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Résumé

Le fer est essentiel a la croissance et au développement des plantes. Chez Arabidopsis
thaliana, le transporteur IRT1 permet 1’absorption du fer par les cellules épidermiques de la
racine et est, par conséquent, un des acteurs majeurs de la nutrition en fer. IRT1 est cependant
un transporteur peu spécifique qui transporte également des métaux non ferreux, essentiels pour
la plante mais toxiques dans le cas ou ils sont absorbés en grandes quantités. Ainsi IRT1 est
capable de transporter du zinc (Zn), du manganése (Mn) et du cobalt, métaux qui constituent
les substrats secondaires de ce dernier. Récemment, il a été démontré dans notre laboratoire
que ces métaux non ferreux sont des régulateurs de I’endocytose d’IRT1, un mécanisme qui
vise a éviter la toxicité de ces métaux qui pourrait survenir lors de la carence en fer. Afin
d’identifier des protéines potentiellement impliquées dans le trafic ou dans la régulation de
I’activit¢ d’IRT1, nous avons isolé des interacteurs de ce transporteur via des
immunopurifications d’IRT1 combinées a des analyses de spectrométrie de masse. Cette
approche nous a permis d’établir le premier intéractome d’IRT1. Parmi les protéines
potentiellement interagissant avec IRT1, nous avons isolé quelques-unes impliquées dans
I’endocytose de ce dernier, comme la clathrine (antérieurement proposé par notre laboratoire
comme médiatrice de I’internalisation d’IRT1), la tubuline et 1’actine mais aussi les protéines
AHAZ2, FRO2 et HIR2, qui pourraient avoir un role direct dans le processus d’acquisition du
fer per se. AHA2 et FRO2 sont en effet bien connues comme étant des acteurs majeurs de
I’acquisition du fer chez Arabidopsis : AHA2 contribue a la solubilisation du fer pendant que
FRO2 permet la réduction du fer avant son internalisation via IRT1. En revanche, le réle de la
protéine HIR2 reste jusqu’a présent assez méconnu. Une particularité intéressante de cette
derniére est le fait qu’elle contienne un domaine appelé SPFH, typique des protéines localisées
dans des microdomaines membranaires chez Arabidopsis. Chez les animaux, les protéines a
domaine SPFH ont été proposées comme étant impliquées dans la formation des
microdomaines membranaires ; de plus certaines protéines a domaines SPFH appelées

Flotillines interviennent dans des mécanismes d’endocytose chez les animaux et les plantes.



Ceci suggére qu’HIR2 pourrait avoir des roles précis dans le contrdle de la dynamique
intracellulaire d’IRT1. Aprés avoir validé les interactions entre les protéines IRT1 et
FRO2/AHA2/HIR2 par des approches complémentaires, nous avons analysé la dynamique
intracellulaire de ces protéines par microscopie. Nos résultats suggérent I’existence d’un
complexe protéique regroupant les trois acteurs majeurs de I’homéostasie du fer chez
Arabidopsis : IRT1, FRO2 et AHA2, dont leur trafique dans la cellule serait partiellement
corégulé, probablement afin d’optimiser I’absorption du fer dans la racine. Contrairement a ce
qui est observé pour IRT1, les protéines FRO2 et AHAZ ne sont pas massivement endocytées
en réponse a un exces de metaux (Zn, Mn, Co) et ceci bien qu’elles puissent étre présentes au
sein d’un complexe contenant IRT1. Nous avons en outre montré que FRO2 et AHA2 étaient
ubiquitinées, mais contrairement a IRT1, de fagcon indépendante de la concentration en métaux
non ferreux. En utilisant des approches de génétique inverse, nous avons mis en évidence que
HIR?2 était impliquée dans le maintien de I’homéostasie du fer chez Arabidopsis. En effet, en
absence de fer, les mutants hir2 sont extrémement chlorotiques et présentent des problemes de
développement a long terme, phénotype qui est fortement réduit grace a 1’ajout de fer. Malgré
cette sensibilité a la carence en fer, nous avons montré que la protéine IRT1 est suraccumulée
chez le mutant hir2 dans ces conditions, et ceci de facon post-transcriptionnelle. Nous
cherchons actuellement a déterminer comment HIR2 régule la dynamique et/ou la stabilité
d’IRT1 dans la cellule. HIR2 pourrait assurer le recrutement d’IRT1 et plus généralement du
complexe d’acquisition du fer décrit ci-dessus dans des microdomaines membranaires
spécifiques, ce qui permettrai un contrdle spatial et temporal tres précis de la machinerie
d’acquisition du fer. D’autre part, nous avons également émis 1’hypotheése que HIR2 pourrait
étre impliquée dans une voie d’endocytose d’IRT1 indépendante de la clathrine. Ce travail
représente une des premiéres évidences du role des protéines des microdomaines membranaires

dans la nutrition minérale chez les plantes.



Abstract

Iron is an essential nutrient for plant growth and development. In Arabidopsis thaliana,
the transporter IRT1, which allows iron absorption through the epidermic cells of the root, is a
major actor in iron nutrition. Bessides, IRT1 also transports the non-iron metals zinc (Zn),
manganese (Mn) and cobalt (Co). These metals are considered as the secondary substrates of
IRT1, and therefore this transporter is considered as poorly specific. Our laboratory has
recently uncovered that these secondary substrates regulate IRT1 endocytosis. In order to
uncover the different proteins that can be implicated in the traffic or in the regulation of IRT1
activity, we performed IRT1 immnopurification, followed by mass spectrometry analysis. This
approach allowed us to produce a first interactome list of IRT1. Among the proteins that interact
with IRT1, we isolated AHA2 and FRO2, both well known in the process of iron acquisition
in Arabidopsis, and also a SPFH domain containing protein known as HIR2. Although it is
known that HIR2 is contained in membrane microdomains in Arabidopsis, its function is still
to be determined. Nevertheless, in the animal kingdom, SPFH domain containing proteins have
been proposed as implicated in the formation of membrane microdomains. This is especially
the case of the specific SPFH domain containing proteins known as Flotillins, which have the
ability to mediate endocytosis in animals as in plants. After validation of the interaction
between IRT1 and FRO2/AHA2/HIR2 by different complementary approaches, we
microscopically analyzed the intracellular dynamics of these proteins. Our results suggest the
existence of a protein complex that reunites the three major actors of iron homeostasis in
Arabidopsis: IRT1, FRO2 and AHA2. We suspect that the main function of this complex is to
optimize the process of iron absorption in the root. In spite of what is known for IRT1 and
despite being part of a same complex, FRO2 and AHA2 are not massively endocytosed in
response to a non-iron metal excess (Zn, Mn, Co). Furthermore, we have shown that FRO2 and
AHAZ2 are ubiquitinated, although their ubiquitination is also independent of the concentration
of the non-iron metals, unlike the ubiquitination of IRT1. Finally, using reverse genetic
approaches, we have been able to show that HIR2 is implicated in the maintenance of the iron
homeostasis. Indeed, hir2 mutants are extremely sensitive to lack of Fe, even though they
present posttranslational deregulations that result in the overaccumulation of the protein IRTL.
We are currently trying to determine how HIR2 regulates the dynamics and/or the stability of

IRT1 inside the cell. HIR2 could be assuring the recruiting of IRT1,or the recruitment of the



whole iron acquisition complex, into specific membrane microdomains. On the other hand,

HIR2 could be implicated in a new pathway of internalization of IRT1, independent of clathrin.
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Introduction






Introduction

| - Iron homeostasis, a vital process regulated at multiple
levels in plants

1.1 - Iron is essential for plant growth and development but in
controlled amounts

Iron (Fe) is an essential and limiting nutrient for life. Fe can alternate between two
oxidation states, ferrous (Fe?*) and ferric (Fe*) iron, both being able to form coordinated
complexes with oxygen, sulphur and nitrogen containing ligands (Guerinot and Yi, 1994; Yi
and Guerinot, 1996; Flis et al., 2016). Due to its redox properties Fe is a key component of
electron transport chains involved in mitochondrial respiration and in photosynthesis (Thomine
and Vert, 2013). In addition, Fe, as an essential cofactor for different metalloenzymes,
participates in numerous biological functions such as nitrogen fixation, or in the synthesis of
DNA, hormones and chlorophyll (Terry and Abadia, 1986; Briat and Lobrag, 1997; Steccanella
et al., 2015). Paradoxically, although being one of the most abundant elements in the Earth’s
crust, iron bioavailability to plants is often limited. Indeed, at neutral and alkaline pH and in
aerobic conditions, most Fe is found as insoluble ferric oxides that are non-absorbable for plants
(Palmer and Guerinot, 2009; Jeong et al., 2017). Fe deficiency alters chlorophyll synthesis,
which induces the appearance of leave interveinal chlorosis, and also disturbs electron transport
in both photosystems | and Il, impacting photosynthesis and compromising plant growth and
development, which eventually leads to death (Guerinot and Yi, 1994; Yi and Guerinot, 1996;
Briat et al., 2015). On the other hand, iron overloading in plants due to specific conditions such
as acidic and waterlogged soils induces toxicity. Indeed, free Fe?* catalyses the production via
the Fenton reaction of hydroxyl radicals that generate oxidative stress in the cells (Hendry and
Brocklebank, 1985; Thomine and Vert, 2013). Due to the necessity/toxicity of Fe, the
maintenance of plant iron homeostasis is tightly regulated by multiple mechanisms at the Fe

acquisition, transport and storage levels.
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Figure 1. Different strategies for Fe acquisition in plants.

Iron absorption processes described in this figure occur in the epidermis of the root under iron
limited conditions. During Strategy |, typical of non-graminaceous monocots and dicots, plants
acidify the rhizosphere via proton extrusion mediated by the proton pump AHA2, thus allowing
the solubilization of Fe3* complexes. Then, solubilized Fe3* is reduced to Fe?* by the reductase
FRO2 and finally Fe?* is transported by IRT1 inside the cell. During Strategy Il that occurs in
graminaceous monocots, TOM1 protein liberates phytosiderophores in the rhizosphere, that
chelate Fe3*. Phytosiderophores-Fe3* complexes are then directly uptaken by YSL transporters
into epidermal cells.



1.2 - Iron uptake in plants

1.2.1 - Mechanism of iron acquisition

Plants have developed high affinity systems to cope up with low Fe availability in the
soil and allow iron acquisition by the root using two different strategies (Marschner et al., 1986)
(Figure 1). Grasses evolved the chelation strategy or Strategy 11 in which Fe3* chelators known
as phytosiderophores (PS), which belong to the mugineic acid family, are first released into the
soil by efflux transporters such as the Transporter of Mugineic acid family TOM1 in rice
(Walker and Connolly, 2008; Nozoye et al., 2011; Connorton et al., 2017) . Then, PS-Fe3*
complexes are directly taken up by the root through the action of transporters from the Yellow
Stripe (YS) family (Kobayashi and Nishizawa, 2012; Xiong et al., 2013). Interestingly, grasses
can also acquire Fe?* from the soil in addition to PS-Fe3* complexes (Ishimaru et al., 2006).

In non-graminaceous plants, including Arabidopsis thaliana, iron absorption by root
epidermal cells is a three-step process, called Strategy I, which combines Fe solubilisation
through rhizosphere acidification, Fe reduction and uptake (Marschner and Rémheld, 1994;
Thomine and Vert, 2013). The major molecular actors implicated in this acidification-
reduction-transport mechanism have been well identified in Arabidopsis. Under iron
deficiency, ferric chelates are solubilized by local rhizosphere acidification via the release of
protons by the Arabidopsis plasma membrane H*-ATPase 2 (AHA2, also known as the Plasma
Membrane ATPase PMA2) (Santi and Schmidt, 2009). Solubilized Fe3* ions are then reduced
to Fe?* by the reductase Ferric Reduction Oxidase 2 (FRO2) (Robinson et al., 1999) and,
finally, transported into the cell by the iron transporter Iron Regulated Transporter 1 (IRT1)
(Eide et al., 1996; Vert et al., 2002). In accordance to their essential role in iron acquisition,
the irtl and fro2 knock-out mutants named irtl-1 and ferric reductase defective-1 (frdl),
respectively, accumulate low amount of iron, are extremely chlorotic and display severe growth
defects in lack of Fe, which ultimately leads to death unless exogenous iron is provided (Yiand
Guerinot, 1996; Robinson et al., 1999; Vert et al., 2002). Interestingly, during the Strategy |,
the reduction of Fe** by FRO2 has been proposed to be the rate-limiting step in iron acquisition
(Robinson et al., 1999; Connolly et al., 2003). Although twelve AHA isoforms are found in
Arabidopsis, aha mutant analysis showed that rhizosphere acidification in response to Fe
deficiency is mainly mediated by AHAZ2 (Santi and Schmidt, 2009). This acidification process
is of first importance for plant iron uptake since the solubility of iron increases 1000-fold for
every one unit drop in pH (Olsen et al., 1981). Interestingly, orthologues of AHA2, FRO2 and

IRT1 genes have been identified in multiple Strategy | species, suggesting a conserved



mechanism for iron acquisition (Cohen et al., 2004; Tomasi et al., 2013; Kobayashi et al.,
2014).

