabF2a-
mCherry, 2xFYVEHRS-mCherry, 2xFYVEHRS, BRI1-mCitrine, VHAa1-GFP and VTI112-YFP
lines were described in previous studies (Vert et al., 2002; Barberon et al., 2011; Dettmer et al.,
2006; Geldner et al., 2009; Vermeer et al., 2006; Dhonukshe et al., 2007; Jaillais et al., 2011; Simon
et al., 2014). The fyve1-1 insertion mutant (pst18264, Nossen ecotype) was isolated from the
RIKEN collection. Genotyping of fyve1-1 was carried out with the primers listed in the Table
2. The FYVE1 open reading frame was cloned into pCHF3 binary vector under the control
of 35S promoter, or recombined by multisite Gateway technology to generate Ubi10::FYVE1-
mCitrine in the pB7m34GW binary vector. For lipid binding assays, FYVE1 was recombined in
pTnT GW-HF, a gateway compatible in vitro transcription/translation vector carrying a FLAG
tag (Nito et al., 2013).
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4.2 Yeast Two-Hybrid Screen
A fragment of the IRT1 cDNA, encoding the cytosolic loop of IRT1 (amino acids 146-194),
was cloned into the pGBKT7 vector (Clontech) and transformed in the AH109 yeast strain, as
described previously (Barberon et al., 2011). The resulting yeast cells were then transformed
with plasmid DNAs derived from the CD4-10 Arabidopsis cDNA library prepared with roots and
shoots of 4-week-old plants. Approximately 106 transformants were screened for activation of the
HIS3 and LacZ reporters. Positive clones were sequenced, and interesting candidates in which
GAL4AD was in frame with the corresponding cDNA were rescued. Candidate clones isolated
from the screen were then individually retransformed in yeast cells expressing GALDB alone or
the GAL4DB-IRT1 prey fusion for confirmation.

4.3 Lipid overlay assays
Lipid binding assays were performed using PIP Strips (Echelon). PIP strips were blocked in 1x
TBS, 0.1% Tween 20, and 5% fatty acid free BSA and then incubated overnight at 4◦C in vitro
transcribed/translated FYVE1-FLAG using reticulocytes (Promega). Next, the PIP strips were
washed with 1x TBS, 0.1% Tween 20, incubated with anti-FLAG antibodies (1:2000 in blocking
solution) for 1 h at room temperature, washed with 1xTBS, 0.1% Tween 20, and then incubated
with anti-rabbit HRP secondary antibodies (1:1000) for 1 h at room temperature. Finally,
the PIP strips were washed with 1x TBS, 0.1% Tween 20 before developing with enhanced
chemiluminescent reagent.

4.4 Immunolocalization
Whole-mount Immunolocalization experiments were performed as described (Barberon et al.,
2011).

4.5 Imaging
FM4-64 (Invitrogen) was applied at a concentration of 5 µM; Cycloheximide (Sigma-Aldrich)
was applied at a concentration of 100 µM for 1 hour prior to treatment with BFA; BFA and
Wortmannin (Sigma-Aldrich) were applied at a concentration of 50 µM and 33 µM for 1 hour in
liquid medium, respectively. Imaging was performed on an inverted Leica SP2 and Zeiss 700 con-
focal microscopes. The percentage of FYVE1-mCitrine dotted structures showing overlap with
RabF2a-mCherry or 2xFYVEHRS-mCherry was manually determined. Induction of DN-HUB1
was performed with 2µM 2-hydroxytamoxifen for 24 hours. For polarity profiles epidermal cell
width was normalized and fluorescence intensity determined across cells with ImageJ. Intensity
values as a function of distance were plotted for each experiment, and the moving average applied
to the scatterplot. The ratios between outer (PMout) and inner (PMin) plasma membrane do-
mains were determined with ImageJ. For FM4-64 internalization assays, z-stacks encompassing
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the whole cell volume were acquired every 5 minutes until internalization is observed. Three in-
dependent experiments obtained 25 minutes after FM4-64 addition were analyzed using ImageJ.
To better visualize the endosomes, images were treated with the Difference of Gaussian filter and
the number of FM4-64-positive endosomes in a cell was quantified on the treated images using
the 3D Object Counter plugin of ImageJ.

4.6 Elemental analyses
Tissues were desorbed by washing for 10 min with 2 mM CaSO4 and 10 mM EDTA and then
rinsed for 5 min with deionized water. Samples were dried at 80◦C for 2 d. For mineralization,
tissues were digested completely (1?3 h) in 70% (vol/vol) HNO3 at 120◦C. Elemental analyses
were performed by ICP-MS.

4.7 RNA Extraction and Real-Time Quantitative PCR
Total RNA was extracted using TRIzol reagent (Invitrogen) and purified using the RNeasy
MinElute Cleanup Kit (Qiagen) after DNase treatment (Qiagen). The integrity of DNA-free
RNA was verified by agarose gel electrophoresis, and an equal amount of total RNA (2 µg) was
used for RT with anchored oligo(dT23). Real-time PCR was performed exactly as previously
described (Séguéla et al., 2008), using gene-specific and control primers. The experiments were
done in three biological replicates, with each containing two technical replicates.

4.8 Protein Extraction and Western Blot Analysis
Western blot analyses of IRT1 were performed on total proteins exactly as previously described
(Séguéla et al., 2008; Barberon et al., 2011). Immunodetection of mCitrine was performed using
the same protocol, but using the HRP-coupled GFP antibodies (Miltenyi Biotech).

4.9 Immunoprecipitation
Roots of plants cultivated in the conditions described above were subjected to immunoprecip-
itation as previously described (Jaillais et al., 2011), and following manufacturer’s instruction
(Miltenyi Biotech).
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1 Abstract
Plasma membrane proteins play pivotal roles in mediating responses to endogenous and envi-
ronmental cues. Regulation of membrane protein levels and establishment of polarity are funda-
mental for many cellular processes. In plants, IRON-REGULATED TRANSPORTER 1 (IRT1)
is the major root iron transporter but is also responsible for the absorption of other divalent
metals such as manganese, zinc and cobalt. We recently uncovered that IRT1 is polarly local-
ized to the outer plasma membrane domain of plant root epidermal cells upon depletion of its
secondary metal substrates. The endosome-recruited FYVE1 protein interacts with IRT1 in the
endocytic pathway and plays a crucial role in the establishment of IRT1 polarity, likely through
its recycling to the cell surface. Our work sheds light on the mechanisms of radial transport
of nutrients across the different cell types of plant roots towards the vascular tissues and raises
interesting parallel with iron transport in mammals.

2 Discussion
Because plants are fixed to a specific location, they have to constantly monitor and quickly
respond to environmental changes. In particular, nutrient uptake must be tightly controlled
to optimize plant growth and development to nutrient availability in soils. This is achieved in
part by a tight regulation of transporter levels at the cell surface. In addition, many nutrient
transporters driving the uptake of nutrient from the soil are polarly localized in root epidermal
cells and enriched in the outer plasma membrane domain facing the soil. Lateral polarity of
plasma membrane transporters has been previously demonstrated in rice for the Low silicon rice
1 (Lsi1) silicon influx channel and the Low silicon rice 2 (Lsi2) silicon exporter localized at the
outer and the inner polar domain of the plasma membrane, respectively (Ma et al., 2006; Ma
et al., 2007). The radial transport of boron across the root of the model plant Arabidopsis thaliana
involves the boric acid channel NIP5;1, which is laterally polarized at the outer domain of the
plasma membrane of root epidermal cells, and the borate efflux transporter BOR1 localized at
the inner polar domain of root cells (Takano et al., 2010). Such lateral polarity is believed to be
important for the radial transport of nutrients across cells found between the root epidermis and
the vascular tissues, although no clear demonstration currently exists in the literature. Recently,
we identified the mechanisms driving the dynamics and the polarity of IRON-REGULATED
TRANSPORTER 1 (IRT1), a metal iron transporter involved in iron acquisition from the soil
and that also transports highly reactive metal substrates such as Zinc (Zn), Manganese (Mn),
Cobalt (Co) and Cadmium (Cd) (Rogers et al., 2000; Vert et al., 2001; Vert et al., 2002). IRT1 is
found at the outer polar plasma membrane domain of root epidermal cells, but exclusively when
plants are grown in the absence of its secondary metal substrates (Fig. 15A) (Barberon et al.,
2014).

In the presence of such metals, IRT1 undergoes internalization from the plasma membrane
into early endosomes/trans-Golgi network (EE/TGN) (Fig. 15B) (Barberon et al., 2011; Bar-
beron et al., 2014). IRT1 ubiquitin-mediated endocytosis requires monoubiquitination of two
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cytosolic lysine residues and the IRT1 DEGRADATION FACTOR 1 (IDF1) RING-type E3
ubiquitin ligase (Barberon et al., 2011; Shin et al., 2013). This mechanism is crucial to limit the
overaccumulation of noxious heavy metals through IRT1 and for the control of metal homeosta-
sis (Barberon et al., 2011; Zelazny et al., 2011; Barberon et al., 2014), as plants expressing the
non-ubiquitinatable IRT1K154RK179R form rapidly die of metal overload. In parallel, we identified
the endosomal FYVE1 protein as an IRT1 partner in vivo. Interestingly, Arabidopsis plants over-
expressing FYVE1 accumulate IRT1 at the cell surface in an apolar fashion, making of FYVE1
an important regulator of IRT1 polarity and a great tool to investigate the role of transporter
polarity in nutrient distribution (Fig. 15C) (Barberon et al., 2014). FYVE1 -overexpressing
plants show hypersensitivity to low iron content and decreased metal content, although harbor-
ing wild-type levels of IRT1 protein. Altogether, these observations point to a defect in the radial
transport of metals associated with the loss of IRT1 polarity.

Once taken up by root epidermal cells through IRT1, iron has to travel through the root

Figure 15 – Trafficking and lateral polarity of IRT1 in plant root epidermal cells. (A) IRT1 (red) is
expressed in root epidermal cells and localized at the outer polar domain of the plasma membrane when grown in
the absence of its non-iron metal substrates, i.e. zinc, manganese and colbalt, or in standard conditions for the
non-ubiquitinatable IRT1K154K179R mutant form. (B) IRT1 localizes to the early endosome/trans-Golgi network
in standard growth conditions, i.e. in the presence of its secondary metal substrates Zn, Mn and Co. (C) IRT1
accumulates at the cell surface in an apolar fashion upon overexpression of endosomal FYVE1 protein.
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Figure 16 –Model of radial transport of iron in plant roots. In plants, iron absorption from the rhizosphere
is mediated by IRT1 (red). A putative efflux transporter (blue) is likely located at the inner polar domain of the
plasma membrane to allow iron exit from root epidermal cells.

cortex, the endodermis - including the Casparian strip, a physical barrier blocking the apoplastic
flow - and the pericycle where it is released in the vasculature through the FERROPORTIN
1 (FPN1) (Morrissey et al., 2009). The fact that the loss of IRT1 polarity impairs the radial
transport of iron and metals suggests that metals don’t travel through the plant cell-cell com-
munications called plasmodesmata. This idea is further supported by the loss of symplasmic
connection between differentiated root epidermal cells, where IRT1 is expressed, and underlying
cortical cells (Duckett et al., 1994). We can therefore hypothesize that efflux transporters polar-
ized to the inner plasma membrane domain of root epidermal cells are required for the exit of
iron from epidermal cells (Fig. 16). How iron and metals are then transported into underlying
cortical cells remains an open question. Several multigenic families of metal transporters able
to transport metal ions or metal-chelates are found in the Arabidopsis genome (Kobayashi and
Nishizawa, 2012). Deciphering the identity of the metal transporters driving the radial movement
of metals between the different root cell types represents a major challenge in our understand-
ing of the physiology of plant nutrition. This will notably require a careful investigation of the
expression territories and subcellular localization of these different metal transporters.
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The mechanisms of iron nutrition in plants share similarities with the well-known absorption
and transport of iron in mammals. In enterocytes, DIVALENT METAL TRANSPORTER 1
(DMT1) is the major iron influx transporter driving dietary iron absorption from the lumen of
the duodenum (Anderson and Vulpe, 2009). DMT1 is polarized at the apical domain of the
enterocyte (Anderson and Vulpe, 2009). Working in concert with DMT1, the efflux transporter
FPN1 is localized to the basal plasma membrane domain of enterocytes and is responsible for iron
secretion in the bloodstream (Donovan et al., 2000). Interestingly, DMT1 is also regulated by an
ubiquitin-dependent mechanism. DMT1 ubiquitination involves WWP2, a HECT-type ubiquitin
ligase of the Nedd4 family and Ndfip1/2, that constitute adaptors of this E3 ligase (Foot et al.,
2008; Howitt et al., 2009). In contrast to animals that possess a single cell type to perform the
influx of iron from the duodenum and efflux into the bloodstream, plants have several cell layers
and probably many transporters at stake between the root epidermis and the vascular tissues.
This greatly increases the complexity of iron transport and has greatly hampered our ability to
decipher the precise molecular and physiological mechanisms of plant iron nutrition.