Recently, other actors of the Arabidopsis iron acquisition process have been identified
such as the ATP-Binding Cassette G37 (ABCG37/PDR9) that is important for the export of

coumarins in the rhizosphere under iron deficiency (Fourcroy et al., 2014, Figure 2).
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Figure 2. Possible mode of action of coumarins during Fe acquisition Strategy I.

The process described here complements the Fe acquisition mechanism described in
Figure 1 and would be especially important in basic soils. According to the work of Fourcroy
et al.(2016), PDR9 allows the release into the rhizosphere of coumarins and phenolic

compounds that chelate Fe3+, thus probably facilitating iron availability for FRO2 that will
reduce Fe3+. Finally, Fe2+ is uptaken by IRT1.

These excreted phenolic compounds, whose synthesis involves the Feruloyl-Coenzyme A 6°-
Hydroxylase 1 (F6'H1) (Schmid et al., 2014) and Cytochrome P450/CYP82C4 (Rajniak et al.,
2018), chelate Fe** and as a result were proposed to facilitate iron availability for FRO2 that
generates Fe?* subsequently transported by IRT1 (Fourcroy et al., 2016). Recent work has
shown that the production and secretion of coumarins by Arabidopsis roots were enhanced
when iron availability was compromised by the high pH of the growth medium (Sis6-Terraza
et al., 2016). Therefore, coumarins may be of high importance for Fe acquisition in alkaline
soils. Interestingly, the role of secreted coumarins in iron acquisition seems to be conserved in

other plant species, as recently reported for Nicotiana tabacum (Lefévre et al., 2018). Indeed,



when the expression of NtPDR3/NtABCG3 is prevented, the secretion of O-methylated
coumarins into the rhizosphere is impaired leading to a hypersensitivity of tobacco transgenic

plants to iron deficiency.

1.2.2 - IRTL1 is a broad metal spectrum transporter

IRT1 belongs to the ZRT-IRT-like Protein (ZIP) family and was, with the zinc transporter
Zinc-Regulated Transporter 1 (ZRT1) from Saccharomyces cerevisiae, the first member to be
identified (Eide et al., 1996; Gaither and J. Eide, 2001; Zhao and Eide, 2002). Importantly,
IRT1 not only mediates high-affinity iron uptake, but also transports other divalent metals such
as zinc (Zn), manganese (Mn), cobalt (Co) and cadmium (Cd) that constitute IRT1 secondary
substrates (Rogers et al., 2000; Vert et al., 2001; Vert et al., 2002). In this manuscript Zn, Mn
and Co will be called the non-iron metals. Zn plays many different and important roles in the
plant cell since it is the cofactor of more than 300 enzymes, including RNA polymerase,
superoxide dismutase (SOD), alcohol dehydrogenase and carbonic anhydrase (Palmer and
Guerinot, 2009). Among others, Mn is an essential component of the oxygen-evolving complex
in photosystem Il and is also a key cofactor of some SOD (Socha and Guerinot, 2014). Co,
traditionally considered as an essential plant element, is nowadays considered as “beneficial”
for plant growth, and only essential in legume plants, as Rhizobium spp. requires Co during
nodulation, nitrogen fixation and leghemoglobin synthesis (White and Brown, 2010; Dalcorso
etal., 2014). Contrary to the other IRT1 secondary substrates, Cd has no physiological function
and is highly toxic in plants, even in low amounts. (Zhao et al., 2006; Fischer et al., 2017).
Although Zn and Mn are essential for plant cellular functioning, they are also toxic when
present in excess. Interestingly, Arabidopsis transgenic lines over-expressing IRT1 under the
control of the strong constitutive 35S promoter accumulate over 100-fold more Zn and Mn and
also Co in roots compared to wild-type plants, whereas iron over-accumulation remains
moderate in the same lines (Barberon et al., 2011). The strong over-accumulation of non-iron
metals in 35S::IRT1 transgenic lines induces oxidative stress and has detrimental effects on
plant growth. Importantly this phenotype is reverted when plants are grown in the presence of
low amounts of non-iron metals. The favoured transport of non-iron metals over iron by IRT1
is probably due to the fact that the uptake of Fe?* by IRT1 requires the prior reduction of Fe%*
by FRO2, whose activity is limiting for iron uptake (Zelazny et al., 2011). Altogether, these
results show that the balance between iron and non-iron metals transported by IRT1 has to be
tightly regulated to ensure optimal plant growth and development. So far, how metals are
transported by IRT1 remains unknown, however site directed mutagenesis allowed to identify



some amino acid residues that are important for the selectivity of the transporter (Rogers et al.,
2000) as detailed hereafter in Chapter 11.2.3.

1.3 - The major actors of iron acquisition in Arabidopsis are co-
expressed in a FIT-dependent manner under iron deficiency

1.3.1 - Expression territories of IRT1, FRO2 and AHAZ2
genes

In Arabidopsis, iron acquisition via Strategy | occurs upon iron deficiency and,
consistently, IRT1, FRO2 and AHA2 gene expression is activated under iron limited conditions
(Colangelo and Guerinot, 2004; Brumbarova et al., 2014). Promoter::B-glucuronidase (GUS)
analysis and in situ hybridization showed that IRT1 is expressed in root epidermal cells and,
surprisingly, to a lower extent in flowers specifically in response to iron starvation (Vert et al.,
2002). Recently, IRT1 promoter was shown to be also active in root phloem companion cells
and IRT1 expression in this cell type as well as in root epidermal cells is required for proper
iron homeostasis (Marqués-Bueno et al., 2016). Concerning the kinetics of IRT1 expression,
IRT1 was shown to be actively transcribed within 24 h of exposure to Fe deficiency, followed
by a maximal accumulation after three days of exposure to Fe deficiency (Connolly et al.,
2002). When plants are re-subjected to iron replete conditions, IRT1 mRNA levels decrease
rapidly. FRO2 expression profile mirrors the one observed for IRT1 since in situ hybridization
and promoter::GUS analysis showed that FRO2 is expressed in root epidermal cells and flowers
under iron deficiency (Connolly et al., 2003). In addition to perform iron uptake from the soil,
IRT1 and FRO2 may be involved in the delivery of iron to developing pollen grains even
though this hypothesis was never investigated. Expression of IRT1 and FRO2 genes was shown
to be tightly co-regulated by a local perception of iron availability at the root level and through
a systemic pathway involving a shoot-borne signal, in addition these two genes are diurnally
co-expressed (Vert et al., 2003). AHA2 appears to be the most abundant AHA isoform in
Arabidopsis root and is expressed in epidermal cells, in the cortex and in phloem and xylem
parenchyma cells (Santi and Schmidt, 2009; Haruta et al., 2010; Fuglsang et al., 2007).
Contrary to IRT1 and FRO2 genes, AHAZ is expressed under iron sufficient condition, however
AHA2 expression is increased by more than 3-fold in lack of iron (Santi and Schmidt, 2009).
Comparatively, in iron deficient versus iron replete conditions, IRT1 and FRO2 expression is
induced by 45 and 80 times, respectively. AHA7 gene expression was also demonstrated to be

upregulated by iron deficiency, however the function of AHA7 appears to be associated with
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the development of root hairs and not with iron acquisition under iron limited conditions (Santi
and Schmidt, 2009).

1.3.2 - FIT, the master transcription factor involved in iron
acquisition
The basic Helix-Loop-Helix (bHLH) transcription factor FER-like Iron Deficiency-
Induced Transcription Factor (FIT) is a key component of the Fe deficiency response, as such
fit mutants are extremely chlorotic and die as seedlings under iron deficient condition
(Colangelo and Guerinot, 2004). Initial microarray analysis showed that the expression of 179
genes was dependent on FIT (Colangelo and Guerinot, 2004) and recently the number of FIT-
regulated genes was extended to 448 (Mai et al., 2016). FIT is considered as a central hub in
the induction of the iron deficiency response and importantly IRT1, FRO2 and AHA2 gene
expression is regulated by FIT under iron limited conditions (Figure 3) (Colangelo and
Guerinot, 2004; Ivanov et al., 2012). Other components of the Arabidopsis iron acquisition
machinery, such as ABCG37/PDR9 gene, are also transcriptionally induced in response to iron
deficiency in a FIT-dependent manner (Figure 3) (Rodriguez-Celma and Schmidt, 2013). As
for IRT1 and FRO2, FIT expression is induced in the outer cell layers of the root during Fe
starvation, near the root tip and in upper root zones (Jakoby et al., 2004; Wang et al., 2007).
Interestingly, FIT protein seems to be able to promote its own gene transcription (Figure 3)
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Figure 3. Transcriptional regulation of the genes involved in the iron acquisition under
iron deficiency.

During Fe deficiency, the expression of the transcription factor FIT1 is induced. FIT then
induces the transcription of the main genes involved in Fe uptake: AHA2, FRO2, IRT1, but
also PDR9. FIT1 is degraded in the proteasome after inducing a round of transcription,
which allows the newly synthetized FIT1 to restart the transcription of its target genes.
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(Wang et al., 2007; Brumbarova et al., 2014). FIT regulation was extensively studied
highlighting that FIT is highly controlled at the transcriptional and post-translational levels
through the action of diverse positive and negative regulators, local and long-distance signals
related to iron nutrition and the action of different hormones (Séguéla et al., 2008; Maurer et
al., 2011; Matsuoka et al., 2014; Yan Cui et al., 2018). Interestingly, proteasome-mediated
turnover of FIT is required for plant Fe deficiency responses, allowing the accumulation of an
unstable pool of FIT that, after activation of target genes, will be degraded allowing freshly
produced FIT to induce new transcription rounds of target genes (Figure 3) (Sivitz et al., 2011).
Very recently, FIT was demonstrated to be phosphorylated by the CBL-Interacting Protein
Kinase 11 (CIPK11) in a calcium-dependent manner, shifting FIT from an inactive to an active
form (Gratz et al., 2019). To exert its function, FIT can form hetero-dimers with other iron-
regulated transcription factors from the 1b subgroup of the bHLH family. Thus, FRO2 and IRT1
transcription was reported to be directly regulated by a complex of FIT/bHLH38 or
FIT/bHLH39 (Yuan et al., 2008). The two other transcription factors from the Ib subgroup,
bHLH100 and bHLH101, were also shown to physically interact with FIT and were proposed
to be involved in the process of Fe acquisition by regulating the expression of FRO2 and IRT1
genes (Wang et al., 2013). However, these data are not in accordance with results obtained by
another group showing that bHLH100 and bHLH101 do not regulate FIT target genes,
suggesting that they play a non-redundant role with the two closely related transcription factors
bHLHO038 and bHLHO039 (Svitz et al., 2012). Although bHLH100 and bHLH101 are key
regulators of iron-deficiency responses they would operate independently of the main regulator
FIT (Sivitz et al., 2012). Although they do not regulate the expression of the iron uptake genes,
other transcription factors are important for the iron deficiency response in Arabidopsis such
as the bHLH transcription factor named POPEYE (PYE) that is expressed in the pericycle in
lack of iron (Long et al., 2010). The expression of PYE is co-regulated with that of an E3-
ubiquitin ligase called BRUTUS (BTS) which constitutes a negative regulator of the iron
deficiency response (Long et al., 2010; Hindt et al., 2017; Kobayashi et al., 2013).

1.4 - Fe transport and redistribution along the plant and
subcellular distribution

1.4.1 - Iron transport across the root and redistribution

After being absorbed from the soil, iron is generally thought to be radially transported

across the root via symplastic and apoplastic routes (Figure 4) (Palmer and Guerinot, 2009;

12



Jeong et al., 2017). However, it was also hypothesized that iron may be transported from
epidermal cells to underlying cortical cells via efflux transporters. As detailed later in this
manuscript, IRT1 displays a polar localization in root epidermal cells and the loss of IRT1
polarity was shown to disturb iron homeostasis, probably because IRT1 works in this case
against Fe efflux transporters, leading to radial transport defects within the root and,
consequently, to impaired iron accumulation (Barberon et al., 2014). This hypothesis is
supported by studies based on dye-coupling approaches showing that differentiated
Arabidopsis root epidermal cells and root hair cells are symplasmically isolated from cortical
cells (Duckett et al., 1994). Importantly, homologs of mammalian metal efflux transporters
from the IREG/ferroportin family are found in Arabidopsis (Morrissey et al., 2009; Schaaf et
al., 2006), however their role in iron exit from epidermal cells was not investigated so far.
Further analysis will be required to precisely define the way iron is transported across the root
and whether different pathways co-exist. It is important to note that since Fe is highly reactive,
it will be bound to specific chelators or proteins in plant tissues to avoid the generation of
oxidative stress. According to the redox potential and pH of the different plant compartments,
the nature of these molecules will change during the process of transport, and iron will be found
in different oxidative states as Fe?* or Fe®* complexes (Brumbarova and Bauer, 2009; Gayomba
et al., 2015; Jeong et al., 2017). The pool of iron that may travel across the root via the
apoplastic route could be remobilized into cortical and endodermal cells by the plasma
membrane located Natural Resistance-Associated Macrophage Protein 1 (NRAMP1), a
manganese transporter which also transports iron and whose expression is upregulated under
Fe deficiency (Figure 4) (Curie et al., 2000; Cailliatte et al., 2010; Castaings et al., 2016). At
the endodermis level, the apoplastic transport of Fe but also water and other nutrients is stopped
by the Casparian strip, a band of cell wall material with a high content of lignin with
impermeable capabilities, moreover the coupled trans-cellular transport is limited at this point
(Naseer et al., 2012; Jeong et al., 2017). Interestingly the deposition in the endodermal cell
wall of suberin, a hydrophobic molecule that creates a diffusion barrier, can be modulated by
mineral nutrition. Accordingly, the irtl mutant in which iron homeostasis is impaired presents
a diminished suberization level at the endodermis, and part of its hypersensitive phenotype
induced by a lack of Fe is alleviated when crossed with a suberin-less mutant, suggesting that
the level of suberization is specifically responding to the Fe nutritional status and that plants
may facilitate Fe uptake by decreasing suberin levels (Barberon et al., 2016). Another way for
nutrients to avoid the Casparian strip relays on the coordination of influx and efflux

transporters, working coordinately to facilitate the transport towards the stele (Barberon, 2017).
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Figure 4. General overview of the process of Fe acquisition and redistribution in
Arabidopsis thaliana.

Fe acquisition takes place in the epidermal cells of the root, as described in Figure 2. Then,
Fe is probably radially transported across the root via symplastic and apoplastic routes. Once
reaching the endodermis, the apoplastic Fe might be transported inside the cell.
Furthermore, Fe nutritional status can influence suberin accumulation. In the pericycle, Fe is
effluxed by FPN1 into the xylem where it travels complexed with citrate that is itself effluxed
in the xylem by FRD3. Once in the leaves, Fe is probably reduced by FRO6 and uptaken inside
the cell by an unknown transporter. A small proportion of Fe travels chelated to
nicotianamine (NA) and is uptaken by YSL2 transporters in leaf cells. Once in the cytosol, Fe
is transported inside chloroplasts and mitochondria, probably after a reduction mechanism.
Fe excess can in turn be sequestered in the vacuole through the action of transporters such
as VIT1. When needed, Fe can be remobilized from the vacuole by NRAMP3 and NRAMP4
transporters. OPT3 mediates the transport of Fe from xylem to phloem, where Fe travels
complexed with NA. This transporter also removes Fe from old tissues and distributes it,
together with YSL1 and YSL3 transporters, into sink tissues such as seeds and flowers.

However, iron influx and efflux transporters that would allow Fe to cross the endodermal cell
layer remain unknown so far.

Once arriving to the pericycle of the root, iron is effluxed into the xylem through the
action of the Ferroportin 1 (FPN1) transporter (Figure 4) (Morrissey et al., 2009). In parallel,
the Ferric Reductase Defective 3 (FRD3) transporter induces the efflux into the xylem of citrate
that chelates iron which is then translocated to the shoots (Figure 4) (Durrett et al., 2007). Iron
probably travels as a tri-Fe**-tri-citrate complex, one of the main Fe compounds found in xylem
sap of different plant species (Rellan-Alvarez et al., 2010; Flis et al., 2016). In accordance with
the function of FRD3, frd3 mutants are very chlorotic, present a constitutive induction of the
iron deficiency response, accumulate less translocated Fe in leaves and present Fe accumulation
in the root vasculature (Durrett et al., 2007). As these defects are alleviated upon citrate addition
in the growth media (Lahner et al., 2003; Durrett et al., 2007). Furthermore, FRD3 and citrate
release in the apoplast were demonstrated to be important during reproductive stages, allowing
pollen development, germination and early plant development ( Roschzttardtz et al., 2011). In
addition to the transport of Fe-citrate complexes, translocation of iron in the xylem can also
occur through the binding of Fe?* to nicotianamine (NA) that belongs to the mugineic acid
family (Curie et al., 2009). If NA production is impaired, Fe remains attached to vascular
bundles, consequently plants show interveinal chlorosis in young leaves, extreme reduction in
plant yield and flower development defects that result in sterility (Klatte et al., 2009).
Interestingly NA also plays a role in the translocation of iron in the phloem (Figure 4) (Curie

etal., 2009). In Arabidopsis, Fe-NA complexes are distributed from the xylem to neighbouring
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cells by the Yellow Stripe-Like 2 (YSL2) transporter which is expressed in many cell types in
both roots and shoots (DiDonato et al., 2004; Schaaf et al., 2005). On the other hand, two other
YSL named YSL1and YSL3 seem to work redundantly in Fe-NA removal from senescent
leaves into the phloem and in Fe-NA transport into the seeds (Figure 4). Besides YSL2, another
plasma membrane transporter called Oligopeptide Transporter 3 (OPT3) is important for the
translocation of Fe into sink tissues. However, contrary to YSL2, OPT3 is proposed to transport
Fe?* ions rather than chelated iron (Zhai et al., 2014). Interestingly OPT3 expression is
upregulated by Fe deficiency in the vasculature of seedlings and adult plants, in pollen, in minor
veins of leaves and in stem nodes (Stacey et al., 2002; Zhai et al., 2014). Besides directly
redistributing iron to developing tissues, OPT3 is also involved in Fe remobilization from old
to young tissues and in Fe transfer from xylem to phloem, allowing long-distance transport of
Fe in the plant (Figure 4) (Zhai et al., 2014). Interestingly, opt3-1 null mutant results in embryo
lethality, but knockdown opt3 mutants survive, giving rise to plants in which the Fe acquisition
response is continuously induced, despite the fact that they over-accumulate Fe (Zhai et al.,
2014). How Fe3*-chelates are able to enter the leaf cells remains unknown. However, as the
ferric reductase FROG, one of eight FRO family members, is expressed at high level in leaves
it is possible that this protein mediates Fe reduction prior Fe uptake in this tissue (Figure 4)
(Jain et al., 2014). Accordingly to this hypothesis, the over-expression of AtFRO6 in transgenic
tobacco enhances ferric chelate reductase activity in leaves, increasing plant tolerance to iron-
deficiency (Li et al., 2010).

1.4.2 - Localization of iron inside the cell

In plant cells, the quantitatively most important sites for iron use are chloroplasts and
mitochondria, for instance chloroplast iron can represent 70% to 90% of cellular iron in
mesophyll cells (Thomine and Vert, 2013). In these organelles, Fe forms complexes with
ferritin proteins, which allows Fe storage, or associates with metalloproteins from electron
transfer chains of two main prosthetic groups: Fe-S clusters and hemes (Briat et al., 2007,
Roschzttardtz et al., 2013; Ortega-Rodes et al., 2014). Ferritin form multimeric complexes
composed of 24 subunits organized in a sphere shape, each complex can store up to 4.500 atoms
of iron in its central cavity (Guerinot and Yi, 1994; Ravet et al., 2009). By complexing iron,
ferritins are important to avoid oxidative damages in the plant cell, importantly iron excess
increases ferritin abundance (Reyt et al., 2015). In Arabidopsis, iron import into the chloroplast
was proposed to be performed by the Permease In Chloroplast 1 (PIC1) which is localized in
the inner envelope of this organelle (Figure 4) (Duy et al., 2007). PIC1 is able to complement
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the growth defect of the Fe uptake-deficient yeast mutant fet3fet4 and PIC1 knock-out
mutations result in dwarf plants with altered Fe homeostasis. Before being transported into the
chloroplast, iron is thought to be first reduced, a step performed by the ferric reductase FRO7
which specifically localizes in the chloroplast (Figure 4) (Jeong et al., 2008). Indeed,
chloroplasts isolated from fro7 loss-of-function mutants have significantly reduced Fe*
reductase activity, reduced iron content and altered photosynthetic complexes.

Vacuolar storage of iron plays an essential role to maintain iron homeostasis in plant
cells. In the storage vacuoles from endodermal cells of Arabidopsis embryo, imaging
approaches revealed that iron is localized in globoids, a structure composed of phytate (Kim et
al., 2006; Roschzttardtz et al., 2009). The main transporters allowing the entrance of iron into
the vacuole are the tonoplast-localized Vacuolar Iron Transporter 1-like (VIT1) (Kim et al.,
2006) which is involved in Fe uptake in developing seeds and young plantlets and the
IREG2/FPN2 protein (Morrissey et al., 2009) that is involved in Fe vacuolar uptake in root
epidermis and cortical cells. In turn, remobilization of Fe from vacuolar stocks is important for
Fe homeostasis and is essential during germination to ensure the correct development of the
young seedling, this step being performed by the tonoplastic proteins NRAMP3 and NRAMP4
(Figure 4) (Lanquar et al., 2005). Indeed the growth of nramp3 nramp4 double mutants is
quickly arrested after germination unless the plants are complemented with either NRAMP3 or
NRAMP4, or subjected to high concentrations of Fe, demonstrating their redundant role in Fe
remobilization (Lanquar et al., 2005). Interestingly, even in the presence of sufficient amount
of external Fe, IRT1 and FRO2 genes are strongly upregulated in the nramp3 nramp4 double
mutant, showing that a failure to mobilize stored Fe during germination triggered Fe deficiency
responses (Bastow et al., 2018). Apart the germination step, NRAMP3 and NRAMP4 are also
important for iron mobilization from the vacuole during later stages in the plant life (Lanquar
et al., 2005). Besides their role in iron efflux from the vacuole, NRAMP3 and NRAMP4 are
also involved in Mn homeostasis by releasing this metal from the vacuole (Lanquar et al.,
2010).

In addition to be present in high quantity in chloroplasts, in mitochondria and in the
vacuole, by combining complementary imaging approaches iron was also shown to accumulate
in the nucleolus of Arabidopsis leaves and pea embryos (Hannetz Roschzttardtz et al., 2011).

However, the meaning of elevated concentration of iron in nucleolus remains unknown.
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Figure 5. The secretory and endocytic pathways.

Newly synthetized proteins travel from the endoplasmic reticulum (ER) towards the cis-
Golgi in COPII-coated vesicles (anterograde pathway) (1). A retrograde pathway, involving
COPI vesicles, can transport cargo proteins from the Golgi towards the ER (2). After protein
maturation through the different Golgi cisternae towards the Trans Golgi network
(TGN/EE), the proteins are transported to the plasma membrane (PM). At the PM, cargo
proteins can be internalized through clathrin-mediated endocytosis (CME), after the
recognition of specific signals such as ubiquitin (3). Alternatively, PM proteins might
undergo microdomain-associated endocytosis (MAE) (4). Afterwards, internalized proteins
are targeted to the trans-Golgi network/early endosomes (TGN/EE) (5). At this step,
endocytosed proteins can be targeted to multivesicular bodies/late endosomes (MVB/LE)
(6) or recycled to the PM (7). Once in MVB/LE, ubiquitinated cargo proteins are recognized
by the ESCRT machinery and sorted into intraluminal vesicles (IL) for further targeting to
the vacuole and degradation (8). Alternatively, cargo proteins may be recycled to the
TGN/EE thanks to the retromer complex (9).
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Il - Requlation of the three main actors implicated in Fe
acquisition: AHA2, FRO2 and IRT1 proteins

The regulation of IRT1, FRO2 and AHAZ2 occurs at multiple levels and include a

transcriptional control by iron availability of IRT1, FRO2 and AHA2 genes, as previously
mentioned in this manuscript, but also post-translational controls of the corresponding proteins.
Although our knowledge of the post-translational regulations of the three major actors of Fe
acquisition is rather heterogeneous and, especially for FRO2, remains scarce, | will detail in
the following section how the intracellular trafficking and/or the activity of these three proteins
is controlled. Since my work was highly focused on the traffic and the endocytosis of membrane
proteins inside the plant cell, using IRT1 as a model, I will first give an overview of the
complexity of the different trafficking pathways and the way they are regulated. On the other
hand, concerning the control of the activity per se of IRT1, AHA2 and FROZ2, | decided to
directly get into the heart of the matter by commenting what is specifically known about these

proteins.