Our work opens new field of investigation on the establishment of lateral polarity of plasma
membrane proteins and on the physiology of radial transport of nutrients in plant roots. Taking
animals as a source of inspiration may be motivating but plant specificities, including numerous
cell types to cross before reaching the vasculature and a polarized epithelia located deeper inside
the root, must be obviously considered to fully grasp the mechanisms involved in plant nutrition.
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1 Abstract
Plants take up iron from the soil using the IRON-REGULATED TRANSPORTER 1 (IRT1)
iron transporter expressed in root epidermis, at the interface with the rhizosphere. Sophisticated
transcriptional networks regulate the levels of the root iron uptake machinery, ensuring optimal
absorption of iron which is essential for plant growth. Additional post-translational mechanisms
controlling the levels of IRT1 in root epidermal cells and critical for proper metal homeostasis
recently emerged. In Arabidopsis thaliana, IRT1 is indeed internalized from the cell surface to
trans-Golgi Network/early endosomes (TGN/EE) following the multi-monoubiquitination of two
lysine residues located in its large cytosolic loop. However, the molecular mechanisms driving
the ubiquitin-mediated endocytosis of IRT1 and its biological relevance remains unclear. Here,
we uncovered that IRT1 dynamics is controlled by the highly reactive secondary metal substrates
aspecifically transported by IRT1 (zinc, manganese and cobalt). Increasing non-iron metal sub-
strate availability triggers both an increase in the pool of ubiquitinated IRT1 and an extension
of multi-monoubiquitination into lysine 63-linked polyubiquitin chains, leading to IRT1 degrada-
tion in the vacuole. This process is dependent on the IRT1-interacting E3 ubiquitin ligase IDF1.
We also demonstrate that direct metal binding to a histidine-rich stretch and phosphorylation
of IRT1 are required for the metal-dependent and K63 polyubiquitin-mediated degradation of
IRT1 and proper plant responses to metal excess. Altogether, the transcriptional and post-
translational regulations of IRT1 by its different metal substrates are integrated to optimize iron
uptake while limiting the transport of highly reactive and potentially harmful metals.
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2 Introduction
Plants are fixed organisms that have to constantly monitor their outside environment and adjust
their growth and development for survival (Vert and Chory, 2011). The acquisition of nutrients
from the soil is absolutely essential for plant development. Among them, iron is of the utmost
importance because of its ability to change redox states, making it an indispensable co-factor
in electron transport chains and catalytic processes (Balk and Schaedler, 2014). This essential
role of iron is highlighted by the severe disorders promoted by its deficiency such as anemia
in mammals and chlorosis in plants (Briat et al., 2015). Despite its absolute necessity, iron is
also noxious when present in excess since it reacts with oxygen further generating toxic reactive
oxygen species (ROS) that interfere with proper plant development (Thomine and Vert, 2013).
As such, iron homeostasis has to be tightly regulated within cells. Although abundant in nature,
iron is often poorly available in soils because it is found in rather insoluble ferric complexes
in soils (Brumbarova et al., 2014). Dicotyledonous plants, such as the model plant Arabidopsis
thaliana, rely on a multistep iron uptake strategy involving rhizosphere acidification, reduction of
iron and transport (Curie and Briat, 2003). Soil acidification results from the combined action of
the AHA2 H+-ATPase and secreted organic acids, and increases the solubility of ferric iron (Jin
et al., 2007a; Santi and Schmidt, 2009; Schmid et al., 2014). Ferric iron is then reduced into
ferrous iron by the root epidermis-expressed ferric chelate reductase FRO2 before uptake by the
ferrous iron transporter IRT1 (Eide et al., 1996; Robinson et al., 1999; Vert et al., 2002). Iron is
then radially distributed in the root using a coupled-transcellular pathway, at least between the
epidermis and the cortex (Barberon et al., 2014), before reaching the vasculature. Loading of
iron into the xylem sap and distribution to shoots requires the pericycle- and xylem parenchyma-
localized FRD3 citrate effluxer (Green and Rogers, 2004).

Iron transport into root peripheral cells by IRT1 is critical for proper plant nutrition and
establishment of iron homeostasis. An irt1 loss-of-function mutant is severely chlorotic and dies
early in development, unless fertilized with massive amounts of iron (Vert et al., 2002). To meet
the plant demand in iron, the root iron uptake machinery is regulated at the transcriptional
level by iron starvation. The activity of both FRO2 and IRT1 promoters is strongly and rapidly
induced upon iron limitation by direct binding of the heterodimer between FIT and two subgroup
Ib bHLH transcription factors (Colangelo and Guerinot, 2006; Yuan et al., 2008; Sivitz et al.,
2012). The acquisition of iron from the soil is highly integrated at the level of IRT1 transcription.
IRT1 expression is controlled diurnally (Vert et al., 2003). In addition, the circadian clock
regulates the transcription and mRNA accumulation of each of these IRT1, FER1 - which encodes
a plant iron storage protein named ferritin - and bHLH39 iron homeostasis genes (Hong et al.,
2013). Iron status also affects the circadian period length, indicating that the iron homeostasis
network is not only an output of the circadian clock but that iron status is a nutritional input that
modulates the pace of the clock (Hong et al., 2013). A linear relationship between increased iron
deficiency and period lengthening further suggests a finely tuned response mechanism (Salomé
et al., 2013). This mechanism was not observed for copper, zinc or manganese implying that not
all nutrients act as clock inputs (Chen et al., 2013; Salomé et al., 2013).
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IRT1 is repressed at the transcriptional level by exogenous addition of cytokinins (CKs)
or abscissic acid (ABA) (Séguéla et al., 2008). In contrast, upon ethylene signaling, direct
interaction between EIN3/EIL1 and FIT led to an accumulation of the latter thereby increasing
the expression level of IRT1 in planta (Lingam et al., 2011).

IRT1 served for many years as model to deconstruct the mechanisms driving iron deficiency
responses in plants. More recently, IRT1 became one of the reference plant plasma membrane
protein to study the intricate mechanisms of endocytosis and endosomal trafficking in plants
and its interplay with plant nutrition (Barberon et al., 2011; Shin et al., 2013; Barberon et al.,
2014; Ivanov et al., 2014). Multi-monoubiquitination was shown to control the internalization
of IRT1 from the cell surface to the trans-Golgi network/early endosomes (TGN/EE) (Barberon
et al., 2011). A non-ubiquitinatable IRT1 variant, in which two lysine residues (K159 and
K174) are mutated in arginines, accumulates to the outer plasma membrane domain facing
the soil, and yields uncontrolled metal uptake leading to plant death (Barberon et al., 2011).
The IDF1 RING E3 ligase interacts with IRT1 and proposed to destabilize IRT1 protein in the
cell (Shin et al., 2013). The ubiquitin-mediated endocytosis of IRT1 therefore appears as a crucial
mechanism controlling the distribution of IRT1 in the cell by endocytosis and iron uptake. The
FYVE1/FREE1 protein is recruited to late endosomes (LE) via phosphatidylinositol-3-phosphate
binding, and was shown to directly interact with IRT1 and ubiquitin (Barberon et al., 2014; Gao
et al., 2014). FYVE1/FREE1 is incorporated in the Endosomal Sorting Complex Required
for Transport (ESCRT) complex (Gao et al., 2014), required for the sorting and the vacuolar
targeting of endocytosed proteins (Hurley, 2008). Surprisingly, interference with FYVE1/FREE1
expression leads to apolar localization of IRT1 at the plasma membrane and is associated with
impaired radial transport of metals in the root. This greatly contrasts with the outer lateral
polarity observed when ubiquitination or clathrin-mediated endocytosis are impaired (Barberon
et al., 2014), and indicates that endosomal sorting of IRT1 is essential for its proper partitioning
in the cell. Retrieval of IRT1 from endosomes and recycling to the cell surface also requires the
SNX1 protein (Ivanov et al., 2014).

Neither the levels, nor the endocytosis of IRT1 are regulated by iron availability (Barberon
et al., 2011), raising the question about the biological relevance of IRT1 ubiquitination. Although
ubiquitin-mediated endocytosis of IRT1 may control constitutive turnover of the protein, it
is very likely that this is regulated by a signal/stimulus to fine tune plant nutrition. IRT1
is a broad-spectrum divalent metal transporter, involved in the uptake of iron but also zinc,
manganese, cobalt and cadmium (Eide et al., 1996; Korshunova et al., 1999; Rogers et al., 2000;
Vert et al., 2001; Vert et al., 2002). As such, IRT1 is the main entry route for these highly
reactive and potentially toxic metals in plants and in the food chain. The deficiencies in Zn,
Mn and Co observed in irt1 however do not contribute to its chlorosis and growth defects (Vert
et al., 2002). This indicates that iron is the primary substrate of this transporter, and non-iron
metals only secondary substrates resulting from its lack of selectivity. In the present study,
we demonstrate that IRT1 undergoes ubiquitin-mediated endocytosis in response to excess of
its non-iron metal substrates (i.e., Zn, Mn and Co). Whereas multi-monoubiquitination drives
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IRT1 internalization from the cell surface to TGN/EE in a constitutive manner, non-iron metal
excess triggers extension of these single ubiquitin moieties into K63 polyubiquitin chains in
endosomes and vacuolar targeting of IRT1. This metal-dependent destabilization of IRT1 is
mediated by the E3 ubiquitin ligase IDF1. We also provide biochemical and genetic evidence
that non-iron metals are directly sensed by a histidine-rich stretch in IRT1 protein, triggering
the phosphorylation and IDF1-mediated K63 polyubiquitination of IRT1 upon metal stress.
Altogether the dual regulation of IRT1 at the transcriptional and post-translational levels by its
different metal substrates are integrated to maximize iron uptake while limiting the absorption
of highly reactive and potentially toxic non-iron metals.
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3 Results

3.1 Generation of a functional fusion of IRT1 with a fluo-
rescent protein

The subcellular localization of IRT1 protein in plant cells was previously investigated by im-
munofluorescence analyses in Arabidopsis roots using anti-IRT1 antibodies (Barberon et al.,
2011; Barberon et al., 2014) or using transient expression of a translational IRT1 fusion with
Green Fluorescent Protein (GFP) in tobacco (Vert et al., 2002; Ivanov et al., 2014). To ob-
tain a better spatial and temporal resolution on IRT1 localization and dynamics in plant root
cells, we generated a stable transgenic Arabidopsis line expressing IRT1 protein fused to the
Yellow Fluorescent Protein variant mCitrine. The mCitrine (mCit) fluorescent tag was inserted
at the N- or C-terminus of IRT1, and the corresponding IRT1-mCit fusion proteins were ex-
pressed under the control of IRT1 promoter in the irt1-1 loss-of-function mutant. irt1-1 shows
severe chlorosis due to impaired iron uptake from the soil unless watered with massive amount
of iron (Vert et al., 2002). Neither N- nor C-terminal fusions of IRT1 to mCitrine appeared to
be functional, as attested by the lack of complementation of irt1-1 (data not shown). Insertion
of the mCitrine in cytosolic and extracellular loops of IRT1 also yielded non-functional fusions,
except when mCitrine was inserted between the predicted signal peptide and the first transmem-
brane domain of IRT1 protein (hereafter called IRT1-mCit) (Fig. 18A). The IRT1 promoter
drove IRT1-mCit expression in the root epidermis in response to iron deficiency, consistent with
previous reports (Vert et al., 2002), including in peripheral cells from the meristem and in the
lateral root cap (Fig. 18B).

3.2 Local metal availability regulates IRT1 subcellular lo-
calization

The metal transport spectrum of IRT1 is broad, and includes iron, manganese, zinc, cobalt and
cadmium (Eide et al., 1996; Korshunova et al., 1999; Rogers et al., 2000; Vert et al., 2001; Vert
et al., 2002). Among these metals, the primary substrate of IRT1 is iron, as attested by the sole
complementation of irt1-1 lethal phenotype by iron fertilization (Vert et al., 2002). Previous
work suggested the existence of a post-translational regulation of IRT1 by non-iron metals such
as Zn, Mn and Co that are secondary substrates of the transporter (Zelazny et al., 2011; Barberon
et al., 2014). To get further insight into the regulation of IRT1 by its non-iron metal substrates,
we grew IRT1-mCit-expressing plants on media lacking iron to activate the IRT1 promoter,
and containing different concentrations of all three metals combined. Under physiological non-
iron metal provision found in half-strength Murashige and Skoog medium (Murashige and Skoog,
1962), IRT1-mCit protein is found at the plasma membrane in a polar manner and in intracellular
vesicles (Fig. 17A), which likely correspond to TGN/EE where IRT1 was previously found by
immunofluorescence (Barberon et al., 2011). When IRT1-mCit-expressing plants were grown
in the combined absence of Zn, Mn and Co, IRT1-mCit mostly accumulated at the cell surface
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Figure 17 – IRT1 trafficking is regulated by its non-iron substrates in a local environment
(A) Confocal microscopy analyses of irt1-1/IRT1::IRT1-mCit plants grown in iron-deficient conditions with low
levels of non-iron metal substrates of IRT1 (Zn, Mn, Co ; -Fe -Metals), physiological concentrations of non-iron
metals (Zn, Mn, Co ; -Fe +Metals), or subjected to a 2d non-iron metal excess (Zn, Mn, Co ; -Fe +++Metals).
Representative images are shown. Scale bars = 10 µm. (B) Quantification of plasma membrane and intracellular
signal intensities of IRT1-mCit from experiments performed as in (A). Experiments were carried out in triplicates
on stacks encompassing epidermal cells at the root tip. Error bars represent s.d. (n=18). The asterisks indicate
significant differences (Mann-Whitney, P<0.0001). (C) Subcellular localization of irt1-1/IRT1::IRT1-mCit in
response to 2d treatment with physiological concentrations of non-iron metals (-Fe +Metals), combined non-iron
metal excess (-Fe +++Metals), or separate non-iron metal oversupply (-Fe +++Zn, Mn, or Co). Representative
images are shown. Scale bars = 10 µm. (D) Ratio between plasma membrane and intracellular fluorescence signal
intensities of irt1-1/IRT1::IRT1-mCit from experiments performed as in (C). Experiments were carried out in
triplicates on stacks encompassing epidermal cells at the root tip. Error bars represent s.d. (n=18). The asterisks
indicate significant differences (Mann-Whitney, P<0.0001) (E) Split-root experiments of irt1-1/IRT1::IRT1-mCit
plants transferred for 2d to a plate with one half containing physiological concentrations of non-iron metals (-Fe
+Metals) and one half containing non-iron metal excess (-Fe +++Metals). Representative images are shown.
Scale bars = 10 µm. (F) Ratio between plasma membrane and intracellular fluorescence signal intensities of
split-root-grown irt1-1/IRT1::IRT1-mCit plants as in (E). Experiments were carried out in triplicates on stacks
encompassing epidermal cells at the root tip. Error bars represent s.d. (n=18). The asterisks indicate significant
differences (Mann-Whitney, P<0.0001).

(Fig. 17A and B). To evaluate the influence of non-iron metal excess on IRT1-mCit localization,
we transferred 10-day-old plants grown under standard metal conditions for 2 days in a medium
containing a 10-fold excess of Zn, Mn and Co. These conditions triggered depletion of IRT1-mCit
from the plasma membrane and accumulation in large intracellular vesicles (Fig. 17A and B).
This metal-dependent change in localization is specific of IRT1-mCit since other root cell surface
proteins, such as the boron transporter BOR4, failed to respond (Fig. 18C). To decipher the

87



Integrated control of plant metal uptake

Figure 18 – Functional fusion of IRT1 with a fluorescent mCit tag. (A) Phenotypic analyses of irt1-1 KO
mutant, WS accession (WT) and irt1-1/IRT1::IRT1-mCit (irt1-1/IRT1-mCit). Scale bars = 1cm. (B) Confocal
microscopy analyses of irt1-1/IRT1::IRT1-mCit (IRT1-mCit) grown for 12d in iron-sufficient or iron-deficient
media. Scale bars (top and center) = 100 µm and scale bar (bottom) = 10 µm. (C) Confocal microscopy analyses
of 35S::BOR4-GFP (Kasai et al., 2011) grown for 12d in iron-deficient media and transferred on iron-deficient
with physiological (-Fe +Metals) or an excess of secondary substrates of IRT1 (-Fe +++Metals). Scale bars =
10 µm.

nature of the non-iron metal driving the change in IRT1-mCit localization, we added a ten-fold
excess of Zn, Mn and Co separately. Both Zn and Mn excess triggered the depletion of IRT1-
mCit from the cell surface and an accumulation in intracellular vesicles, whereas Co had very
little effect at the concentrations used (Fig. 17C and D).

The transcriptional activation of IRT1 gene expression by iron starvation responds to shoot-
borne systemic starvation signals. Split-root experiments, where only half of the root system is
subjected to iron deficiency, indeed revealed the ability of plants to express IRT1 in the iron-
replete half of the root system (Vert et al., 2003). To investigate whether the signals triggering
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the retrieval of IRT1 from the cell surface are of local or systemic nature, we carried out split-root
approaches in which half of the root system was challenged with a combined excess of non-iron
metal excess. Interestingly, IRT1 was depleted from the plasma membrane and accumulated in
intracellular vesicles only in the half subjected to metal excess (Fig. 17E and F), indicating that
IRT1 is locally regulated at the post-translational level by metals.

3.3 Non-iron metals change the fate of IRT1 protein
To evaluate the nature of the subcellular compartments associated with IRT1, we co-localized
IRT1-mCit with several endocytic marker proteins upon various metal regimes. When plants were
grown in the presence of physiological concentrations of non-iron metals, the intracellular pool of
IRT1-mCit protein strongly co-localized with Vha-a1, a TGN/EE marker (Dettmer et al., 2006).
Consistently, very little overlap was observed between IRT1-mCit and the RabF2a late endosomal
marker (Fig. 19A and B) (Geldner et al., 2009). Two days of metal excess redistributed IRT1-
mCit in the cell, with a decrease of the cell-surface and early endosomal pools of IRT1. Rather
IRT1-mCit was mostly found associated with late endosomal compartments, as visualized by the
strong overlap with RabF2a (Fig. 19A and B). The removal of IRT1 from the cell surface and
the shift in IRT1 localization to the late endosomal compartments likely reflects a change into
IRT1 degradative fate.

The metal-dependent change in IRT1 localization observed after 2 days of metal excess
actually occurred within hours of high metal level exposure. A metal excess of a few hours was
indeed sufficient to deplete IRT1 from the cell surface (Fig. 19C and D). To confirm that IRT1
is targeted to the vacuole upon metal excess, we took advantage of dark growth conditions that
impair the lytic activity of the vacuole and allow visualization of vacuolar targeted fluorescent
proteins (Tamura et al., 2003). Plants expressing IRT1-mCit grown under standard conditions
showed weak vacuolar fluorescence after 4h of darkness, whereas plants subjected to non-iron
metal excess displayed dramatically enhanced fluorescence in the vacuole traducing an increased
degradation of the protein (Fig. 19C and D).

To better visualize the degradation of IRT1 upon metal stress, we sought to follow the
accumulation of IRT1-mCit protein over time after transfer to metal excess by western blot.
Since non-iron metals compete with iron for uptake by IRT1, they interfere with IRT1 promoter
activity (Fig. 20A). To avoid interference of non-iron metals with IRT1 levels, we generated
transgenic plants expressing the functional IRT1-mCit fusion under the control of the strong
and constitutive CaMV35S promoter in wild-type plants (Fig. 20B). Metal excess led to a rapid
internalization and degradation of constitutively-expressed IRT1-mCit protein and degradation,
as visualized by the drop in IRT1-mCit levels (Fig. 19E and G) with no change in IRT1-mCit
mRNA (Fig. 20C).
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Figure 19 – IRT1 is degraded in response to its non-iron substrates. (Legend continued on next page.)
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Figure 19 – IRT1 is degraded in response to its non-iron substrates (continued). (A) Co-localization
between irt1-1/IRT1::IRT1-mCit and markers from the TGN/EE (Vha-a1-RFP) and LE (RabF2a-mCherry)
after a transfer for 2d in physiological (-Fe + Metals) or non-iron metal excess conditions (-Fe +++Metals).
Representative images are shown. Scale bars = 10µm. (B) Quantification of the co-localization between IRT1-
mCit and endosomal markers from the same experiments as (A). The center of mass of each particle was used to
determinate the percentage of coincidence. Experiments were carried out in triplicates on stacks encompassing
epidermal cells at the root tip. Error bars represent s.d. (n=18). The asterisks indicate significant differences
(Mann-Whitney, P<0.0001). (C) Sensitivity of irt1-1/IRT1::IRT1-mCit to dark growth conditions. Light grown
seedlings were incubated in the dark for 4h in physiological (-Fe + Metals) or non-iron metal excess conditions
(-Fe +++Metals) conditions. Representative images are shown. Scale bars = 10µm. (D) Vacuolar fluorescence
intensity upon darkness treatment performed as in (C). Experiments were carried out in triplicates. Error bars
represent s.d. (n=18). The asterisks indicate significant differences (Mann-Whitney, P<0.0001). (E) Confocal
microscopy analyses of 35S::IRT1-mCit in response to physiological (-Fe +Metals) or to metal excess conditions
(-Fe +++Metals). Representative images are shown. Scale bars = 10µm. (F) Western-blot analyses on 35S::IRT1-
Cit-expressing plants in response to (-Fe +Metals) or to non-iron metal excess conditions (-Fe +++ Metals) using
anti-GFP and anti-tubulin antibodies.. Stain free staining was used as a supplemental control of charge. A
representative blot is shown.

3.4 Metal-dependent ubiquitin-mediated endocytosis of IRT1
in response to metal excess

The ubiquitination of plant plasma membrane proteins has recently been shown to drive their
endocytosis (Kasai et al., 2011; Barberon et al., 2011; Leitner et al., 2012; Barberon et al., 2014;
Martins et al., 2015). More specifically, we previously demonstrated that IRT1 is ubiquitinated in
vivo on two lysine residues (K154 and K179) and that IRT1 ubiquitination is not regulated by iron
nutrition (Barberon et al., 2011). The metal-dependent endocytosis of IRT1 led us to investigate
the influence of non-iron metal nutrition on IRT1 ubiquitination. To avoid interference of non-
iron metal substrates on IRT1-mCit levels, we first used plants constitutively-expressing IRT1-
mCit as described above. Immunoprecipitation of IRT1-mCit from plants grown in standard
conditions or subjected to a 2-hour-metal excess were enriched for IRT1-mCit (Fig. 21A). When
probed with the P4D1 general anti-ubiquitin antibodies, IRT1-mCit immunoprecipitates showed
a high molecular weight smear that is typical of ubiquitinated proteins. However, the pool of
ubiquitinated IRT1-mCit protein appeared more intense and larger after non-iron metal excess,
indicating that metal stress triggers IRT1 ubiquitination (Fig. 21A). The same pattern was also
observed using plants expressing IRT1-mCit driven by the IRT1 promoter (Fig. 22B).

To investigate deeper the role of ubiquitination in IRT1 endocytosis, we generated trans-
genic lines expressing the non-ubiquitinatable IRT12KR mutant version, carrying the K154R and
K179R substitutions (previously called IRT1K154RK179R ; Barberon et al., 2011), fused to mCit
in the irt1-1 mutant background. Expression of IRT12KR-mCit complemented the chlorosis and
growth defects of irt1-1, indicating that it is fully functional (Fig. 22A). IRT12KR-mCit protein
was found at the plasma membrane upon standard conditions, consistent with previous results
(Fig. 21B) (Barberon et al., 2011; Barberon et al., 2014). Interestingly, IRT12KR-mCit failed to
be endocytosed upon metal excess (Fig. 21B and C), indicating that responses to non-iron metals
requires ubiquitination of lysine residues K154 and K179. The loss of ubiquitination for several
plant cargos has been associated with vacuolar targeting defects and forced recycling rather than
impaired internalization from the cell surface (Kasai et al., 2011; Leitner et al., 2012; Martins
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Figure 20 – Generation of a constitutive Col0/35S::IRT1-mCit line. (A) IRT1-mCit mRNA accumula-
tion of irt1-1/IRT1::IRT1-mCitrine plants grown for 12d in iron-deficient conditions with ten-fold less non-iron
substrates of the transporter (-Fe -Metals) or 10d in iron-deficient conditions (-Fe +Metals) subjected or not to
a transfer in a medium containing a ten-fold increase of Zn, Mn and Co (-Fe +++Metals) for 2d. (B) Confocal
microscopy analyses of Col0/35S::IRT1-mCit (IRT1-mCit) plants grown for 7d in iron-deficient conditions with
ten-fold less non-iron substrates of the transporter (-Fe -Metals) or in iron-deficient conditions (-Fe +Metals)
subjected or not to a transfer in a medium containing a ten-fold increase of Zn, Mn and Co (-Fe +++Metals)
for 2h. Scale bars = 10µm. (C) IRT1-mCit mRNA accumulation of Col0/35S::IRT1-mCit plants grown for 7d in
iron-deficient conditions with ten-fold less non-iron substrates of the transporter (-Fe -Metals) or in iron-deficient
conditions (-Fe +Metals) subjected or not to a transfer in a medium containing a ten-fold increase of Zn, Mn
and Co (-Fe +++Metals) for 2h, 4h or 6h as described in Figures 2E and 2G. (D) Quantification of the signal
intensity of images taken in Figure 2E.

et al., 2015). To decipher where ubiquitination and metals act on the endocytic trafficking of
IRT1, plants expressing IRT1- or IRT12KR-mCit were treated with the fungal drug Brefeldin A
(BFA), which creates an aggregation of endocytosed proteins in so-called BFA bodies, in the
absence of de novo protein synthesis. While wild-type IRT1-mCit largely accumulated in BFA
bodies, IRT12KR-mCit appeared completely insensitive to BFA indicating that ubiquitination of
residues K154 and K179 is essential for retrieving IRT1 from the cell surface (Fig. 21D).
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Figure 21 – IRT1 is ubiquitinated in response to metal excess and this regulation drives its en-
docytosis. (A) In vivo ubiquitination analyses of IRT1 in response to non-iron metals. Immunoprecipitation
was performed using anti-GFP antibodies on solubilized protein extracts from wild-type and mono-insertional
homozygous 35S::IRT1-mCit plants and subjected to immunoblotting with anti-Ub P4D1 (top) and anti-GFP
(bottom). A representative blot is shown. IB, immunoblotting; IP, immunoprecipitation; +, -Fe +Metals; +++,
-Fe +++Metals. (B) Confocal microscopy analyses of irt1-1/IRT1::IRT1-mCit and irt1-1/IRT1::IRT12KR-mCit
grown in iron-deficient conditions with low non-iron metals (-Fe -Metals), physiological non-iron metals (-Fe
+Metals), or transferred for 2h to a ten-fold increase of non-iron metals (-Fe +++Metals). Representative images
are shown. Scale bars = 10µm. (C) Ratio between plasma membrane and intracellular fluorescence signal inten-
sities of IRT1-mCit from experiments performed as in (B). Experiments were carried out in triplicates on stacks
encompassing epidermal cells at the root tip. Error bars represent s.d. (n=18). The asterisks indicate significant
differences (Mann-Whitney, P<0.0001). No significant difference was observed for irt1-1/IRT1::IRT12KR-mCit in
the three different metal conditions. (D) Sensitivity of irt1-1/IRT1::IRT1-mCit and irt1-1/IRT1::IRT12KR-mCit
plants to BrefelfinA (BFA). Plants were pretreated with 100 µM cycloheximide (CHX) for 1h and exposed to 100
µM CHX and 50 µM BFA for 4h. Representative images are shown. Scale bars = 10 µm.