1.1 - Requlation of the intracellular protein trafficking

11.1.1 - The secretory pathway

The secretory pathway insures the delivery of newly synthetized proteins from the
endoplasmic reticulum (ER) to the Golgi apparatus and their subsequent targeting to various
destinations along the endomembrane system such as the plasma membrane (PM) or the
tonoplast (Figure 5) (Bassham et al., 2008; Pedrazzini et al., 2013; Zelazny and Vert, 2014;
Kim and Brandizzi, 2016). Exchange of proteins but also lipids between endomembrane
compartments occurs through nucleation, scission and fusion of small transport vesicles
(Hwang and Robinson, 2009).

Most lipids including sterols and ceramides are synthetized in the ER and transported
via the secretory pathway towards the PM (Van Meer and Sprong, 2004). ER is also responsible
for the synthesis, the folding, the disulfide bond formation and the oligomerization of proteins.
In the case proteins are misfolded during these different steps, they are selected by the
endoplasmic reticulum-associated degradation (ERAD) machinery and retrotranslocated into
the cytosol for proteasome-mediated degradation (Vitale and Boston, 2008; Guerra and Callis,
2012; Zelazny and Vert, 2014). Functional proteins enter the anterograde pathway and are
exported from the ER to the Golgi apparatus (Figure 5). This transport is mediated by specific
vesicles coated and formed by the Coat Protein Complex Il (COP-II) which is composed of
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three cytosolic components: the GTPase Sarl, Sec23/Sec24 and Secl13/Sec31l heteromers
(Zelazny and Vert, 2014; Chung et al., 2016). Although the function of COPII complex was
mainly investigated in yeast and mammals (Aridor, 2018), the COPII machinery is conserved
in plants and several studies point to its role in protein exit from the ER (Mikosch et al., 2006;
Takagi et al., 2013; Chung et al., 2016). First Sarl is activated by the membrane protein Sec12,
a guanine nucleotide-exchange factor, and as a result Sar1-GTP inserts its amphipathic amino-
terminal domain in the ER membrane leading to the binding of the protein and to the initiation
of the membrane curvature (Lee et al., 2005). Secondly, this initial deformation of the
membrane is stabilized by the recruitment of Sec23/Sec24 heterodimer by Sar1-GTP, forming
the pre-budding complex. Thirdly, after binding of cargo proteins, the pre-budding complexes
are gathered together by the recruitment of Sec13/Sec31 heterotetramers that polymerize
creating a lattice (Lederkremer et al., 2001) responsible for the propagation of the membrane
curvature initiated by Sarl, which finally creates the COPII vesicle. Recruitment of cargo
proteins is mainly performed by the Sec24 subunit in yeast and mammmals but also in plants.
Besides, diverse cargo binding sites recognizing a variety of ER sorting signals, such as diacidic
motifs, were identified on Sec24 (Miller et al., 2003; Mossessova et al., 2003; Sieben et al.,
2008). Diacidic motifs are evolutionary conserved cytoplasmic motifs that correspond to the
(D/E)x(D/E) sequence, with x representing any amino acid residue (Zelazny and Vert, 2014).
In plants they were notably described to be important for the ER exit of diverse channels
(Mikosch et al., 2006; Zelazny et al., 2009; Sorieul et al., 2011). To maintain an equilibrium
with COPIlI-mediated anterograde transport, a retrograde pathway is operated by vesicles
coated with Coat Protein Complex | (COPI), also called coatomer, which allows the continual
recycling of proteins and lipids from the Golgi apparatus to the ER (Brandizzi and Barlowe,
2013, Zelazny and Vert, 2014). COPI is composed of seven subunits (a, B, B’, v, 9, €, {) and
was mostly studied in yeast and mammals. However, COPI homologue components are present
in plants, which points to the conservation of function of such a complex, furthermore COPI-
containing vesicles have been identified. Nevertheless the molecular function of the plant COPI
machinery remains poorly studied (Contreras et al., 2000; Pimpl et al., 2000; Staehelin and
Kang, 2008).

In plants, the Golgi apparatus is mainly in charge of sorting proteins toward other
cellular compartments, such as the plasma membrane and the vacuole (Figure 5), previously
enabling protein glycosylation. Besides, this organelle also participates in the synthesis and the
assembly of cell wall components, such as the production of complex cell wall polysaccharides,

while it also produces plasma membrane and tonoplast constituents, such as glycolipids
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(Hawes, 2005, Zelazny and Vert, 2014). Finally, the Golgi apparatus also contributes to the
synthesis of complex sphingolipids and to the transport of lipids (Klemm et al., 2009).
Although lipid transport was for long believed to be a counterpart necessary for protein
transport and also needed to maintain membranes stability, nowadays it is well admitted that
lipids are also active elements for correct cargo recruitment and membrane budding, fusion and
fission (Van Meer and Sprong, 2004; Hammond and Balla, 2015). The Golgi apparatus is made
of individual cisternae and is subdivided into the cis-, medial- and trans-Golgi (Figure 5)
(Hwang and Robinson, 2009). Proteins arrive to the cis-Golgi from the ER, passing sequentially
into the other two compartments, which makes this organelle polarized, finally reaching the
trans-Golgi network (TGN), which exists as an independent organelle from the Golgi in plants
(Brandizzi and Barlowe, 2013). Vesicles emitted from the TGN will finally fuse with the PM
to deliver the cargo proteins. The process of vesicle fusion involves Soluble N-ethylmaleimide-
sensitive fusion protein attachment protein receptors (SNARE). These proteins are classified
as V-SNAREs, when present in the vesicle, or t-SNAREs, when present in the target membrane
and interact when the vesicle reaches its destination membrane. In this way they will form a
complex that will drive membrane fusion, and so allow cargo delivery (Kim and Brandizzi,
2012). Very interestingly, the work of Sutter et al. (2006) brought to light the role of SNARE
proteins in controlling the delivery to the PM of some plant membrane proteins, such as the
cation transporter KAT1, within specific membrane microdomains (See Introduction Chapter
I11.1 for microdomain definition). The distribution of KAT1 at the PM is highly dependent on
the functionality of the syntaxin related protein (SYP121) SNARE in tobacco, while the
expression of dominant negative forms of SYP121 does not affect delivery of other PM proteins
such as the proton pump PMAZ2 (Sutter et al., 2006). This result indicates that the specificity of
the process of membrane tethering mediated by SNARE proteins depends, to a certain extent,

on the identity of the cargo.

11.1.2 - The endocytic pathway

11.1.2.1 - Generalities about the endocytic pathway: from
the plasma membrane to the vacuole
Proteins located at the PM can be internalized by clathrin-mediated endocytosis (CME),
which is considered as the main endocytic route in plants, or by a clathrin-independent pathway
involving membrane microdomains as detailed hereafter (Figure 5). Endocytosis can be

constitutive to ensure PM protein turnover or induced in response to multiple stimuli, such as
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environmental and metabolic cues, allowing for instance the rapid internalization of receptors,
transporters and channels (Leborgne-Castel and Luu, 2009). After internalization from the
plasma membrane, proteins first reach a compartment called early endosome (EE) which, as
previously mentioned, coincides with the TGN in plants (Dettmer, 2006). As the TGN is also
part of the secretory pathway, EE/TGN compartment was proposed to contain specialized
subdomains with differentiated secretory and endocytic functions (Contento and Bassham,
2012), that have been shown to display specific lipid compositions (Wattelet-Boyer et al.,
2016). From EE/TGN, proteins can follow two pathways: they can be either recycled back to
the PM or they can continue the endocytic pathway towards the vacuole for degradation (Figure
5). The recycling of cargo proteins involves ADP Ribosylation Factor-Guanine nucleotide
Exchange Factors (ARF-GEF), such as GNOM, that activate ADP Ribosylation Factors (ARF)
allowing them to localize to membranes and induce vesicle budding (Geldner et al., 2003;
Karandur et al., 2017). The fungal toxin brefeldin A (BFA), which inhibits the activity of some
ARF-GEF, impairs vesicular trafficking and recycling to the PM, resulting in the accumulation
of endocytosed proteins in large cytosolic structures in plant roots called BFA bodies (Geldner
et al., 2003). Thus, BFA constitutes an interesting tool to study endocytosis and recycling in
plants. As an alternative to recycling, endocytosed cargos can be targeted to multivesicular
bodies (MVB), also known as late endosomes, that constitute an intermediate compartment
before the vacuole where cargo degradation takes place (Figure 5). The Endosomal Sorting
Complex Required for Transport (ESCRT) is an evolutionarily conserved multiprotein
complex that promotes membrane deformation and scission towards the inner side of the MVB
membrane, away from the cytosol. ESCRT ensures the capture and the sorting of ubiquitinated
cargo proteins in intraluminal vesicles of the MVB for subsequent vacuolar targeting (Bassham
et al., 2008; Gao et al., 2017; Yong Cui et al., 2018). Ubiquitination, mentioned at this point
as a cargo recognition signal for MVB sorting, is a post-translational modification
corresponding to the covalent attachment of an ubiquitin (Ub), a 76-amino acid polypeptide,
generally onto a lysine residue of a target protein (Romero-Barrios and Vert, 2018).
Ubiquitination plays an essential role in plant endocytosis and its function will be detailed
hereafter. After reaching the MVB, cargos can be also saved from degradation through the
action of the retromer, a multiprotein complex which mediates cargo recycling from MVB back
to the TGN (Jaillais et al., 2007; Zelazny et al., 2013). The retromer is formed of two
subcomplexes: the core retromer, which is implicated in cargo selection and comprises the
Vacuolar Protein Sorting (VPS) 26, VPS29 and VPS35 (Lucas et al., 2016) and a dimer of

Sorting Nexins (SNXs), which bind to phosphoinositide-containing endosomal membranes
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(Cullen and Korswagen, 2011). Mutations occurring in different retromer subunits were shown
to lead to abnormal protein distributions in the cell, leading to severe defects in auxin
trafficking, nutrient uptake and suppression of effector triggered-immunity (Kleine-Vehn et al.,
2008; Ivanov et al., 2014; Munch et al., 2015).

11.1.2.2 - Endocytosis
11.1.2.2.1 - Clathrin mediated endocytosis

CME constitutes the main route of endocytosis in eukaryotic cells and in conjunction
with the secretion system, it permits to regulate the subcellular localization of PM proteins,
which allows them to properly perform their functions (Bitsikas et al., 2014; Haucke and
Kozlov, 2018). Several molecular actors of CME are conserved in plants, mammals and yeast
such as some adaptor proteins, clathrin and dynamin-related proteins (Reynolds et al., 2018),
but interestingly other proteins involved in CME seem to be rather specific to plants as
explained below. The whole CME process includes five steps allowing the internalization of
cargo proteins in specific vesicles: nucleation, cargo selection, clathrin coat assembly,
membrane scission and uncoating (McMahon and Boucrot, 2011).