3.5 The IDF1 RING E3 ligase drives the metal dependent
K63 polyUb-mediated endocytosis of IRT1

The ubiquitination of IRT1 requires the IDF1 RING E3 ligase (Shin et al., 2013). Notably, the
idf1-1 loss-of-function mutant appeared to be defective in IRT1 ubiquitination and accumulated
more IRT1 protein. However, the biological role of IDF1 remains unclear since the ubiquitination
of IRT1 was thought to be constitutive (Barberon et al., 2011). The metal-dependent ubiquiti-
nation of IRT1 uncovered in the present study now provides a possible role for IDF1 in mediating
plant responses to non-iron metal stress. We therefore scored the root length of wild-type and
idf1-1 loss-of-function mutant plants on media containing standard or metal excess conditions.
Wild-type plants showed slightly decreased root length when grown in the presence of non-iron
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Figure 22 – Functional fusion of IRT12KR-mCit and ubiquitination status of irt1-1/pIRT1::IRT1-
mCit in response to metals. (A) Phenotypic analyses of irt1-1 KO mutant, WS accession (WT), irt1-
1/IRT1::IRT1-mCit (irt1/IRT1-mCit) and irt1-1/IRT1::IRT1K154,179R-mCit (irt1/IRT12KR-mCit).. Scale bars
= 1cm. (B) In vivo ubiquitination analyses of IRT1 in response to different 2h-non-iron-metals treatments.
Immunoprecipitation was performed using anti-GFP antibodies on solubilized protein extracts from wild-type
and mono-insertional homozygous irt1-1/IRT1::IRT1?mCit plants and subjected to immunoblotting with anti-
Ub P4D1 (top) and anti-GFP (bottom). IB, immunoblotting; IP, immunoprecipitation; +, -Fe +Metals; +++,
-Fe +++Metals.

metal excess compared to standard conditions. In contrast, idf1-1 showed increased sensitivity to
metal stress, as attested by the strong reduction in root length observed in the presence of metal
excess (Fig. 23A and B). Although clearly hypersensitive to the oversupply of IRT1 secondary
metal substrates, idf1-1 displayed longer roots than wild-type plants likely resulting from other
roles of IDF1. The hypersensitivity of idf1-1 to metal excess was accompanied with greater leaf
content in Zn, Mn and Co compared to wild-type plants (Fig. 24A). Consistently, IRT1 protein
accumulated at higher levels in idf1-1 than in wild-type plants in response to non-iron metal
excess, with no change in mRNA accumulation (Fig. 23C; Fig. 24B). When expressed in the idf1
mutant background, IRT1-mCit was unable to relocate to endosomal compartments in response
to non-iron metals and was still found at the cell surface (Fig. 23E and F). This was associated
with a strong reduction of IRT1-mCit ubiquitination in idf1 upon metal stress (Fig. 23G).

To further examine how IDF1 and non-iron metal excess regulate IRT1 ubiquitination, we
took advantage of the Apu3 anti-ubiquitin antibodies, which show specificity towards K63 polyu-
biquitin chains. K63 polyubiquitination indeed controls the endocytosis of plant plasma mem-
brane proteins (Kasai et al., 2011; Leitner et al., 2012; Martins et al., 2015; Johnson and Vert,
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Figure 23 – IDF1 mediates the K63 polyUb-mediated endocytosis of IRT1 in response to metal
excess. (A) Phenotypic analyses of 7d-old wild-type (WT) and idf1-1 seedlings grown in ?Fe +Metals (+) or
?Fe +++Metals (+++) conditions. Representative images are shown. Scale bars = 5mm. (B) Root length
quantification of plants grown as in (A). Experiments were carried out in triplicates. Error bars represent s.d.
(n=40). The asterisks indicate significant differences (Mann-Whitney, P<0.0001). (C) Western-blot analyses of
plants cultivated as described in (A), using anti-IRT1 antibodies. Stain free staining was used as a loading control.
(D) Confocal microscopy analyses of irt1-1/IRT1::IRT1-mCit and idf1-1/IRT1::IRT1-mCit grown in ?Fe +Metals
(+) for 12d and subjected or not to a 2h-short-term-metal-treatment (-Fe +++Metals, +++). Representative
images are shown. Scale bars = 10µm. (E) Quantification of IRT1-mCit plasma membrane and intracellular
fluorescence signal intensities in experiments performed as in (D). Experiments were carried out in triplicates on
stacks encompassing epidermal cells at the root tip. Error bars represent s.d. (n=15). The asterisks indicate
significant differences (Mann-Whitney, P<0.0001). No significant difference was observed for idf1-1/IRT1::IRT1-
mCit in the different metal conditions (F) In vivo ubiquitination analyses of IRT1. Immunoprecipitation was
performed using anti-GFP antibodies on solubilized protein extracts from wild-type (WT) and mono-insertional
homozygous irt1-1/IRT1::IRT1-mCit and idf1-1/IRT1::IRT1-mCit plants and subjected to immunoblotting with
anti-Ub P4D1 (top), anti-K63-polyUb Apu3 (center) and anti-GFP (bottom) antibodies. IB, immunoblotting;
IP, immunoprecipitation; +, -Fe +Metals; +++, -Fe +++Metals.
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Figure 24 – Non-iron metals overaccumulation in the idf1-1 mutant background. (A) Zn, Mn and Co
content analyses by atomic absorption spectrometry of 7d old seedlings described in Fig. 4A. Experiments were
carried out in triplicates. Error bars represent s.d. (n=3). The asterisks indicate significant differences between
?Fe +Metals (+) and ?Fe +++Metals (+++) (Mann-Whitney, P<0.0001). (B) IRT1 mRNA accumulation from
plants described in Figure 4A.

2016), and is known in yeast and mammals to be critical for intracellular sorting and lyso-
somal/vacuolar targeting (Lauwers et al., 2009; Lauwers et al., 2010; Huang et al., 2013). A
high molecular weight smear was observed for IRT1-mCit upon metal oversupply, suggesting
that IRT1 is K63 polyubiquitinated in vivo. Strikingly, no smear was detected for IRT1-mCit
when expressed in idf1 background, indicating that IDF1 is the E3 ligase responsible for the
K63 polyubiquitination of IRT1 in planta (Fig. 23G). Taken together, these results indicate
that IDF1 mediates IRT1 endocytosis and vacuolar sorting through K63 polyubiquitin-chains in
response to metal excess.

3.6 IRT1 phosphorylation mediates its IDF1 dependent K63
polyubiquitination in response to metals

To better understand the mechanism by which non-iron metals trigger the recruitment of IDF1
and the K63 polyubiquitination-dependent vacuolar targeting of IRT1, we assessed whether IRT1
was phosphorylated in response to metals. Phosphorylation of the substrate or the E3 ligase
itself is often a prerequisite to mediate their interaction (Huang et al., 2006; Lu et al., 2011). We
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Figure 25 – IRT1 is phosphorylated in response to metals mediating its IDF1-dependent K63
polyubiquitination. (Legend continued on next page.)

therefore probed IRT1-mCit immunoprecipitates from plants grown under standard conditions,
or subjected to a short term metal excess, with anti-phosphothreonine antibodies. No signal
could be detected for wild-type and IRT1-mCit-expressing plants grown under standard grown
conditions (Fig. 25A). However, a smear was specifically observed for IRT1-mCit challenged
with metals. This smear is reminiscent of what we observed for ubiquitinated forms of IRT1 and
suggests that IRT1 is both K63 polyubiquitinated and phosphorylated.

To grasp the role of phosphorylation in plant metal responses, we first took a pharmacological
approach using the K252a general kinase inhibitor. No removal of IRT1 from the cell surface
was observed upon metal excess when plants were treated with K252a treatment (Fig. 25B;
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Figure 25 – IRT1 is phosphorylated in response to metals mediating its IDF1-dependent K63
polyubiquitination (continued). (A) In vivo phosphorylation analyses of IRT1 in response to non-iron-
metals. Immunoprecipitation was performed using anti-GFP antibodies on solubilized protein extracts from
wild-type (WT) and mono-insertional homozygous 35S::IRT1?mCit plants and subjected to immunoblotting with
anti-P-Thr (top) and anti-GFP (bottom) antibodies. A representative blot is shown. IB, immunoblotting; IP,
immunoprecipitation; +, -Fe +Metals; +++, -Fe +++Metals. (B) Sensitivity of irt1-1/IRT1::IRT1-mCit plants
to kinase inhibition. Plants were grown for 12d in physiological non-iron metals conditions and treated for 2h with
the same medium (-Fe +Metals) or with non-iron metal excess (-Fe +++Metals) in the presence of 1 µM K252a.
Representative images are shown. Scale bars = 10 µm. (C) Quantification of the ratio between plasma membrane
and intracellular fluorescence signal intensities of IRT1-mCit from plants grown as in (B). Experiments were car-
ried out in triplicates on stacks encompassing epidermal cells at the root tip. Error bars represent s.d. (n=15).
The asterisks indicate significant differences (Mann-Whitney, P<0.0001). No significant difference was observed
of K252a-treated irt1-1/IRT1::IRT1-mCit plants in response to non-iron metals. (D) In vivo phosphorylation
analyses of IRT1 in ubiquitination-defective backgrounds, in response to non-iron-metals. Immunoprecipitation
was performed using anti-GFP antibodies on solubilized protein extracts from wild-type (WT), mono-insertional
homozygous irt1-1/IRT1::IRT1-mCit, irt1-1/IRT1::IRT12KR-mCit and idf1-1/IRT1::IRT1-mCit plants and sub-
jected to immunoblotting with anti-P-Thr (top) and anti-GFP (bottom) antibodies. A representative blot is
shown. IB, immunoblotting; IP, immunoprecipitation; +++, -Fe +++Metals. (E) Split-ubiquitin interaction
between IDF1 and IRT1 variants for threonine residue T175. NubG and NubWT were used as negative and
positive controls, respectively. Controls, and yeast expressing IDF1-Cub together with NubG-IRT1 (plain circle),
NubG-IRT1T175D (open triangle) and NubG-IRT1T175A (square) were spotted in serial dilutions on selective
(SD-Leu-Trp-Ade-His) or non-selective (SD-Leu-Trp) media. Experiments were done in triplicates. (F) Growth
rate analysis of split ubiquitin interactions shown in (E). Yeast were inoculated at OD = 0.2 in selective medium
(SD-Leu-Trp-Ade-His) and growth recorded over 30h. Experiments were done in triplicates.

23C), suggesting that phosphorylation events are directly or indirectly required for the K63
polyubiquitin-dependent vacuolar degradation of IRT1. Consistently, phosphorylation of IRT1-
mCit was still observed in the idf1 mutant background upon metal excess (Fig. 25D), arguing
that metal-dependent phosphorylation is likely upstream of IRT1 K63 polyubiquitination.

To better evaluate the respective roles of phosphorylation and IDF1-mediated K63 polyu-
biquitination in IRT1 degradation, we used bioinformatics prediction tools to locate possible
phosphorylation sites in IRT1. We filtered the data obtained keeping phosphorylation sites with
the highest scores and targeting cytosolic loops. Using these criteria, we identified threonine
residue T175 located in the large cytosolic loop and in close proximity with K154 and K179 as
a good candidate. We monitored the influence of IRT1 phosphorylation on its ability to inter-
act with IDF1 in split ubiquitin assays. IDF1 interacted with wild-type IRT1 in split ubiquitin
assays, as previously shown (Shin et al., 2013). Interestingly, the IRT1 variant carrying the non-
phosphorylatable T175A substitution grew slightly slower than wild-type IRT1, while the T175D
phosphomimic substitution yielded better growth in selective conditions (Fig. 25E). No differ-
ence in growth rate was however observed in non-selective medium. To accurately monitor the
split ubiquitin interactions, we monitored yeast growth in selective liquid cultures and observed
a sharp difference between yeast expressing IRT1, IRT1T175D and IRT1T175A (Fig. 25F). Taken
together, these observations strongly suggest that phosphorylation of residue T175 serves as a
platform allowing the interaction with IDF1 and subsequent K63 polyubiquitination of IRT1.
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Figure 26 – IRT14HA is functional in planta and in yeast heterologous system. (A) Pheno-
typic analyses of irt1-1 KO mutant, WS accession (WT), irt1-1/IRT1::IRT1-mCit (irt1/IRT1-mCit) and irt1-
1/IRT1::IRT1H162,164,166,168A-mCit (irt1/IRT14HA-mCit).. Scale bars = 1cm. (B) Functional expression of
IRT1, IRT12KR and IRT14HA in fet3fet4 yeast strain. The different SD media were supplemented or not with
100 µM Fe-EDTA.

3.7 Histidine residues in IRT1 play a role in its metal-triggered
ubiquitin-mediated endocytosis

A stretch of 4 histidine residues (HGHGHGHG) located in the large cytosolic loop of IRT1 be-
tween the two lysines K154 and K179 has been shown to directly bind metals by isothermal
titration calorimetry (Grossoehme et al., 2006). We confirmed this observation using full length
IRT1-mCit protein and the IRT14HA-mCit mutant variant, where histidines were mutated to
alanines. The corresponding proteins were purified from plants and their ability to bind to a
metal-NTA agarose resin measured. IRT14HA-mCit bound poorly to the metal resin compared
to wild-type IRT1 (Fig. 27E), pointing to the crucial role of the His-rich motif for the direct
interaction with divalent metals in vitro. To address whether such histidine stretch may play a
role in the metal sensing and response leading to IRT1 metal-dependent degradation, we gener-
ated a transgenic line expressing IRT14HA-mCit in the irt1-1 mutant background. Expression of
IRT14HA restored the growth of the irt1-1 loss-of-function mutant demonstrating that these four
histidine residues are not required for metal transport per se (Fig. 26A). This is further confirmed
by the ability of IRT14HA to functionally complement the iron uptake-defective fet3fet4 yeast
mutant to the same extent than wild-type IRT1 (Fig. 26B). We then scored the root length of
IRT1-mCit and IRT14HA-mCit lines on standard media or in metal excess conditions. IRT14HA-
mCit-expressing plants grew similar to wild-type under standard conditions, they were clearly
hypersensitive to metal excess (Fig. 27A and B) and accumulated massive amounts of non-iron
metal substrates of IRT1 (Preliminary results). Interestingly, IRT14HA-mCit failed to relocalize
to endosomes upon non-iron metal oversupply and remained mostly at the cell surface (Fig. 27C
and D). This is further corroborated by the lack of phosphorylation, ubiquitination and more
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specifically K63 polyubiquitination for IRT14HA-mCit upon metal (Fig. 27G). Split-ubiquitin
assay further indicated that the mutation of the histidine stretch prevented the interaction be-
tween IRT1 and IDF1 (Fig. 27F), providing further insight into the molecular mechanism driving
IRT1 response to its non-iron metal substrates. This histidine-rich stretch likely serves as a sens-
ing area to coordinate non-iron metal excess degradation mediated by phosphorylation and K63
polyUb linkages.

4 Discussion
Despite its regulation at the transcriptional level by low iron (Vert et al., 2002), IRT1 is also
controlled at the post-translational level by multi-monoubiquitination of two lysine residues in
its large cytosolic loop triggering its internalization into early endosomes (Barberon et al., 2011).
This mechanism, although not regulated by iron nutrition, is critical for the control of metal
homeostasis since the expression of a non-ubiquitinatable version of IRT1 is detrimental to plant
growth due to uncontrolled metal uptake. In the present study, we uncovered that IRT1 is
differently ubiquitinated by the availability of its non-iron metal substrates. In response to
metal excess, IRT1 is relocalized from PM and TGN/EE compartments to the vacuole via late
endosomal compartments. This metal-dependent degradation appears to rely on K63 polyubiq-
uitination of the transporter by the IDF1 E3 ligase. Since a non-ubiquitinatable mutant fails to
relocalize upon metal excess, K63 polyubiquitin chains are likely extended on the monoubiqui-
tinated K154 and K179 residues. Because K63 polyubiquitination seems to be implicated only
in metal excess conditions, one of our hypothesis is the involvement of another E3 ligase in the
early endocytosis events. In contrast with the IRT12KR mutant that is stabilized at the PM,
IRT14HA or idf1/IRT1 proteins are still found in endosomal compartments indicating that IDF1
only acts in the sorting at the LE compartments and further degradation of the cargo. It would
also be really interesting to discover new factors implicated in both ub- or deubiquitination of
IRT1. In addition to ubiquitination, deubiquitination is the reverse process that release the Ub
moiety from the linkage allowing to remobilize a free pool of Ub in the cytososol (Schmidt and
Teis, 2012). While the DUB acting between TGN/EE and PM is likely specific of IRT1, the
one acting in the sorting in LE through the ESCRT complex would rather be ubiquitous and
could function for all ubiquitinated plant cargos. In mammals, the AMSH gene encodes a deu-
biquitinase (DUB) that is recruited by the ESCRTIII complex (Agromayor and Martin-Serrano,
2006). In plants, AMSH3 is a good candidate for deubiquitinating cargos that are sorted into
intraluminal vesicles (ILVs) of LE by the ESCRT system. AMSH3 is a plant DUB that interacts
with the ESCRTIII complex and catalyzes both K48 and K63 polyubiquitin chains (Isono et al.,
2010; Katsiarimpa et al., 2011). AMSH3 is certainly playing the same role in plants as AMSH in
mammals for cargo deubiquitination by the ESCRT system and its involvement in IRT1 sorting
to ILVs by the ESCRT system should be investigated in the future.

We also show here that phosphorylation adds another layer of complexity on the regula-
tion of IRT1 ubiquitin-mediated endocytosis in response to metal excess. The role of a single
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Figure 27 – A histidine-rich stretch is implicated in metal binding and is necessary for metal-
triggered ubiquitin-mediated endocytosis of IRT1. (Legend continued on next page.)

phosphorylation site (T175), identified by in silico prediction, was investigated. The sole phos-
phorylation of IRT1 at this phosphosite appears to be sufficient to promote the interaction of
IRT1 with IDF1. However, we cannot rule out the potential implication of other residues in this
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Figure 27 – A histidine-rich stretch is implicated in metal binding and is necessary for metal-
triggered ubiquitin-mediated endocytosis of IRT1 (continued). (A) Phenotypic analyses of 12-d-old
irt1-1/IRT1::IRT1-mCit and irt1-1/IRT1::IRT14HA-mCit seedlings grown in physiological (-Fe +Metals) or non-
iron metal excess (-Fe +++Metals) conditions. Scale bars = 1 cm. (B) Root length quantification of plants grown
as in (A). Experiments were carried out in triplicates. Error bars represent s.d. (n=40). The asterisks indicate
significant differences (Mann-Whitney, P<0.0001). (C) Confocal microscopy analyses of irt1-1/IRT1::IRT1-mCit
and irt1-1/IRT1::IRT14HA-mCit plants grown in iron-deficient conditions with low non-iron metals (-Fe -Metals),
physiological non-iron metal conditions (-Fe +Metals), or transferred for 2h to a ten-fold oversupply of non-iron
metals (-Fe +++Metals). Representative images are shown. Scale bars = 10 µm. (D) Quantification of the ratio
between plasma membrane and intracellular fluorescence signal intensities plants grown as in (C). Experiments
were carried out in triplicates on stacks encompassing epidermal cells at the root tip. Error bars represent s.d.
(n=18). The asterisks indicate significant differences (Mann-Whitney, P<0.0001). No significant difference was
observed for irt1-1/IRT1::IRT14HA-mCit in the three different metal conditions. (E) Metal binding analyses of
IRT1-mCit and IRT14HA-mCit. Proteins from 35S::IRT1-mCit and 35S::IRT14HA-mCit plants were solubilized
and subjected to metal ion purification. Increasing imidazole concentrations were used to eluate proteins from
the metal ion resin. Stain free staining was used to illustrate the serial elutions with imidazole. Experiments were
done in triplicates. (F) Split-ubiquitin assay between IDF1 and IRT1 variants. NubG and NubWT were used
as negative and positive controls, respectively. Serial dilutions were spotted in selective (SD-Leu-Trp-Ade-His)
and non-selective (SD-Leu-Trp) media. Experiments were carried out in triplicates. (G) In vivo phosphorylation
and ubiquitination analyses of IRT1 and its IRT14HA in response to non-iron metals. Immunoprecipitation was
performed using anti-GFP antibodies on solubilized protein extracts from wild-type (WT) and mono-insertional
homozygous 35S::IRT1-mCit and 35S::IRT14HA-mCit plants and subjected to immunoblotting with from top to
bottom : anti-P-Thr, anti-Ub P4D1, anti-K63-polyUb Apu3, and anti-GFP antibodies. A representative blot is
shown. IB, immunoblotting; IP, immunoprecipitation; +, -Fe +Metals; +++, -Fe +++Metals

mechanism. It would also be really interesting to discover the kinase implicated in IRT1 phos-
phorylation triggering the K63 polyubiquitination of the transporter by IDF1. The imbrication
of IDF1 together with the ESCRT system could also be investigated since some adaptor proteins
were shown as implicated in the recruitment of E3 ligases in mammals directly by the ESCRT
complex (Sette et al., 2010). Altogether, this complex mechanism unraveled here serves the plant
to tightly adapt both IRT1 localization and protein levels within the epidermis in response to
metal content.

As a crucial root iron transporter, IRT1 is needed for the uptake of this element from the
soil (Vert et al., 2002). However, the cargo also pumps other divalent metals from the soil that can
be toxic if present in excess. To protect the plant from metal overload, IRT1 is only expressed in
iron starved conditions to only uptake iron when limiting in soils. At another level, when iron is
lacking together with high concentrations of non-iron metals, IRT1 is internalized and degraded.
Altogether, this dual regulation optimizes iron absorption and also limits the toxicity associated
with uptake of other harmful elements of the soil.
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5 Methods

5.1 Materials and constructs
The irt1-1, idf1-1, VHAa1-RFP, RabF2a-mCherry and BOR4-GFP Arabidopsis lines were de-
scribed in previous studies (Vert et al., 2002; Shin et al., 2013; Dettmer et al., 2006; Geldner
et al., 2009; Kasai et al., 2011). The IRT1 ORF coding sequence was cloned into pDONR221
Gateway entry vector. mCitrine coding sequence was cloned in 5’, 3’ or in corresponding loops
of IRT1 by inserting BamHI restriction sites, yielding pDONR221-IRT1-mCit. The mutated
IRT1-mCit versions (IRT12KR-mCit and IRT14HA-mCit) were generated using the Single-Primer
Reactions In Parallel method (Edelheit et al., 2009), with mutagenic primers described in Table
3. Entry vectors carrying the IRT1 and 35S promoters, and the mCitrine fluorescent protein were
previously described (Marquès-Bueno et al., 2016; Jaillais et al., 2011). Final destination vec-
tors were obtained by using three-fragment recombination system (Life Technologies), using the
pG7m34GW destination vector and the various pDONR221-IRT1-mCit entry clones to generate
the pIRT1::IRT1-mCit and p35S::IRT1-mCit constructs. All these constructs were inserted in
irt1-1, idf1-1 mutant backgrounds or wild-type Arabidopsis thaliana plants floral dipping tech-
nique using Agrobacterium tumefaciens (Clough and Bent, 1998). For all constructs, around
20 independent T1 lines were isolated and six representative mono-insertion lines were selected
in T2. Independent lines homozygous for the transgene were selected in T3. For yeast growth
assay, IRT1 cDNA was cloned into pDR195 by Gateway technology. For split-Ub assay, the same
IRT1 cDNA was used and inserted into pNubG vector. IDF1 cDNA was inserted into pCub vec-
tor containing the PLV transcription factor. Sub-versions of IRT1 mutated for its histidine-rich
stretch (IRT14HA) or for the threonine 175 residue (IRT1T175D and IRT1T175A) were generated
and inserted in the pNubG vector. The mutagenic primers are described in Table 3.