The initiation process of CME, which occurs at specific spots of the PM named the
clathrin-coated pits (CCP), is still a matter of debate (Fan et al., 2015). In a first model, the
nucleation of the nascent vesicle is thought to be achieved by the heterotetrameric Adaptor
Protein complex 2 (AP2) that interacts with clathrin but also cargo proteins in plants (Fan et
al., 2013) whereas in a second model CCP pre-exist on the plasma membrane before the
recruitment of AP2. In addition to AP2, the eight-core-component protein complex named
TPLATE complex (TPC) is a plant essential CME adaptor that is not conserved in yeast, neither
in animals (Van Damme et al., 2011; Gadeyne et al., 2014). TPC subunits were shown to
physically interact with clathrin and AP2 subunits (Reynolds et al., 2018). Interestingly, while
Arabidopsis knock-out mutants for individual AP2 subunits remain viable, TPC subunit loss-
of-function mutants exhibit pollen lethality, highlighting the crucial role played by TPC in plant
endocytosis (Fan et al., 2013; Gadeyne et al., 2014). Although AP2 and TPC work together
during CME (Zhang et al., 2015), both adaptors do not answer in the same way in specific
pharmacological and genetic studies. For example, in the presence of either salicylic acid or
the pharmacological CME inhibitor tyrphostin A23, the association of AP2 to the membrane
decreases, but this is not the case for TPC (Wang et al., 2016). These results suggest that both
adaptors may also have independent roles, to be addressed in the future. During CME, adaptors
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connect the clathrin coat with specific phospholipids and confer also specificity for cargo
recognition (Chen et al., 2011; Baisa et al., 2013). For example, tyrosine-based motifs Yxx®,
in which @ is a bulky hydrophobic amino acid and x any amino acid, or dileucine motifs
[DE]xxx[LIM] are recognized by the AP2 complex and are involved in protein internalization
in animals (Traub, 2009; Kozik et al., 2010). The function of tyrosine-based motifs is conserved
in plants and they were demonstrated to interact with some AP2 subunits. Furthermore,
mutation of Yxx® motifs located in either the fungal pathogen sensor LeEix2 or the auxin
efflux carrier PIN1 were shown to impair the internalization of these proteins from the PM (Bar
and Avni, 2009; Sancho-Andrés et al., 2016). Recently TPC was suggested to be involved,
similarly to AP2, in the selection of cargo proteins during CME. Indeed two TPC subunits were
demonstrated to physically interact with cellulose synthase complexes (CSC), although the
determination of the motifs that allow the recognition of CSC by TPC remain to be determined
(Sanchez-Rodriguez et al., 2018). Importantly, in addition to motifs present in the sequence of
membrane proteins, posttranslational modifications such as ubiquitination also play an essential
role in protein internalization from the PM, as detailed hereafter.

Following the nucleation step and recruitment of the cargos to be internalized, the
maturation of the vesicle requires clathrin coat assembly and the recruitment of additional
endocytic accessory proteins (McMahon and Boucrot, 2011; Fan et al., 2015). Clathrin is well
evolutionary conserved and assembles in triskelia including three clathrin heavy chains (CHC)
and three clathrin light chains (CLC) that will then oligomerize to form the clathrin cage thus
increasing membrane curvature and inducing the formation of the clathrin-coated vesicles
(CCV) (McMahon and Boucrot, 2011; Wang et al., 2013; Mettlen et al., 2018). The scission
of the emerging CCV from the donor membrane is achieved by GTPases called dynamins that
display the properties to induce the tubulation and the fission of membranes (Antonny et al.,
2016). In plants, Dynamin Related Proteins (DRP) from two subfamilies: DRP2 subfamily, that
is similar to the metazoan dynamin and DRP1 subfamily that is plant specific. Both were shown
to be important for CME (Fujimoto et al., 2010; Fujimoto and Tsutsumi, 2014). After
detachment of the CCV from the PM, the clathrin coat is removed by auxilins in animals, setting
free a vesicle that is able to fuse with other endocytic compartments (Paez Valencia et al.,
2016). A recent study suggests that the function of auxilins is conserved in plants. Indeed, two
putative homologs of auxilins from Arabidopsis called AUXILIN-LIKE 1 and AUXILIN-
LIKE 2 were shown to interact with CLC and the over-expression of these two proteins inhibits
endocytosis, likely by preventing clathrin recruitment to endocytic pits (Adamowski et al.,
2018).
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11.1.2.2.2 - Membrane microdomain-associated endocytosis

Besides CME, another important pathway to internalize cargo proteins from the PM
relies on membrane microdomains that are enriched in sphingolipids and sterols and that
regroup specific sets of proteins as detailed hereafter in Introduction Chapter I11.1.
Microdomain-associated endocytosis (MAE) was first described in mammals and involves
membrane microdomain-located proteins named flotillins (Meister and Tikkanen, 2014)
(Figure 5). Notably, knock-down of mammalian Flotillinl expression reduces the
internalization from the PM of glycosylphosphatidylinositol (GPI)-linked proteins (Glebov et
al., 2005). Studies carried out in the animal field seem to accept that endosomes generated from
MAE can also perform functions of recycling and remobilization of cargos for degradation (Liu
etal., 2005a; Solis et al., 2013; Diaz-Rohrer et al., 2014; Compeer et al., 2018). In Arabidopsis,
Flotillinl (Flotl) was predominantly observed at the PM from which Flotl-positive vesicles
budded and co-localized with the endocytic tracer FM4-64 dye (Li et al., 2012). Similarly to
mammalian cells, Arabidopsis Flotl was proposed to define a membrane microdomain-
associated endocytic pathway (Li et al., 2012; Dan¢k et al., 2016). Flot1-labelled endosomes
differ from the ones generated by CME in term of size and mobility. In Arabidopsis, further
analysis showed that Flotl amiRNA transgenic lines display a decreased internalization from
the PM of the brassinosteroid receptor Brassinosteroid Insensitive 1 (BRI1) (Wang et al.,
2015). Similarly, in the same study, BRI1 endocytosis was shown to be disturbed when the
integrity of membrane microdomain was altered following pharmacological sterol depletion
with methyl-B-cyclodextrin. In plants, proteins endocytosed, at least in part, through a MAE
pathway have diverse functions and include among others the aquaporin Plasma membrane
Intrinsic Protein 2;1 (PIP2;1) (Li et al., 2011), the ammonium transporter AMT1;3 (Wang et
al., 2013) the immune receptor Flagellin Sensing 2 (FLS2) (Cui et al., 2018) and the
Respiratory burst oxidase homolog D (RbohD) (Hao et al., 2014). So far, cargo proteins
described as being retrieved from the PM by MAE are known to be also internalized in a
clathrin-dependent manner in plants. Although the two pathways may co-exist it now emerges
that the Flotillin/membrane microdomain-mediated endocytosis is favored in plants in response
to specific stimuli including stress or hormonal signaling. Thus, upon brassinosteroid
stimulation the co-localization between BRI1 and Flotl increases and concomitantly the
internalization of BRI1 through MAE is enhanced (Wang et al., 2015). In addition, salt stress
enhances the membrane microdomain-mediated endocytosis of Arabidopsis PIP2;1 that is
mainly endocytosed in a clathrin-dependent manner in non-stressed conditions (Li et al., 2011,
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Luu et al., 2012). Similarly, a salt stress stimulates the endocytosis of RbohD via membrane
microdomains (Hao et al., 2014). Biotic stress is also able to increase MAE in Arabidopsis cells
as recently reported for FLS2 whose co-localization with Flotl increases in response to the
flagellin-derived peptide flg22, leading to an enhanced internalization of FLS2 through the
membrane microdomain pathway ( Cui et al., 2018). In the context of the symbiotic process in
Medicago truncatula, the bacterial Nod Factor was shown to increase the co-localization in
membrane microdomains between a receptor that mediates bacterial infection called Lysin
Motif Receptor-Like Kinase3 (LYK3) and Flotillin 4 (Flot4), however whether this
relocalization mechanism is followed by LYKS3 endocytosis in a Flot4-dependent manner
remains to be determined (Haney et al., 2011). Intriguingly, although microdomain-associated
endocytosis was described for years in mammals and plants, the exact mechanisms involved in
this pathway, including the recruitment of cargos to be endocytosed and the formation of the
endocytic vesicle, remain to be determined (Meister and Tikkanen, 2014). The work performed
by Frick et al. (2007) represents a first hint about the possible role of Flotillins in the generation
of vesicles in specific microdomains. The authors showed that ectopic overexpression of
Flotillins 1 and 2 induces their co-assembly to specific mammalian microdomains, which in
turn induces membrane curvature, generating membrane buds towards the cytosol.
Unfortunately, as their work is based on overexpression of GFP-tagged flotillins, it may not
represent the dynamics of the endogenous proteins. In the future, it will be very important to
address whether flotillins can structurally mediate cargo internalization and/or vesicle budding

and to identify the machinery associated with MAE such as adaptor proteins.

11.1.2.2.3 - Ubiquitination as a way to control endocytosis

Ubiquitination is a key post-translational modification that is involved in endocytosis
but also in other processes such as protein degradation in the proteasome or DNA damage
response (Komander, 2009). Ubiquitination is a cascade process involving an ubiquitin-
activating enzyme (E1), an ubiquitin-conjugating enzyme (E2) and an ubiquitin-protein ligase
(E3) (Rotin and Kumar, 2009). First, in an ATP dependent reaction, E1 forms a thioester bond
between a cysteine from its active site and the carboxyl terminus of the ubiquitin. Secondly,
activated Ub is transferred to a cysteine residue in the active site of an E2. Finally, E2 may give
ubiquitin directly to the protein substrate through an E3 from the RING family that acts as a
scaffolding protein. Alternatively, Ub may be first transferred to an E3 from the HECT family
before being linked to the substrate. This process results in the formation of an isopeptide bond,

usually between the epsilon-amino group of the substrate lysine and the carboxyl group of the
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last glycine from Ub (H., T., Kim et al., 2007; Guerra and Callis, 2012; Romero-Barrios and
Vert, 2018). E3-ubiquitin ligases play a key role in this multistep process as they recruit the
target protein for ubiquitination and hence primarily dictate the specificity of the system. Target
proteins can be modified with a single Ub molecule on one or several lysine residues,
generating monoubiquitination and multi-monoubiquitination, respectively. Alternatively, as
Ub contains itself seven lysines residues (K6, K11, K27, K29, K33, K48, K63), Ub molecules
can be ligated to one another forming Ub chains (polyubiquitination) (Komander, 2009; Swatek
and Komander, 2016). This process can quickly increase the levels of complexity of this post-
translational mark, as the configuration of polyubiquitin chains can be very variable (H., T.,
Kim et al., 2007). Importantly, ubiquitination is a reversible process since Ub moieties can be
removed from the target proteins through the action of deubiquitinating enzymes (DUB)
(Mevissen and Komander, 2017). One of the best-characterized functions of ubiquitination is
to induce the degradation of cytosolic and nuclear proteins by the 26S proteasome, through
K48-linked polyUb chains (Pickart and Fushman, 2004; Yadav et al., 2016). On the other hand,
monoUb and K63 polyUb were described to be involved in endocytosis and subsequent
intracellular sorting (Mukhopadhyay and Riezman, 2007; Piper and Lehner, 2011).
Ubiquitinated cargos are recognized by specific proteins carrying ubiquitin-binding domains
that bind in a non-covalent way to the hydrophobic interaction surface of Ub (Dikic et al., 2009;
Piper et al., 2016). In animals and yeast, ubiquitin binding domains are present in Epsins that
allow the recruitment of ubiquitinated cargos for endocytosis. In Arabidopsis, Epsin homologs
seem to be more implicated in vacuolar trafficking of soluble cargos (Polo et al., 2002; Song
et al., 2006; Piper et al., 2016). Epsin-like Clathrin Adaptor 1 (AtECA1) from Arabidopsis, is
thought to act as an adaptor protein in clathrin coat assembly during cell plate formation.
However, its specific cargo proteins have not been yet identified and AtECA1 does not contain
any domain homologous to an ubiquitin-binding domain (Song et al., 2012).