5.2 Growth Conditions
Wild-type and the various transgenic lines used in this study were grown in sterile conditions
on vertical plates at 21◦C with 16h light/8h dark cycles. For confocal microscopy analyses of
transgenic plants using the IRT1 promoter, iron starvation was performed by directly germinating
seeds on half-strength Murashige and Skoog (MS) (Murashige and Skoog, 1962) medium lacking
exogenous iron for 10d. Plants were then then transferred for 2d in the same conditions (standard
; +) or in a medium containing ten times more Zn, Mn and Co (metal excess ; +++). Non-iron
metal deficiency was carried out by germinating seeds on medium lacking Fe, Zn, Mn and Co
(deficiency ; -). Short term metal excess used a 2h-transfer in physiological or metal excess
liquid medium. 35S::IRT1-mCitrine and mutated versions were imaged 7d after germination,
following a 2h-transfer in physiological or metal excess conditions. For biochemistry approaches,
transgenic lines expressing IRT1-mCit under the control of its own promoter were cultivated in
iron-deficient conditions for 12d before collecting samples. Constitutively-expressing IRT1-mCit
lines were grown in iron-deficient conditions for 9d. Plants were then transferred for a 2h in
liquid medium lacking iron but containing either physiological levels of Zn, Mn and Co (+) or a
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Name Use Sequence (5’ to 3’)
EF1a qPCR F qRT-PCR GTCGATTCTGGAAAGTCGAC
EF1a qPCR R qRT-PCR AATGTCAATGGTGATACCACGC
mCit qPCR F qRT-PCR GACTTCTTCAAGTCCGCCATG
mCit qPCR R qRT-PCR GTCCTCCTTGAAGTCGATGC
IRT1 qPCR F qRT-PCR CGGTTGGACTTCTAAATGC
IRT1 qPCR R qRT-PCR CGATAATCGACATTCCACCG
IDF1 qPCR F qRT-PCR GGTTTCACCTTCTTCTTCGC
IDF1 qPCR R qRT-PCR ACGCATCTTGGAGATAACCC
IRT1 K154R F SDM GCCTATACACCAGCAGGAACGCAGTTGGTATC
IRT1 K154R R SDM GATACCAACTGCGTTCCTGCTGGTGTATAGGC
IRT1 K179R F SDM GTTACCTTACCAATAAGAGAAGATGATTCGTC
IRT1 K179R R SDM GACGAATCATCTTCTCTTATTGGTAAGGTAAC
IRT1 H162,164A F SDM GTTGGTATCATGCCCGCTGGTGCTGGTCATGGTCACGGC
IRT1 H162,164A R SDM GCCGTGACCATGACCAGCACCAGCGGGCATGATACCAAC
IRT1 H166,168A F SDM CCCGCTGGTGCTGGTGCTGGTGCCGGCCCCGCAAATGATG
IRT1 H166,168A R SDM CATCATTTGCGGGGCCGGCACCAGCACCAGCACCAGCGGG
IRT1 T175D F SDM CCCGCAAATGATGTTGACTTACCAATAAAAGAAG
IRT1 T175D R SDM CTTCTTTTATTGGTAAGTCAACATCATTTGCGGG
IRT1 T175A F SDM CCCGCAAATGATGTTGCCTTACCAATAAAAGAAG
IRT1 T175A R SDM CTTCTTTTATTGGTAAGGCAACATCATTTGCGGG

Table 3 – List of primers used in this article.

ten-fold increase of secondary substrates of IRT1 (+++). For split-root experiments, lateral root
initiation was stimulated by cutting the primary root of 5d-old-seedlings grown in iron-deficient
conditions at the root-shoot junction, and further grown for 12d. Plants were then transferred
for 2 more days on a split plate containing one half with standard non-iron metal conditions, and
one half subjected to a ten-fold metal excess. For root growth analyses, plants were grown for
7d in iron-deficient conditions and with either physiological level of non-iron metals (+) or with
a ten-fold excess of these metals (+++). Aerial parts were then collected for elemental analyses.
Roots were harvested for mRNA and protein extraction.

5.3 Imaging
Imaging was performed on inverted Leica SP2 and SP8X confocal microscopes. Within a given
experiment, images were taken using similar laser and detection settings for direct comparison of
signal intensities and patterns between conditions and genotypes. For quantifications, z-stacks
encompassing the whole cell volume were imaged on at least three different cells of three different
plants during three independent experiments. The stacks were then subjected to maximum
projection. The ratios of PM over intracellular relative signal content were obtained by selecting
whole cell and intracellular content mean fluorescence with ImageJ. The fluorescence intensity in
vacuoles was determined using same ROI for two different cells of three different plants during
three independent experiments. The percentage of IRT1-mCit-positive endosomal structures
showing overlap with Vha-A1-RFP or RabF2a-mCherry was determined using the center of
mass of every particle with ImageJ plugin JACoP (Bolte and Cordelières, 2006). Cycloheximide
(Sigma-Aldrich) was applied at a concentration of 100 µM for 1 h before treatment with BFA;
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BFA (Sigma-Aldrich) was applied at a concentration of 50 µM for 3 h in liquid medium. For
dark treatment, plants were transferred in light or dark for 4 hours in liquid medium containing
physiological level (+) or excess of non-iron metals (+++).

5.4 Elemental Analyses
Leaves were harvested and rinsed for 5 min with deionized water before being dried at 65◦C
for 7 days. Tissues were digested completely in 2 mL of 70% (v/v) nitric acid in a DigiBlock
ED36 (LabTech) at 80◦C for 1 h, 100◦C for 1 h, and 120◦C for 2 h. After dilution to 12
mL with ultrapure water, Mn, Zn and Co contents of the samples were determined by atomic
absorption spectrometry using an AA240FS flame spectrometer (Agilent Technologies). Metal
content analyses were performed in triplicates.

5.5 RNA Extraction and Real-Time Quantitative PCR
Total RNA was extracted using QIAzol reagent (Qiagen) and purified using the RNeasy MinElute
Cleanup Kit (Qiagen) after DNase treatment (Qiagen). The integrity of DNA-free RNA was
verified by agarose gel electrophoresis, and an equal amount of total RNA (2 µg) was used
for reverse transcription with anchored oligo (dT18) and RevertAid enzyme (ThermoFischer
Scientific). For real-time PCR analyses, IRT1-mCit, IRT1, IDF1 or EF1α were amplified with
a Lightcycler 96 with SYBR Green I Master (Roche), using the primers described in Table 3.
Experiments were done using three technical and three biological replicates. Relative expression
of IRT1-mCit, IRT1 or IDF1 was quantified with the 2-∆∆Ct method (Livak and Schmittgen,
2001) using EF1α as a reference gene.

5.6 Protein Extraction and Western Blot Analysis
Protein extraction and immunoprecipitation experiments were conducted using 12-day-old seedlings.
For western blot analyses, total proteins were extracted from 100 mg of starting material.
For protein detection, the following antibodies were used: Monoclonal anti-GFP horseradish
peroxidase-coupled (Miltenyi Biotech 130-091-833, 1/5,000), anti-ubiquitin P4D1 (Millipore 05-
944, 1/2,500), anti-K63 polyubiquitin Apu3 (Millipore 05-1,308, 1/2,000), anti-P-Thr (Cell Sig-
naling 9381, 1/1,000) anti-IRT1 (Barberon et al., 2011). Quantification of western blot was
performed using the stain free technology with the help of the ImageLab software (BioRad).
Immunoprecipitation experiments were performed using approximately 2 g of roots. Tissues
were ground in liquid nitrogen and resuspended in 3 volumes of RIPA buffer as previously de-
scribed (Barberon et al., 2011). Samples were then centrifuged for 10 min at 5,000 g at 4◦C.
Total proteins contained in the supernatant were placed for 1h at 4◦C on a rotating wheel to sol-
ubilize membrane proteins. Non-resuspended material was then pelleted for 45 min at 100,000 g.
Immunoprecipitations were carried out using the µMACS GFP isolation kit (Miltenyi Biotec).
For quantification of IRT1 ubiquitinated pools, the ratio of normalized immunoprecipitation
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signal intensity obtained with anti-GFP and anti-Ub antibodies was determined using ImageJ.
Immunoprecipitation and western blot analyses were performed in triplicates.

5.7 Immobilized metal ion affinity chromatography
The metal-binding capacity of IRT1-mCit and its IRT14HA-mCit was analyzed following the
instruction of TALON Metal Affinity Resin Kit (Clontech) with modifications as follows. Sam-
ples were prepared as described above for immunoprecipitation experiments, but 100 µL of the
TALON resin instead of µMACS GFP beads was added to the solubilized protein extract and
incubated for 1h at 4◦C on a rotating wheel. After a first centrifuge at 1000rpm, 100 µL of the su-
pernatant was collected as the flow through fraction. Three washes were performed with 200 µL
of RIPA buffer supplemented with 5 mM imidazole. Unbound and bound proteins were serially
washed out and collected in each fraction by applying 200 µL each of RIPA buffer containing 5,
32, 60, 250, or 1000 mM imidazole. 20 µL of each fraction was subjected to SDS-PAGE. Detection
of HRP chemiluminescence was done on a ChemiDoc Touch (BioRad) with the help of Super-
Signal West Dura Extended Duration Substrate (ThermoScientific). Metal binding experiments
were done in triplicates.

5.8 Functional Expression in Yeast
The fet3fet4 mutant strain from Saccharomyces cerevisiae (MATa; leu2∆0; ura3∆0; lys2∆0;
YMR058w::kanMX4; YMR319c::kanMX4) was transformed with either the empty pDR195 vector
as a negative control, or pDR195 plasmids containing IRT1 or mutant versions under the control
by the lithium acetate method (Gietz et al., 1992). Transformed cells were selected on SD-Ura
medium (Sigma). Complementation of fet3fet4 was tested by spotting serial dilutions of three
clone per construct on SD-Ura medium supplemented or not with 100 µM Fe-EDTA. Plates were
placed at 30◦C for 2d. Yeast complementation experiments were done in triplicates.

5.9 Split-ubiquitin assay
The C-terminus of ubiquitin (Cub) linked to the PLV transcription factor was fused to the C-
terminal end of IDF1 (IDF1-Cub) and expressed in yeast together with the mutated N-terminal
fragment of ubiquitin (NubG) fused to the N-terminal end of IRT1 (NubG-IRT1), IRT1 carrying
a phosphomimic- or non-phosphorylatable residue at position 175 (NubG-IRT1T175D and NubG-
IRT1T175A, respectively). The wild- type ubiquitin N-terminal fragment (NubWT) was used as
a positive control. THY.AP4 cells (MATa; ura3 leu2 lexA::lacZ::trp1 lexA::HIS3 lexA::ADE2)
were transformed using the lithium acetate method (Gietz et al., 1992). Transformed THY.AP4
cells were selected on SD-Leu-Trp medium (Sigma). Protein-protein interaction was assessed by
following the growth of transformed cells inoculated at OD 0.2 over time.
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5.10 Bioinformatic and statistical analyses
Prediction of phosphorylation sites in IRT1 was achieved using the PhophAt 4.0 interface. Sta-
tistical analyses were performed using the software GraphPad Prism. Physiological plant pa-
rameter (root length), confocal microscopy analyses quantifications used the non-parametric
Mann-Whitney test.
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Discussion and perspectives

Despite its regulation at the transcriptional level, IRT1 is also controlled at the post-translational
level by multi-monoubiquitination of two lysine residues in its large cytosolic loop triggering its
internalization into early endosomes (Barberon et al., 2011). This mechanism, although not
regulated by iron nutrition, is absolutely critical for the control of metal homeostasis since the
expression of a mutated and non-ubiquitinatable version of IRT1 is detrimental to plant growth
due to uncontrolled metal uptake. Despite the discovery of this control of IRT1 subcellular
localization and its biological relevance, the intricate molecular mechanisms driving IRT1 ubiq-
uitination and endocytosis were elusive when I began my PhD.

1 Differential ubiquitination of IRT1
IRT1 is differently ubiquitinated by the availability of its non-iron metal substrates. While K63
polyubiquitinated versions of IRT1 are observed only for metal excess conditions, the smeary pat-
tern obtained on a blot (Fig. 21A) using the P4D1 generic anti-Ub antibody appears to be rather
similar in size under both physiological and excess treatments although the smear intensity is
clearly enhanced in the latter conditions. We would have expected different profiles that clearly
distinguish multi-monoUb and K63 polyUb versions of IRT1, with a shift towards higher molecu-
lar weight under metal excess conditions as a result of conversion of multi-monoubiquitin moieties
into K63 polyUb chains. However, signals derived from anti-ubiquitin antibodies are very intense
for long Ub chains (i.e. K63 polyUb chains) while monoUb or short chains only yield very weak
signals that may not be clearly observed on a western blot. This likely explains why no signal
corresponding to multi-monoUb forms of IRT1 were observed in IRT1 Ub profiles, expecially in
lower molecular weight. For now, no direct tools were developed to detect monoUb per se. Indi-
rect investigations are the only way to decipher mono- from polyUb. In 2011, to investigate the
monoubiquitinated versions of IRT1, immunoprecipitates were subjected to western-blot analysis
with both the generic P4D1 anti-Ub and polyubiquitination-specific FK1 antibodies (Barberon
et al., 2011). The absence of signal with the latter antibody further prompted the team to de-
duce the involvement of monoubiquitination rather than other forms of ubiquitination (Barberon
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et al., 2011). To further study the possibility of IRT1 being K63 polyubiquitinated in response
to metal excess, we could take advantage of AMSH3, a K48- and K63-specific deubiquitinase in
plants (Isono et al., 2010). The amsh3 loss-of-function mutant is lethal. However, it is possible
to express a dominant-negative form of AMSH3, mutated for its active site AXA, under the con-
trol of an inducible promoter (Isono et al., 2010). As AMSH3-AXA plants accumulate ubiquitin
conjugates, it would be interesting to cross AMSH3-AXA-expressing plants with IRT1-mCit to
assess if impairing AMSH3 would impact IRT1 ubiquitination profile. If the profile remains
the same with only an increase in the signal, it will further attest an enrichment with polyu-
biquitinated versions of the cargo in addition with the presence of monoubiquitinated forms of
IRT1. In the contrary, a different pattern will attest that monoUb is the major form detected in
our blots using the generic P4D1 antibody. However, it would be hard to understand why the
profiles obtained with K63 polyUb Apu3 antibody look rather similar with the ones obtained
with the P4D1 antibody without the lower bands. To further support the fact that IRT1 is
K63 polyUb upon metal stress, we could take advantage of the recently-developped Vx3K0 K63
polyubiquitin-specific sensor that was developed in the lab (Johnson and Vert, 2016). One would
predict that immunoprecipitating K63 polyUb proteins with Vx3K0 only recover IRT1 protein
under metal excess conditions.

Recently, the Komander lab developed an Ub chain restriction protocol (UbiCRest) to de-
cipher the Ub chain architecture (Mevissen et al., 2013; Hospenthal et al., 2015). This strategy
uses several DUBs that can catalyze deubiquitination of specific chains or with less specificities.
The use of K63 polyUb-specific DUB or a broad spectrum DUB that can catalyze all the link-
ages between Ub moieties would allow to characterize further the presence of K63 polyUb chains
linked to IRT1 upon metal stress.

Because K63 polyubiquitination seems to be implicated only in metal excess conditions,
to trigger IRT1 sorting to MVB/LE/PVC and further degradation to the vacuole, one of my
hypothesis is the involvement of another E3 ligase in the early endocytosis events (Fig. 28; Fig.
29). Indeed, IRT12KR is completely stabilized at the PM suggesting the role of ubiquitination for
the internalization of the transporter (Fig. 21B, C and D). In the contrary, IRT1-mCit expressed
in idf1-1 knock-out mutant background is still found at the PM and in endosomes in response to
metal excess but is not degraded (Fig. 23E and F) indicating that IDF1 only acts in the sorting
at the MVB/LE/PVC compartments and further degradation of the cargo. Altogether, these
results suggest the implication of another E3 ligase for the internalization of IRT1 from the PM
(Fig. 28). The concerted action of this unidentified E3 ligase together with IDF1 would allow
a tight control of IRT1 dynamics at the level of early endosomes by targeting to the vacuole.
An imaging-based forward genetic screen has been initiated in the team to find new proteins
involved in the trafficking of IRT1. A line expressing in a constitutive manner IRT1-mCit under
the control of the PIN2 promoter has been mutagenized using the ethyl methanesulfonate (EMS)
agent. M1 seeds were planted in soils individually and ≈1600 M2 lines were collected. All these
M2 lines will be screened at the confocal for a metal excess response. The M2 plants impaired for
the non-iron metals response will be of great interest including either a PM-associated pattern
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Figure 28 – IRT1 cycles constitutively from PM to TGN/EE compartments through multi-
monoubiquitination/deubiquitination in standard conditions.

like IRT12KR-mCit or a PM together with endosomal localization like the idf1-1 and IRT14HA-
mCit. Such a screen may identify many factors involved in the endocytosis of IRT1 including
the E3 ligase that can multi-monoubiquitinate IRT1 and that allows its internalization from the
PM to TGN/EE compartments (Fig. 28).

Finally, it would be of importance to uncover the putative DUBs implicated in both the
recycling from TGN/EE to the PM, as well as in the sorting in MVB/LE/PVC through the
ESCRT complex function. Respectively, the first DUB is likely specific of IRT1 while the one
acting together with the ESCRT system is rather ubiquitous and could function for all ubiquiti-
nated cargos. In yeast and mammals, DOA4 and AMSH genes encode deubiquitinases which are
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Figure 29 – IDF1 mediates IRT1 K63 polyubiquitination triggering its degradation in response to
metal excess.

recruited by the ESCRTIII complex (Amerik et al., 2000; Agromayor and Martin-Serrano, 2006;
Nikko and André, 2007; Richter et al., 2013). DOA4 was the first DUB identified as playing
a role in the sorting of cargos in yeast (Amerik et al., 2000). Furthermore, deubiquitination
by DOA4 is required for cargoes to be sorted into ILVs of MVB/LE/PVC (Nikko and André,
2007). In mammals, AMSH is a DUB required for cargo sorting into ILVs through the direct
interaction with CHMPs subunits of the ESCRTIII complex (Agromayor and Martin-Serrano,
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2006). In plants, AMSH3 is a good candidate for the deubiquitination step together with the
ESCRTIII-mediated ILV formation. AMSH3 is a plant deubiquitinase that catalyze both K48-
and K63 polyUb chains (Isono et al., 2010). AMSH3 also interacts with VPS2.1 and VPS24.1
subunits of the ESCRTIII complex (Katsiarimpa et al., 2013). In addition, the protein ALIX
is required for the MVB/LE/PVC localization of AMSH3 (Kalinowska et al., 2015). AMSH3
is certainly playing the same role in plants as DOA4 in yeast or AMSH in mammals in cargo
deubiquitination required for a proper internalization and recycling of Ub by the ESCRT system
at the MVB/LE/PVC.

Altogether, all these results and hypotheses suggest that IRT1 is a great model to decipher
the implication of both monoUb and K63 polyUb chains all along the endocytic pathway (Fig.
28; Fig. 29).

2 Going further on the phosphorylation mediating
Ub-dependent degradation

Although phosphorylation seems to be acting before ubiquitination, as suggested in the second
chapter of this thesis, some proofs are needed to strengthen this conclusion (Fig. 30). We initiated
phosphoproteomics analysis but we fail to identify phosphosites within IRT1 sequence. The
presence of Ub moieties likely prevents us from detecting phosphopeptides and new investigations
will be initiated using IRT12KR-mCit to prevent the formation of ubiquitinated versions of the
transporter in the fraction submitted to analysis. So far, the role of a single phosphorylation site
(T175), identified by in silico predictions, has been initiated (Fig. 30). However, we cannot rule
out the potential implication of other threonine, serine or even tyrosine residues in the ubiquitin-
mediated degradation of IRT1. It would be of interest to mutate all the putative residues
which can be phosphorylated into aspartic acid or alanine to have phospho- or non-phosphodead
versions of IRT1 and test 1) their ability to interact with IDF1 in a split-ubiquitin assay 2) the
localization of the corresponding proteins and their response to metals, and 3) the phenotype of
the corresponding plants. The obvious missing link is the kinase mediating the phosphorylation
of IRT1 in response to metals. Interestingly, many transporters were shown to be phosphorylated
by the CBL-interacting protein kinase (CIPK) family via their co-action with calcineurin B-like
(CBL) proteins (Xu et al., 2006; Ho et al., 2009; Maierhofer et al., 2014; Tang et al., 2015). The
activity of the root epidermis-expressed potassium channel AKT1 is regulated under potassium
starvation by the protein kinase CIPK23-CBL1/9 (Xu et al., 2006). Phosphorylation of AKT1
is counterbalanced by the AKT1-interacting PP2C 1 (AIP1) phosphatase (Lee et al., 2007).
CHL1/NRT1.1 is a dual affinity nitrate transporter that mediates nitrate uptake in plants (Wang
et al., 1998; Liu et al., 1999). When phosphorylated on residue T101, CHL1/NRT1.1 shows
high affinity nitrate transport activity while dephosphorylation of T101 switches CHL1/NRT1.1
towards the low affinity mode (Liu and Tsay, 2003). CHL1/NRT1.1 also interacts with CIPK23
which mediates the phosphorylation of residue T101 (Ho et al., 2009). CIPK23 therefore appears
to regulate several root-expressed nutrient transporters. Recently, the involvement of CIPK23
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Figure 30 – Model of the substrate-dependent phosphorylation and K63 Ub-mediated endocytosis
of IRT1.

in iron homeostasis was suggested (Tian et al., 2016). In iron starved conditions, ferric chelate
reductase (FCR) activity was reduced in cipk23-2 and cipk23-3 mutants compared with WT
plants consistently with the chlorotic phenotype of such mutants (Tian et al., 2016). The authors
concluded on the role of this protein kinase on FCR that co-act with IRT1 to mediate the entry
of iron from the rhizosphere (Brumbarova et al., 2014; Tian et al., 2016).

To evaluate the possible role of CIPK23 in the metal-dependent phosphorylation of IRT1, we
characterized the corresponding cipk23 loss-of-function mutant. Preliminary results indicate that
the cipk23-1 mutant is hypersensitive to metals, similar to what is observed for idf1-1 and the
histidine stretch mutant version of IRT1. To further strengthen these genetic evidence supporting
a role of CIPK23 in the regulation of IRT1, the interaction between the two proteins has to be
investigated. We initiated a collaboration with the Kudla lab to make a yeast two hybrid screen
and further detect the putative interaction between the large cytosolic loop of IRT1 and all the
CIPK family together with their co-actors CBLs. Furthermore, we will investigate the impact of
the overexpression of CIPK23 on the interaction between IRT1 and IDF1 in split-Ub assay in
yeast. Finally, the impact of the cipk23 mutation on the subcellular localization of IRT1 and its
ability to be degraded in response to metal excess will have to be investigated.

As we proposed in the fourth part of the thesis, the histidine-rich stretch of IRT1 is binding
metals and this would probably allow the direct or indirect recruitment of a kinase (Fig. 30).
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If CIPK23 is confirmed as an interactor of IRT1 allowing the phosphorylation of the latter in
response to metal excess, it would be really interesting to check if the kinase could still interact
with a mutated version of the transporter for this histidine stretch (Fig. 30).

3 How IDF1 acts at the molecular level?
IDF1 is the RING E3 ligase implicated in the sorting and degradation of IRT1 in response to
metal excess (Fig. 29; Fig. 30). To study deeper the role of IDF1 in the metal-dependent
endocytosis of IRT1, we generated lines expressing IDF1 with a fluorescent tag both in idf1-1
mutant background, to check the functionality of the fusion, and in a line stably expressing
IRT1-mCit. IDF1 was not detected using both microscopy or western-blot analysis in standard
conditions indicating either a transient behavior of the protein or an absence of translation in
those conditions. Preliminary results however indicate a co-localization of IDF1-mCherry with
IRT1-mCit in response to metal excess. IDF1 therefore appears to be stabilized following metal
excess. Considering that IDF1 mRNA accumulate regardless of metal availability, IDF1 is likely
regulated at the translational or post-translational levels by non-iron metals. IDF1 being an E3
ligase with a RING domain requiring zinc for proper function (Borden and Freemont, 1996), it is
also tempting to speculate that incorporation of zinc upon metal excess into the RING domain
may stabilize IDF1.

The accumulation of IDF1 protein specifically in response to metals represents a second reg-
ulatory level mediated by metals, in addition to IRT1 phosphorylation. The sole phosphorylation
of IRT1 appears sufficient in theory to promote the interaction of IRT1 with IDF1 (Fig. 30).
Why do plants also control the accumulation of IDF1 in parallel? It is conceivable that IDF1
targets other proteins than IRT1 in response to metal excess that do not undergo prior metal-
dependent phosphorylation. In that case, the accumulation of IDF1 specifically in response to
metals would represent the major regulatory mechanism to control the fate of such proteins.

As presented in the third part of this thesis, IRT1 also interacts with FYVE1/FREE1 that is
a ESCRT-related protein directly implicated in the vacuolar sorting of PIN2 (Gao et al., 2014).
The ability of FYVE1/FREE1 to interact with K63 polyUb chains could also be investigated
as it was previously shown to interact with Ub (Gao et al., 2014). In a tempting model, we
could speculate that IDF1-triggered K63 polyubiquitination of IRT1 in response to metal stress
would be directly recognized by the FYVE1/FREE1 protein and the rest of the ESCRT system
to allow the invagination of the transporter into MVB/LE/PVC and release of the Ub moieties
into the cytosol (Fig. 29). This would ensure a proper degradation of IRT1 inside the vacuolar
lumen to further protect the plant from the uptake of putative harmful elements from the soil.
This however is not consistent with the FYVE1 -overexpressing plants showing recycling of IRT1
protein back to the cell surface. This particular statement will be further debated in the next
part of the discussion.

To further decipher the mechanism proposed in this thesis, it would be really interesting to
find possible intermediate proteins acting between the IDF1-mediated K63 polyubiquitination of
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IRT1 and the ESCRT complex. The ALIX protein has been demonstrated in plants to be required
for the endosomal localization of AMSH3 and further interacts with the DUB (Kalinowska et al.,
2015). ALIX is also implicated in the recruitment of the E3 ligase NEDD4 in mammals in order
to facilitate the release of the HIV virus (Sette et al., 2010). Similarly, an ESCRT-associated
protein could bridge the gap between IDF1 and the ESCRT system to elicit the sorting of IRT1
in favor of vacuolar degradation in response to metal excess.