In yeast and mammals, ubiquitination occurs at various steps in endocytosis to control
PM protein internalization and sorting into the MVB on their way to the vacuole/lysosome for
degradation (Lauwers et al., 2010). In particular, monoubiquitination was shown to be
sufficient for endocytosis of the Ste2p yeast a-factor receptor and the Epidermal Growth Factor
Receptor (EGFR) in mammals (Terrell et al., 1998; Haglund et al., 2003). Although
monoubiquitination of some proteins is a sufficient signal for internalization, multi-
monoubiquitination, or the presence of K63-linked polyUb chains generally increase the rate
of such process, as observed for the Fur4 yeast uracil permease (Galan and Haguenauer-Tsapis,

1997; Blondel et al., 2004). K63-linked polyUb chains emerged as being important during later
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steps of endocytosis by controlling the sorting into the MVB. For instance, the Gapl yeast
amino-acid permease modified with a single K63-linked di-Ub chain is efficiently targeted to
the vacuolar lumen whereas Gapl monoubiquitinated on two distinct lysine residues fails to
reach this compartment (Lauwers et al., 2009). In plants, the first evidences for a role of
ubiquitination in endocytosis came from studies on the root Boron transporter 1 (BOR1) (Kasai
et al., 2011) and IRT1 (Barberon et al., 2011). Note that the role of ubiquitination in IRT1
intracellular dynamics will be discussed in a specific section hereafter. In the presence of boron
excess, BOR1 is retrieved from the PM and is degraded to avoid a massive and detrimental
boron uptake (Takano et al., 2010). This mechanism is regulated through ubiquitination.
Indeed, BORL1 is mono- and diubiquitinated in response to high boron concentration, which is
crucial for the sorting of the transporter in MVB for subsequent targeting to the vacuole (Kasai
et al., 2011). Other environmental factors, such as bacterial infection, can induce the
ubiquitination of PM proteins and their subsequent endocytosis. Thus, the immune receptor
FLS2 is poly-ubiquitinated by the E3 ubiquitin ligases named Plant U-Box 12 (PUB12) and
PUB13 in response to flagellin. This induces the endocytosis and the degradation of FLS2,
resulting in an attenuation of immune signaling (Lu et al., 2011). Poly-ubiquitination with K63
linkage was also demonstrated to be essential for BRI1 endocytosis in Arabidopsis (Martins et
al., 2015). Interestingly, a non-ubiquitinated version of BRI1 in which all the lysine residues
were mutated to arginine residues (BRI1kzsr) is stabilized at the PM as shown by total internal
reflection fluorescence (TIRF) microscopy. This suggests a direct role of ubiquitination in the
step of BRI internalization from the cell surface (Martins et al., 2015). However, given the
fact that BRI1kosr internalization is not totally blocked combined with the absence of vacuolar
targeting of this protein, it appears that BRI1 ubiquitination is also important for BRI1 sorting
in later endocytic comportments and vacuolar delivery. In the same way as FLS2, BRI1 was
demonstrated to be ubiquitinated by PUB12 and PUB13. Importantly, brassinosteroids are able
to stimulate the interaction between BRI1 and these E3 ubiquitin ligases as well as BRI1
ubiquitination (Zhou et al., 2018). In an original regulation mechanism, BRI1 phosphorylates
PUB13 on a specific residue which results in an enhanced association between PUB13 and
BRI1. K63 polyubiquitination of the auxin efflux carrier PIN2 was demonstrated to be essential
for its vacuolar sorting in Arabidopsis and on a physiological point of view for auxin
distribution in root meristems (Leitner et al., 2012). As observed in yeast and mammals, K63
polyubiquitination of membrane proteins in plants clearly emerges as a key regulation of

endocytosis.
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11.1.3 - Polarity of nutrient transporters in the root

Some membrane proteins are not uniformly distributed at the cell surface, but rather
organized in an asymmetric fashion according to a specific cellular axis and they are, thus,
designed as polar PM proteins. This property allows them to perform specific physiological
functions in root cells. In this way, root cell proteins can exhibit apico-basal polarity, when
proteins are distributed at either the apical or the basal domain, corresponding to PM regions
facing the shoot and the root tip, respectively (Grunewald and Friml, 2010; Grebe, 2010). PIN
proteins constitute the prototype for the apico-basal polarization of membrane proteins and the
importance of PIN polarity for auxin transport was extensively studied in the past (Dettmer and
Friml, 2011; Luschnig and Vert, 2014; Norman, 2016). Although PINs represent an excellent
model to study the establishment and the role of PM protein polarity, | believe that the
description of PIN polarity is rather out of the scope of my thesis. Therefore, | decided to focus
on the polarity of nutrient transporters in plant roots.

In the radial axis of the root, the terms outer domain and inner domain refer to PM
regions oriented towards the surface of the root and the vasculature, respectively. This
outer/inner polarity was reported for root nutrient transporters and channels. Such is the case
of the Arabidopsis boric acid channel Nodulin26-like Intrinsic Protein5;1 (NIP5;1) that
localizes in the outer domain of the PM in root epidermal cells and the boron exporter BOR1,
present in the inner cell domain of the root endodermis and also found in other cell types
(Takano et al., 2010; Wang et al., 2017). It is currently assumed that the fact that both
transporters maintain an opposite pattern of polarity is able to facilitate boron transcellular
transport, from the rhizosphere to the vascular tissue of the root. Accordingly; the boric acid
channel OsNIP3;1 and OsBOR1, a close orthologue of AtBOR1, may facilitate boron transport
throughout the root in rice (Fuji et al., 2009). Interestingly, the Arabidopsis boron exporter
BORA4 displays the same polarity as NIP5;1 at the outer domain of the PM in root epidermal
cells, however BOR4 mediates the extrusion of boron from the root to prevent boron toxicity
(Miwa et al., 2007). In rice, the transport of silicon across the root was also shown to require
the polarity of specific transporters, namely the Low silicon ricel (Lsil) silicon influx channel
and the Low silicon rice2 (Lsi2) silicon exporter that are localized to the outer PM domain and
the inner PM domain of the same root cells, respectively (Ma et al., 2006; Ma et al., 2007). An
increasing number of PM proteins have been described to be polar such as proteins from the
Pleiotropic Drug Resistance family, including PDR9 which is localized at the outer PM domain

of root epidermal cells (Langowski et al., 2010; Nakamura and Grebe, 2018).
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PIN proteins have been traditionally used as models to study the mechanisms behind
the creation and maintenance of protein polarity in plant cells. However, nutrient transporters
are also very interesting models to study the establishment of cell polarity in plants (Zelazny
and Vert, 2014; Nakamura and Grebe, 2018). So far nutrient transporter polarity was
demonstrated to be achieved and maintained by polar secretion and endocytic/recycling
process. Early studies proposed that the polarity of some nutrient transporter, such as BOR4,
maybe directly achieved by polar secretion (Langowski et al., 2010). More recently this notion
was reinforced when the exocyst complex was shown to be implicated in the control of NIP5;1
but also PDR8/Penetration3 (PEN3) polarity. The exocyst is a vesicle tethering octameric
complex which facilitates a first contact between secretory vesicles and target membranes
(Zarsky et al., 2013). Indeed, the EXO84b exocyst subunit co-localized with NIP5;1 and PEN3
at the outer PM domain of root epidermal cells and NIP5;1 and PENS3 localization and polarity
were severely disturbed in exo84b mutants (Mao et al., 2016). Interestingly, mutant analysis
revealed that Actin7 (ACT7) is required for correct polar EXO84b distribution at the outer PM
domain (Mao et al., 2016). In addition to targeted secretion, endocytic/recycling processes were
also demonstrated to be important for nutrient transporter polarity. Indeed, loss of AP2 clathrin
adapter function impairs NIP5;1 polar localization suggesting that NIP5;1 polarity is
maintained by clathrin-mediated endocytosis. In addition, NIP5;1 phosphorylation on
threonine residues located in specific N-terminal threonine-proline-glycine repetitions is
required for proper NIP5;1 endocytosis and polarity (Wang et al., 2017). The role of CME in
the establishment of BORL1 polarity at the inner PM domain was recently highlighted by two
different studies. First, BOR1 protein was demonstrated to interact with the AP2 complex and
mutants for different AP2 subunits were shown to display defects in localization and
endocytosis of BOR1, showing that AP2-dependent endocytosis is involved in the polar
localization of BOR1 (Yoshinari et al., 2019). Secondly, DRP1A was shown to co-localize
with BORL1 at the PM and was important to mediate the CME of BOR1 and to maintain its
polarity. Indeed, Geiger

the expression of dominant negative forms of DRP1A, or the absence of DRP1A in
loss-of-function mutants, resulted in the inhibition of BOR1 endocytosis and the loss of the
polar localization of this transporter (Yoshinari et al., 2016). A post-endocytic recycling-based
mechanism implying tyrosine motifs was also proposed to be involved in the polar localization
of BOR1 to the inner PM domain (Takano et al., 2010). Indeed, mutation in tyrosine-based
sorting signals in BORL1 altered the polar localization of BOR1 without changing its

internalization rate from the PM. The authors proposed that the inhibition of a polar targeting
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pathway due to tyrosine mutations might have resulted in nonpolar recycling and thus nonpolar
distribution of BOR1 (Takano et al., 2010). In conclusion it appears that the establishment of
the polar localization of nutrient transports in plant root is a complex process that probably
relies on multiple mechanisms based on polar secretion and endocytosis/recycling.

11.1.4 - Control of the intracellular trafficking of AHAZ2,
FRO2 and IRT1

11.1.4.1 - A mobile AHA2 and a mysterious FRO2

The proton pump AHAZ2 inserts in membranes thanks to the presence of ten
transmembrane domains (TMD) (Falhof et al., 2016). Membrane fractionation analysis
combined with immunodetections revealed that AHAZ is highly present in the PM but is also
detected in the secretory pathway including the ER and the Golgi apparatus (DeWitt et al.,
1996). Which structural determinants allow AHA2 to reach the PM remain to be identified.
However, some domains of other H*-ATPase were demonstrated to be important for their
trafficking such as the nucleotide binding domain from the large loop of the Nicotiana
plumbaginifolia PMAA4 protein that is essential for PM targeting (Lefebvre, 2004). Very few
data are available concerning the trafficking and the endocytosis of AHAZ2 since this protein is
often used as a PM marker but is rarely studied per se. However, AHA2 was shown to
accumulate in BFA bodies in Arabidopsis root cells, suggesting that endocytosed AHA2 can
be recycled to the PM (Martiniere et al., 2019). In addition, dim light conditions were reported
to result in AHA2 accumulation in unknown cytoplasmic compartments of root cells even
though the protein is also observed at the PM (Haruta et al., 2018). However, whether this
process reflects endocytic events remains to be determined.

FRO2 is a membrane protein containing eight predicted TMD and a large soluble
cytoplasmic domain (Schagerlof et al., 2006). Although FRO2 is supposed to be present at the
PM of root epidermal cells in Arabidopsis to reduce Fe®*, this localization was never
experimentally proven since attempts to generate FRO2 antibodies were unsuccessful
(Connolly et al., 2003) and because no functional fluorescent fusion of FRO2 exists. This
problematic hampered the study of FRO2 intracellular dynamics. Interestingly, proteomic
analyses identified FROZ2 and also AHA2, as being part of the Arabidopsis ubiquitinome (Kim
et al., 2013; Johnson and Vert, 2016; Walton et al., 2016), nevertheless the significance of the
putative ubiquitination of FRO2 and AHA2 remains totally unknown.
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11.1.4.2 - A very dynamic IRT1

For several years, our laboratory has been interested in IRT1 protein dynamics in the
cell and in its role in the maintenance of metal homeostasis in Arabidopsis. Initially,
immunolocalizations performed on Arabidopsis roots with a specific anti-IRT1 antibody
revealed that IRT1 was localized in early endosomes in epidermal cells and rapidly cycled
between this compartment and the PM to perform metal absorption (Barberon et al., 2011).
IRT1 internalization from the PM requires, at least in part, CME since IRT1 was stabilized at
the cell surface when CME is disturbed using dominant negative clathrin hub (Barberon et al
2014). In addition, IRT1 intracellular dynamic is dependent on its multi-monoubiquitination
on lysine residues located in the large cytosolic loop of IRT1 (K154 and K179). Indeed an
IRT1kissrki7or Mutant version that is partially impaired in ubiquitination is no more
internalized from the PM (Barberon et al., 2011). Importantly, IRT1 was the first plant PM
protein, concomitantly with BOR1, to be demonstrated to undergo ubiquitin-dependent
endocytosis. From a biological point of view, transgenic plants expressing mutant versions of
IRT1 for the lysine residues are severely affected, due to uncontrolled non-iron metal (Zn, Mn,
Co) uptake generating oxidative stress. Thus, limiting the pool of IRT1 at the PM by ubiquitin-
dependent endocytosis was proposed as a protective mechanism to limit the absorption of
readily available non-iron metals over iron, whose reduction by FRO2 is limiting for iron
uptake (Zelazny et al., 2011). IRT1 ubiquitination was proposed to be achieved by the IRT1
Degradation Factorl (IDF1) E3 ubiquitin ligase since idfl loss-of-function mutants showed
delayed degradation of IRT1 associated with impaired ubiquitination (Shin et al., 2013).

Interestingly, IRT1 is localized in a polar manner in root epidermal cells and
accumulates at the outer PM domain, facing the rhizosphere, as demonstrated by
immunolocalization (Barberon et al., 2014) or using a functional translational fusion of IRT1
(IRT1-mCitrine) expressed under the control of IRT1 promoter in irt1-1 mutant (Dubeaux et
al., 2018). IRT1 polarity is probably established independently of CME and ubiquitin-
dependent endocytosis since IRT1kissrci7or OF IRT1 expressed in a genetic background
impaired in clathrin function still accumulate at the outer PM domain of root epidermal cells
(Barberon et al., 2014). However, searching for IRT1-interacting proteins led to the
identification of FYVE1/FREE1 as an important actor of the maintenance of IRT1 polarity.
FYVE1/FREE1 overexpression leads to an apolar localization of IRT1 in epidermal cells,
which was shown to increase plant sensitivity to iron starvation while decreasing the uptake of

IRT1 metal substrates (Barberon et al., 2014). These results suggest that the polarization of
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IRT1 is critical for proper radial transport of IRT1 metal substrates toward the vasculature.
FYVEL/FREE1 associates with the membrane of the MVB and was subsequently demonstrated
to directly bind ubiquitin and to be incorporated in subunit | of the ESCRT complex (Gao et
al., 2014). The reason why FYVE1/FREE1 overexpression induces an apolar localization of
IRT1 to the PM instead of enhancing its targeting to the vacuole remains unclear and will have
to be addressed in the future (Zelazny and Vert, 2015). Another important factor involved in
IRT1 trafficking is the Arabidopsis retromer component Sorting Nexin 1 (SNX1). SNX1
partially co-localizes with IRT1 in endosomes and a snx1 knock-out mutant displays
hypersensitivity to iron deficiency and shows enhanced degradation of IRT1 (lvanov et al.,
2014). Since retromer components are known to be involved in the retrograde transport of cargo
proteins (Heucken and lvanov, 2017), SNX1 likely allows the recycling of internalized IRT1
to prevent its premature degradation .

Although IRT1 subcellular localization is not controlled by the availability of Fe, the
primary substrate of IRT1, non-iron metal substrates of IRT1 (Zn, Mn and Co) were shown to
control IRT1 endocytosis (Barberon et al., 2011; Barberon et al., 2014). In the presence of
physiological concentrations of non-iron metals, the IRT1-mCitrine fusion protein is localized
in early endosomes and in the PM of root epidermal cells in a polar manner (Figure 6, -Fe +
Metals). However, in the presence of an excess of non-iron metals (Figure 6, -Fe +++ Metals),
IRT1-mCitrine is targeted to late endosomes and then to the vacuole for degradation whereas
it is exclusively located at the PM in absence of non-iron metals (Dubeaux et al., 2018). The
metal-mediated endocytosis of IRT1 was investigated in detail, which allowed to identify
different determinants/actors involved in this process. First, the excess of non-iron metals is
directly sensed by IRT1 through the binding of these metals to four histidine residues located
in the large cytosolic loop of IRT1. Indeed, mutation of these histidine residues into alanines
(IRT14na) abolished the capacity of IRT1 to bind non-iron metals and IRT141a-mCitrine
expressing plants failed to retrieve IRT1 from the PM in root epidermal cells resulting in a
hyper-accumulation of non-iron metals, which is deleterious for the plant. Secondly, metal-
loaded IRT1 was proposed to recruit the CIPK23 kinase that in turn phosphorylates IRT1. In
the cipk23 loss-of-function mutant, IRT1 is no more endocytosed in response to non-iron metal
excess and, consequently, this mutant is hypersensitive to these metals. Thirdly, the CIPK23-
dependent phosphorylation of IRT1 enhances the recruitment of IDF1 that induces the K63
poly-ubiquitination of IRT1, promoting IRT1 endocytosis and subsequent degradation.
Importantly, IRT1 phosphorylation is not only important for IRT1 ubiquitination, but also
constitutes per se a signal required for endosomal sorting and vacuolar degradation of IRT1.
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According to these data IRT1 was proposed to be a transceptor displaying transporter and
receptor hybrid functions (Dubeaux et al., 2018). From a physiological point of view, the metal-
mediated endocytosis and degradation of IRT1 allow to limit the accumulation in Arabidopsis

of highly reactive non-iron metals under iron-limited conditions.
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Figure 6. IRT1 is endocytosed and degraded in response to non-iron metal excess.
During Fe limitation and in the presence of physiological concentrations of non-iron metals (-
Fe + Metals), IRT1 is localized in the PM and in the TGN/EE compartment of root epidermal
cells. IRT1 internalization from the PM is achieved through its multi-monoubiquitination by an
unknown E3 ligase. From TGN/EE, IRT1 is able to be recycled to the PM, probably through the
action of an unknown deubiquitinase (DUB). On the contrary, upon Fe limitation and in the
presence of an excess of non-iron metals (-Fe +++ Metals), the elevated level of these metals
is directly sensed by IRT1 thanks to direct non-iron metal binding to histidine residues located
in the large cytosolic loop of IRT1. Metal-loaded IRT1 is then phosphorylated by CIPK23,
triggering two different outcomes: (1) IRT1 phosphorylation enhances the recruitment of the
IDF1 E3 Ub ligase that catalyzes the extension of monoUb moieties into K63 polyUb chains on
IRT1, (2) phosphorylation also directly impacts the sorting of IRT1. Indeed, the decoration of
IRT1 with both phosphate groups and K63 polyUb chains is necessary for IRT1 efficient sorting
towards MVB/LE and for vacuolar degradation. The FYVE1 protein that interacts with IRT1 and
is a component of the ESCRT complex likely plays a role in this sorting mechanisms in MVB/LE.
The endocytosis and degradation of IRT1 under -Fe +++ Metals conditions allows to protect the
plant against the toxicity of non-iron metals, by impairing their uptake. Adapted from Dubeaux
et al., 2018.
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1.2 - Regulation of the activity of the main actors of iron
acquisition: good overview for AHA?2, not so much for IRT1 and
FRO?2

11.2.1 - AHAZ2

As previously mentioned, Fe solubility increases 1000 fold with the decrease of only
one pH unit in the rhizosphere. Therefore, AHA2-mediated acidification is of great importance
during Fe acquisition, and this process must be tightly regulated. Electron cryo-microscopy
analysis of two-dimensional crystals of AHAZ2 revealed that the protein probably contains three
distinct domains of equal size, although probably differently regulated (Jahn et al., 2001). C-
terminal parts of AHA proteins are known to specifically possess autoinhibitory domains with
the capacity to regulate their enzymatic activity (Palmgren et al., 1991) and phosphorylation
seems in general to be a major post-translational modification involved in the regulation of
AHAZ2 activity. Indeed, phosphorylation of Thr-947 generates a binding site for 14-3-3
proteins, which in turn activates AHA2 and other H*-ATPases (Fuglsang et al., 1999; Yuan et
al., 2017). On the other hand, phosphorylation of the Ser-931 in the C-terminal part of AHA2,
mediated by the Protein Kinase SOS2-like 5 (PKS5) protein kinase, inhibits AHAZ interaction
with 14-3-3 activating proteins (Fuglsang et al., 1999; Fuglsang et al., 2007). Interestingly,
PKS5 can also interact with calcium (Ca?*) binding proteins (Fuglsang et al., 2007). As high
extracellular pH, together with Fe deficiency (Gratz et al., 2019) can increase Ca?* cytosolic
concentrations, it is possible that part of AHA2 regulations depends on Ca?* signalling
pathways (Fuglsang et al., 2007). Besides, sucrose, auxin, and small peptides were identified
as triggers of AHA2 phosphorylation (Niittyld et al., 2007; Haruta et al., 2014; Barbez et al.,
2017). Interestingly, AHA responses to auxin signalling seem to require the mediation of PM
receptor-like kinase Feronia (Barbez et al., 2017). Intriguingly, previous phosphoproteome
measurements demonstrated that specific interactions between Feronia and the secreted peptide
Rapid Alkalinisation Factor (RALF) could mediate the phosphorylation of AHAZ2 at Ser-899,
resulting in the inhibition of H* transport activities (Haruta et al., 2014). The same Ser-899
modification occurs during bacterial attack, upon detection of bacterial flagellin by FLS2,
accompanied by a concomitant increase in apoplastic alkalization (Nuhse et al., 2007).

When activated, different ATPases have been shown to be able to oligomerize, forming
dimers, which sometimes is considered as an activation mechanism in itself (Lopez et al., 2000;
Sarabipour and Hristova, 2016). In the case of H-ATPases, their activation can convert dimers

into hexamers (Kanczewska et al., 2005). Indeed the association of the Nicotiana
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plumbaginifolia PMA2 dimers with 14-3-3 proteins was reported as a trigger for the association
of PMA2 proteins into complexes of six phosphorylated units, in hexameric structures which
include 14-3-3 proteins (Duby and Boutry, 2009), where 14-3-3 polypeptides could be
implicated in hexamer stabilization (Kanczewska et al., 2005).

Concerning the regulation of AHA in relationship with Fe acquisition, a recent work
showed that Cytochrome B5 Reductase 1 (CBR1) seemed to be involved in the stimulation of
the activity of AHA proteins activity during Fe starvation (Oh et al., 2016). Although the exact
mechanism remains unknown, Arabidopsis CBR1-overexpressing lines presented higher levels
of unsaturated fatty acids than WT plants which was correlated with an increase in AHA
activity and rhizosphere acidification. This result suggested that the lipid environment may
regulate AHA activity. In accordance with these results, the binding of unsaturated fatty acids
to the C-terminal part of AHA was then shown to result in the subsequent activation of these
proteins (Han et al., 2017).

11.2.2 - FRO2

FRO2 belongs to the Flavocytochrome b family of metalloreductases. These ferric
chelate reductases are evolutionary related to the core flavocytochrome b subunit of a group of
human superoxide generating NADPH oxidases (Schagerlof et al., 2006; Jain et al., 2014).
These proteins are able to transfer electrons from cytosolic donors to single electron acceptors
situated in the other side of membranes. To this purpose they contain FAD domains, haem
groups, and four conserved histidine residues (Robinson et al., 1999). So far, how Arabidopsis
FRO2 activity is regulated remains totally unknown. In animals few data are available
concerning the regulation of Flavocytochrome b proteins. The human flavocytochrome bssg
contains the subunit gp91phox which is functionally related to FRO2. Interestingly, it has been
observed that phosphorylation could be at the base of the control of the activity of gp91phox
(Raad et al., 2009). Strikingly, in the context of Fe acquisition, although FRO2 constitutive
overexpression improved the plant tolerance to mild Fe deficiency, 35S::FRO2 Arabidopsis
transgenic lines only presented enhanced ferric reductase activity when subjected to lack of Fe
(Connolly et al., 2003), suggesting the existence of a putative post-transcriptional or post-

translational regulation of FRO2, although this hypothesis was never verified afterwards.

11.2.3 - 1RT1

IRT1 is one of the best characterized ZIP transporters in plants but, despite of this, little is

known about the regulation of its activity. However, the selectivity of IRT1 regarding the
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transport of its different metal substrates was investigated by specific amino acid substitutions
followed by functional complementation tests in different yeast mutants affected in metal
transport (Rogers et al., 2000). It appeared that the replacement of the glutamic acid residue at
position 103 by alanine increased the substrate specificity of IRT1 by selectively eliminating
its ability to transport zinc. In the same way, substitutions of the aspartic acid residues from
positions 100 and 136 with alanine abolished iron and manganese transport, which suggested
that the transport of these two metals may be mechanistically inseparable. Interestingly, two of
the three mutations that are able to change IRT1 specificity are localized in a single
extracellular loop located between transmembrane regions Il and 111 (Fig 8A). Extracellular
loops of other ZIP proteins were shown to be essential for substrate selectivity and substrate
sensing. In the case of the mammalian ZIP4, the external loop between the second and third
TMD is required for endocytosis of ZIP4 in response to low micromolar concentrations of Zn
(Chun et al., 2019). Furthermore, structural studies made in the large extracellular domain of
the human ZIP4 revealed the existence of conserved subdomains that are probably involved in
dimerization (Zhang et al., 2016), indicating that such a process could be a way of regulation
of other ZIP proteins such as IRT1. Indeed, the human ZIP13 had been previously reported as

being able to form homodimers (Bin et al., 2011).