4 FYVE1/FREE1: an important ESCRT-associated
protein at the crossroads of endocytosis and au-
tophagy

As mentioned above and in addition with the results we described in the third part of this thesis,
FYVE1/FREE1 is crucial for the formation of ILVs in MVB/LE/PVC compartments in plants
(Gao et al., 2014). Further, FYVE1/FREE1 is part of the ESCRTI complex as the protein is able
to interact with VPS23 (Gao et al., 2014). FYVE1/FREE1 also binds to ubiquitin itself and is
implicated in the vacuolar sorting of PIN2 (Gao et al., 2014). PIN2 undergo ubiquitin-mediated
degradation and requires the ESCRT complex (Abas et al., 2006; Kleine-Vehn et al., 2008; Spitzer
et al., 2009; Leitner et al., 2012; Korbei et al., 2013). PIN2-GFP is found at the tonoplast
in a fyve1/free1 mutant background explained by an absence of ILV formation (Gao et al.,
2014). Strikingly, overexpression of FYVE1/FREE1 disturbs the endosomal sorting of IRT1
and triggers recycling to the cell surface while one would have expected more degradation. This
could be explained by the involvement of FYVE1/FREE1 in both recycling and sorting events,
depending on the cargo. Alternatively, overexpression of a subunit of the ESCRTI complex may
titrate ESCRTII and III away from endosomal membranes, preventing them to properly sort
IRT1 in ILV and triggering its recycling. The influence of FYVE1 on IRT1 trafficking must
therefore be tested in weak loss-of-function mutants, considering that fyve1 null mutants are
lethal. FYVE1/FREE1 directly interacts with the autophagic regulator SH3 domain-containing
protein 2 (SH3P2) which has been only described in plants (Zhuang et al., 2013). SH3P2 indeed
binds to PI3P and ATG8 and regulates the formation of autophagosomes in plants (Zhuang et al.,
2013). FYVE1/FREE1 also affects the association between autophagosomes and MVBs, further
suggesting a crucial role of this protein in the interplay between ESCRT-related endocytic and
autophagic pathways (Gao et al., 2015). Being at the crossroads of such important pathways
underlies the role of the ESCRT complex in the cell. It is tempting to suggest a direct role of
the ESCRT complex on the autophagosome closure but no proof have been discovered so far.
Ubiquitination processes appear to be much more important than expected in the trafficking of
plasma membrane proteins and it opens a great new field of investigation of imbrication of both
quality control process and response to nutrient availability.
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5 Polarity and dynamics of IRT1 mediate plant
metal homeostasis

We initially studied the localization of IRT1 by immunofluorescence (IF) analyses, using anti-
IRT1 antibodies. To finely track the dynamics of the transporter within cells, we next generated
a functional fusion of IRT1 with the fluorescent protein. Since IRT1 can only be tagged in an
extracellular loop, we chose the pH-resistant mCitrine protein. Consistent with what we observed
by IF, IRT1-mCit also showed metal-dependent trafficking. However, in contrast to endogenous
IRT1 protein that we detected by IF in the early endosomes, IRT1-mCit is mostly found at
the PM as well as in early endosomes under standard non-iron metal conditions. The different
patterns between the two approaches may first reside in the techniques themselves. Indeed, IF
need a prior fixation of tissues and uses the anti-IRT1 antibody that may only recognize a sub-
pool of total IRT1 protein. The presence of the mCitrine tag may also influence the dynamics of
IRT1 protein, although the protein appears functional on the basis of irt1-1 complementation.
Alternatively, the developmental stage of root cells may impact on IRT1 distribution in the cell.
Although IRT1 is strongly expressed in differentiated root epidermal cells (Vert et al., 2002), we
found that the endogenous promoter was also active at the root tip in young seedlings. Root
tip cells are not differentiated and have a small vacuole facilitating the imaging of endosomal
compartments. IF was performed on differentiated root hair cells, while more recent analyses
using IRT1-mCit were carried out in root tip cells for more convenient imaging. The IRT1-mCit
fusion protein is not suitable for imaging in older parts of the root because of cleavage of the
mCit tag. To demonstrate that IRT1 is differentially distributed in differentiated versus non-
differentiated cells or if the mCit tag interferes with IRT1 dynamics, it would be interesting to
perform IF on root tip cells from wild-type and IRT1-mCit-expressing plants using anti-IRT1
and anti-GFP antibodies, respectively.

In metal excess conditions, IRT1 is relocalized from PM and TGN/EE compartments to
MVB/LE/PVC and further degraded in the lytic vacuole. While a few hours are sufficient to
trigger a metal-dependent degradation of IRT1-mCit (Fig. 19E and F), long-term treatment with
metal excess leads to a strong accumulation of IRT1 in late endosomal compartments visualized
by the colocalization with Rha1 (Fig. 19A and B). The biological relevance of the localization of
the transporter in MVB/LE/PVC compartment after two days of transfer is not clear. Prolonged
metal excess provokes the transcriptional activation of IRT1, due to the competition for uptake
with iron (Fig. 20A). Under long-term non-iron metal excess, the plant is synthesizing loads of
IRT1 protein but accumulates it in LE/MVB/PVC. This seems like a massive waste of energy,
unless this pool of IRT1 can be remobilized when the availability in secondary metal substrates
lowers. This would imply recycling from LE/MVB/PVC, a concept highly debated (Niemes
et al., 2010; Scheuring et al., 2011; Robinson, 2015). IRT1-mCit overlaps with Rha1, a well-
established marker of LE/MVB/PVC. The actual ultrastructure of Rha1-positive endosome is
however unclear. Does Rha1 localizes only to mature MVB/LE/PVC where ILVs are already
formed or does it also label earlier forms of MVB/LE/PVC or late forms of TGN/EE where ILVs
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are not formed yet? While recycling appears impossible when proteins are already sorted into
ILV, recycling from the limiting membrane of earlier LE is conceivable. To decipher if IRT1-
mCit can recycle back to the cell surface after a long-term episode of metal excess, one could take
advantage of plants expressing the photoconvertible mEos version of IRT1. Photoconversion of
the LE/MVB/PVC pool of IRT1 observed after such plants are challenged with metal excess for 2
days, in the presence of CHX, should help visualize possible recycling to the cell surface. However,
since part of IRT1 is found in TGN/EE even under long-term metal excess, the conclusions drawn
from such an experiment may be limited.

To further characterize the nature of endosomal compartments where IRT1 is found after
long-term metal excess, and more specifically if these structures already contain ILV, we per-
formed correlative light/electron microscopy (CLEM). This technique uses the combination of
both photonic and electronic miscrocopy and is particularly well described for mammalian tis-
sues (Cortese et al., 2009). Among all the correlative microscopy sample preparation, Tokuyasu
cryosections allow to keep an almost perfect ultrastructure and the integrity of epitopes while
usual resin fixation alters protein structure thereby triggering a loss of fluorescence in the case
of CLEM (Oorschot et al., 2014). It would be crucial in our case to have the nicest preparation
in order to couple the characteristic structure of MVB/LE/PVC as it was observed in the plant
literature (Scheuring et al., 2011) and the observation of IRT1-mCit in confocal microscopy in
the same cryosections. From now, we were able to detect putative MVB/LE/PVC compart-
ments by EM but no signal for IRT1-mCit was detected in confocal microscopy. Considering the
thin cryosections, a very bright signal is needed to perform CLEM. New investigations will be
initiated using a brighter IRT1-mCit expressing line.

Plants take up nutrient from the soil and transport them radially to the vasculature for
distribution in the plant via the xylem sap. As proposed in the third part of this thesis, the
outer lateral polarity displayed by IRT1 is required for proper radial transport of metals out of
epidermal cells (Barberon et al., 2014). Once taken up, a nutrient like iron faces several routes
to reach the vasculature. The symplastic route involves cell to cell transport via plasmodesmata,
which are specific cell-cell communications found in plants (Fig. 31). In the symplastic pathway,
the PM acts as a selective surface at the soil-plant interface controlling the uptake of nutrients
(Barberon and Geldner, 2014). The existence of an apoplastic pathway adds more complexity
to the process of radial transport of nutrients, providing a route for mass flow and the diffusion
of water and nutrients towards the stele through free spaces and cell walls of the epidermis
and cortex (Fig. 31). However, the Casparian strip (CS) in the endodermis constitute a physical
barrier which blocks this apoplastic flow (Fig. 31) Because of the physical barrier, radial transport
of nutrients from the rhizosphere to the stele need opposite polarization transporters in the
endodermis. In this specific tissue, an influx transporter should be found at the outer polar
domain of the PM and an efflux channel at the inner domain. This has been notably shown
for the boric acid influx channel NIP5;1 and the boric acid/borate efflux transporter BOR1,
localizing to the outer and inner PM domains of endodermal cells, respectively (Alassimone
et al., 2010; Takano et al., 2010). The coupled trans-cellular pathway allows the radial transport
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Figure 31 – Model of the radial transport of nutrients in differentiated roots (adapted from (Bar-
beron et al., 2016)).

of nutrients from one cell to another via a succession of influx and efflux transporters showing
outer and inner polarity, respectively (Barberon and Geldner, 2014). In Oryza sativa, the silicic
acid importer Low-Silicon1 (LSI1) and the silicic acid exporter LSI2, are reciprocally localized
at the outer and inner PM domains of both exodermis and endodermis in roots permitting an
effective and directional trans-cellular transport of nutrient in plants (Ma et al., 2006; Ma et al.,
2007).

In the case of iron, apoplastic transport plays a minor role since most of iron is taken up by
IRT1 in root epidermal cells (Vert et al., 2002). In the epidermis of Arabidopsis thaliana, IRT1
is localized at the outer domain of the PM further ensuring a proper uptake of iron from the
soil as we described in the first chapter of this thesis (Barberon et al., 2014). The contribution
of the symplastic or trans-cellular pathway was however elusive. The loss of IRT1 polarity
associated with interference with FYVE1/FREE1 expression is associated with less accumulation
of the secondary metal substrates of IRT1 in shoots (Barberon et al., 2014). We hypothesized
that metals taken up by IRT1 fail to exit the epidermis when IRT1 is non polar, resulting in
defective radial metal transport. This argues the existence of coupled trans-cellular pathway in
the epidermis, consistent with the loss of cell-cell communications during the differentiation of
root epidermal cells (Duckett et al., 1994). In this scenario, radial transport of metals needs
the intervention of successive importers and exporters, at least in the epidermis, to reach the
vasculature. A loss of IRT1 polarity would therefore counteract the action of an effluxer in
the epidermis by re-uptaking metals in epidermal cells. Among possible metal effluxers are
members of the ZRT/IRT-LIKE PROTEIN (ZIP) family that are well described transporters of
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metals (Guerinot, 2000; Thomine and Vert, 2013; Socha and Guerinot, 2014). Another possibility
comes with the proteins of the CDF or FERROPORTIN families that are well-established metal
effluxers in bacterias and mammals (Nies, 2003; Ward and Kaplan, 2012).

Altogether, plants developed several strategies for the radial transport of nutrient with and
their respective contribution may differ depending on the mobility of nutrients (Fig. 31).
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Conclusion

Altogether, the work done within the context of my PhD provides a detailed picture of the
mechanism driving the degradation of IRT1 following a metal excess treatment. The cascade
of events from the direct sensing of the non-iron substrates by a histidine-rich stretch, to the
phosphorylation and, eventually the elongation of monoUb into K63 polyUb chains by the IDF1
E3 ligase allows the plant to degrade IRT1 in response to metal excess. The dual role of the
different metal substrates in the regulation of IRT1 is quite unique. The transcriptional regulation
by low iron allows the plant to uptake this element when it is limiting in soils. However, when
the non-iron substrates are in high concentrations in the rhizosphere, the plant has elaborated an
elegant mechanism to deplete IRT1 from the PM and to degrade it, avoiding the uptake of these
potential harmful elements. This integrated control of IRT1 by its metal substrate is critical
for proper plant responses to the availability of metals in soils. The post-translational control
of IRT1 by non-iron metals highlights the danger associated with these highly reactive noxious
heavy metals when present at high concentrations. Plants would rather starve for iron than
risking the uptake of harmful elements. This phenomenon is certainly limiting the accumulation
of zinc, manganese, cobalt or cadmium in the food chain but biotechnological perspectives would
be necessary to further limit the accumulation of metals aspecifically transported by IRT1.
Mutagenesis of certain residues in IRT1 do change its metal selectivity, notably mutation of
the glutamic acid 111 mutated into alanine increases the specificity for iron (Rogers et al., 2000).
Expressing such a mutant IRT1 version in plants may help lower the concentration of metal
pollutants entering the food chain. In addition, phytoremediation strategies based on stabilized
forms of IRT1 transporting Zn and Cd may also be implemented. However, these approaches
have to be coupled to sequestration of metals to limit their toxicity and thereby maximize the
biomass production and extraction capacities.
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le transporteur de fer racinaire IRT1 est endo-
cyté à la suite de la monoubiquitination de deux
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mêmes métaux à un niveau physiologique entraîne
la monoubiquitination d’IRT1 et son internalisation
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lorsque les métaux substrats secondaires d’IRT1 sont
présents en excès, les modifications monoubiquitine
sont alors allongées en chaînes de polyubiquitines
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plantes à l’excès de métaux substrats d’IRT1. J’ai
notamment montré que l’endocytose d’IRT1 était
dépendante i) d’un motif riche en résidus histidine
dans la séquence d’IRT1 qui est capable de fixer
ces métaux autres que le fer, ii) de la phosphory-
lation d’IRT1 au niveau d’un résidu thréonine par
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par l’ubiquitine et dépendante des métaux protège la
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Abstract : Ubiquitination is a post-translational
modification playing a major role in living organ-
isms. In Arabidopsis thaliana, the root iron trans-
porter IRT1 is endocytosed following the monoubiq-
uitination of two lysine residues located in its large
cytosolic loop. However, the mechanisms driving
IRT1 ubiquitin-mediated endocytosis and its biolog-
ical relevance remains unclear. During my PhD, I
uncovered that IRT1 dynamics is controlled by its
secondary metal substrates (i.e. zinc, manganese
and cobalt). In the absence of these non-iron metals,
IRT1 is found at the cell-surface of root epidermal
cells with an outer lateral polarity, while their pres-
ence at physiological levels triggers IRT1 monoubiq-
uitination, internalization and accumulation in early

endosomes. However, upon non-iron metal excess,
monoubiquitin modifications are extended into K63
polyubiquitin chains to promote the vacuolar tar-
geting of IRT1 and its degradation. I investigated
further the molecular mechanisms driving plant re-
sponses to non-iron metal excess. I notably showed
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on i) a histidine-rich stretch in IRT1 that is able to
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and iii) the RING E3 ligase IDF1. Altogether, the
metal-dependent ubiquitin-mediated endocytosis of
IRT1 protects the plant from overaccumulation of
highly reactive non-iron metals.
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