111 - Plant membrane microdomains: nature and functions

I11.1 - The plasma membrane is a dynamic structure
compartmentalized in microdomains

The plasma membrane is composed of a lipid bilayer and proteins and is involved in basic
and varied functions for cell survival such as cellular transport, communication with the
internal and external media and signalling (Van Meer et al., 2009; Gronnier et al., 2018). To
accomplish these functions, the PM must provide cell stability while allowing rapid adaptation
to intracellular and extracellular changes. This compromise is accomplished by maintaining the
structure of the PM while organizing different sub-regions of different sizes and functions (Van
Meer et al., 2009; Gronnier et al., 2018). Intrinsically, the lipidic composition of the membranes
can be actively modified, which contributes to increase the rigidity of the membranes, which
also hampers the free diffusion of proteins (Grunewald and Friml, 2010; Gronnier et al., 2018;
Mamode Cassim et al., 2019). From a structural point of view, phospholipids, sphingolipids
and sterols give shape to the PM. Phospholipids are the major components of membranes and,

because of their high abundance and amphipathic structure, they serve as the structural matrix
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of cellular membranes (Nakamura, 2017). From a molecular point of view, phospholipids
contain two hydrophobic fatty acyl groups and a hydrophilic polar head group attached to a
glycerol backbone. This structure allows them to spontaneously form bilayers in aqueous
environments, where the hydrophilic heads face the aqueous environment at each surface of
the bilayer and the hydrophobic tails are shielded from the water in the interior (Alberts et al.,
2002). The next category of structural lipids are the sphingolipids. These molecules, in turn,
are composed of a backbone made of sphingosine and linked by an amid bound to a fatty acid,
forming ceramides, their basic and common structural units (Coskun and Simons, 2011). Three
main components define the structure of sphingolipids: a polar head, a fatty acyl chain, and a
long-chain amino-alcohol base. According to the nature of these three components, the
structure of sphingolipids can be very diverse, giving rise to different classes of sphingolipids
in plants. Sterols, in turn, are isoprenoids formed by a cylcopentaperhydrophenantren, with
only one hydroxyl group attached to one of its rings. They are mostly non-polar lipids. While
animals and yeast incorporate only one kind of sterol, plants are able to produce multiple sterol
species. They can be more or less saturated, branched or linear, and the number and position of
the double bonds in the cycle differ among the different phytosterols (Furt et al., 2010). Once
incorporated into membranes, the hydrophobic core of sterols interacts with the chains of
phospholipids and sphingolipids, although the interaction between sphingolipids and sterols are
entropically more favourable (Huang and Feigenson, 1999; Ali et al., 2018). In addition to
lipids, most of the biological membranes contain also up to 50% of proteins by weight in their
composition (Cooper, 2000). Interestingly, lipids and proteins can locally regulate their special
distribution in a reciprocal manner, thanks to the establishment of different biophysical and
thermodynamic interactions (Quinn, 2010; Corradi et al., 2018). On the one hand, the
interaction between proteins and lipids is so tight, such as in the case of protein transmembrane
domains, that proteins can modify the behaviour of the surrounding lipids. For example,
proteins can decrease the lipidic diffusion rate in the nearby area, which impacts the segregation
of membrane components (Machan and Hof, 2010; Trimble and Grinstein, 2015). On the other
hand, lipids present self-assembly properties that can lead to the aggregation of specific sets of

proteins (Cacas et al., 2012).
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Figure 7. The plasma membrane as a dynamic structure compartmentalized in
microdomains.

(A) Representation of the plasma membrane according to the two-dimensional continuum
fluid model of Singer and Nicolson (1972). This model presents membranes as lipid bilayers
in which proteins are either embedded or attached. The phospholipids of the mosaic
structure are predominantly arranged as an interrupted bilayer, arranged so that their
polar groups are in contact with the aqueous phase. A small portion of the lipids are more
intimately associated with the integral proteins. (B) Representation of the plasma
membrane as a compartmentalized structure. Here, the lipid bilayer interacts closely with
the cell wall and with the cytoskeleton underneath, in a three dimensional model. The
biological membranes have the ability to concentrate and cluster different processes in
individualized and coexisting microdomains. These domains are enriched in sterols,
sphingolipids and specific proteins and can be efficiently regulated.
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From the point of view of membrane organization, the presence of unsaturated acyl
chains in phospholipids is thought to produce kicks in the hydrocarbon chains, impeding a tight
packaging between lipids. Lipids with an opposite nature, presenting long and saturated fatty
acid chains, such as sphingolipids (Brown, 1998), can be tightly packed, presenting as a result
slow mobility which in biological membranes defines the appearance of liquid order domains
(Lo). In these domains, there is a prevalence of sphingolipids and sterols over phospholipids
regarding membrane lipid composition. However, according to the degree of lipid condensation
and the degree of lateral diffusion, both influenced by external factors such as temperature and
pressure, more disorganized states arise. As a result, the biological membranes behave like
liquid-like structures in either liquid-ordered (Lo) or liquid-disordered (Ld) phases.
Interestingly, both organization levels can coexist in a given biological membrane (Garcia-Saez
and Schwille, 2010; Cacas et al., 2012), which results in the dynamic assembly of specific
lipids and proteins into Lo phases or Ld phases. This situation enables the emergence of higher
orders of membrane compartmentalization, known as microdomains that corresponds to micro
and nanoscale associations of specific lipids and proteins, with a predominant enrichment in
sterols and sphingolipids. Taking these considerations into account, nowadays biological
membranes are still thermodynamically described as according to the model of Singer and
Nicolson (1972) (Figure 7A). This model presents membranes as lipid bilayers in which
proteins are either imbibed or attached. However, in opposition to the original model, the
membrane is no longer regarded as a lipid bilayer where proteins and lipids freely diffuse in a
random manner, but as a highly compartmentalized surface. The biological membranes have
the ability to concentrate and cluster different processes in individualized and coexisting spots,
which are efficiently regulated spatially and temporally, a process that in plants, involves the
participation of the cytoskeleton (as in animal cells) and the cell wall (Figure 7B) (Langhorst
et al., 2007; Malinsky et al., 2013; Lv et al., 2017).

111.2 - Dissecting microdomains by biochemical and
mMIicroscopy approaches

The amphipathic structure of detergents, their capacity to form micelles and their conic
shape allow the direct incorporation of detergents into membranes promoting their
solubilisation (Cassim et al., 2018). Interestingly, the highly ordered structure of microdomains
makes them insoluble to non-ionic detergents, such as Triton X-100, in cold, compared to Ld
regions of the PM (Mongrand et al., 2004; Laude and Prior, 2004; Lefebvre et al., 2007).

Consequently, these membrane regions tend to remain as detergent resistant membranes
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(DRM) also called detergent insoluble membranes (DIMs). As a result, the preparation of DIM
followed for instance by lipid composition analysis or proteomic analysis allowing to determine
the nature of the associated proteins, is commonly used to study membrane microdomains in
plants (Borner et al., 2005; Konrad and Ott, 2015). DIM preparation may generate artificial
structures that do not exist as such in living cells (Tanner et al., 2011) and the detection of two
different proteins in DIM fractions does not provide evidence that both proteins co-localize in
intact plasma membranes. Besides, detergent-to-protein ratios have to be taken in consideration
since the different plant tissues and membranes may require different ratios for proper DIM
extraction, and maladjustments would induce errors in the determination of microdomain
composition (Delaunay et al., 2007). For these reasons the existence of microdomains has been
often call into question in the past. Therefore, imaging has revealed as a powerful and
complementary technique to study microdomains in vivo, permitting to validate the
biochemical evidences obtained by DIM preparations.

Although in this thesis "microdomain™ is used as a general term, these specific membrane
domains can be indeed classified according to their size, as determined by microscopy analysis,
in microdomains when they are in the micrometer scale or in nanodomains which size varies
from 10 to 100 nm (Jacobson et al., 2007). Due to the different sizes and the spatiotemporal
dynamics of the different microdomain structures, the spatial and temporal resolution limits of
the microscope often impair the proper characterization of micro and nanodomains.
Fortunately, recent advances in light microscopy methods seem to successfully overcome these
issues. For example, different microdomains have already been studied by using (TIRFM)
(Asanov et al., 2010; Li et al., 2012; Jarsch et al., 2014). About temporal resolution, the
utilization of spinning-disk microscopy is also of great use when studying microdomains. In
contrast to classical confocal microscopy, the spinning disk manages to illuminate the whole
region of observation in a simultaneous way. This characteristic allows to reduce the
acquisition time of the image and hence it reduces the phototoxicity, which successfully allows
the identification of microdomains and the study of their dynamics (Haney and Long, 2010;
Haney et al., 2011). For the moment, different super-resolution techniques emerge and/or start
being applied to the plant field, such as Photoactivated Localization Microscopy (PALM),
Stochastic Optical Reconstruction Microscopy (STORM), Structured Illumination Microscopy
(SIM), and Stimulated Emission Depletion (STED). They are all capable of resolving structures
below the diffraction limit of light and today constitute important techniques to further decipher
microdomains structure and regulation (Truong-Quang and Lenne, 2014; Wang et al., 2018).

As these super-resolution techniques were not applied during my thesis, their characteristics
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will not be hereby discussed. The analysis of the protein composition of DIM prepared from
different plant species and tissues as well as microscopy approaches allowed to identify specific
proteins that appear systematically associated with membrane microdomains and consequently
are considered as microdomain markers. These proteins include the remorin family proteins
and the superfamily of Stomatin/Prohibitin/Flotillin/HfIK/C (SPFH) domain-containing
proteins whose characteristics are presented hereafter. Remorins and SPFH domain-containing
proteins studied so far are exclusively present, or at least enriched, in PM DIM fractions and
they display a punctate distribution at the PM, typical of microdomain associated proteins,
when analyzed by microscopy technics (Mongrand et al., 2004; Browman et al., 2007; Jarsch
et al., 2014). Their association with sterol compartments can be assessed by the use of sterol
depletion drugs, such as methyl-beta-cyclodextrin, and genetic tools, such as Arabidopsis
mutants impaired in sterol production. Under sterol depletion, these proteins are no longer
found in DIMs, but in detergent sensitive membranes (DSMs); and the clustered distribution
that they present under the microscope changes to random patterns (Raffaele et al., 2009;
Tapken and Murphy, 2015).

Biochemical approaches allowed the identification of multiple proteins with diverse
functions including channels, transporters or receptors that, although not being permanent
residents of microdomains, can be nonetheless recruited to microdomains during specific cell
responses (Dart, 2010; Keinath et al., 2010; Truong-Quang and Lenne, 2014). In plants, for
instance, AHA2 was found in DIMs but also in DSMs and possess the ability to interact with
specific microdomain-located proteins (Borner et al., 2005; Raffaele et al., 2009; Lv et al.,
2017). In other cases, the recent advances in microscopy have been able to determine punctate
distribution patters for proteins that had never been observed as microdomain components
before. Some of these proteins will be discuss hereafter. Based on the huge diversity of proteins
identified by proteomic analysis in DIM it is tempting to speculate that the cellular mechanisms

described as being controlled by membrane microdomains are totally underestimated today.

111.3 - Main families of membrane microdomain-associated
proteins in plants

111.3.1 — Remorins

Remorins (REMSs) are a multigene family that comprises 16 members in the genome of
Arabidopsis thaliana and constitute, so far, the best-characterized nanodomain markers

(Raffaele et al., 2007). REMs are divided into six phylogenetically distinguishable groups
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according to their very variable N-terminal regions. Remorins were notably shown to
accumulate in the PM lining the plasmodesmata (PD), a membranous channel that ensures a
cytoplasmic communication between adjacent cells and is important during development and
plant defense reactions (Raffaele et al., 2009; Grison et al., 2015; Sager and Lee, 2014). All
remorins possess a REM-C-terminal anchor (CA) corresponding to a lipid-binding motif that
confers membrane nanodomain organization (Gronnier et al., 2017). Interestingly, remorins
also share the so called “remorin signature”, a highly conserved coiled-coil domain in the
remorin C-terminal region (Raffaele et al., 2007). This domain seems to be the structural
components that allows remorin oligomerization by facilitating remorin assembly into coiled-
coil trimers and permitting subsequent trimer-trimer interactions. Such associations seem to
enable their further assembly into long filaments and their recruitment to the inner leaflet of the
membrane, which eventually could result in the organization of specific nanodomains at the
membrane (Bariola et al., 2004; Martinez et al., 2019). Another important feature of remorins
is their possibility to be modified by S-acylation. For instance S-acylation of Medicago
truncatula Symbiotic Remorin 1 (SYMREMZ1) was demonstrated to be sufficient to anchor the
protein in the PM although this post-translational modification is not sufficient to mediate a
microdomain sub-localization (Konrad et al., 2014). Furthermore, different works reported the
regulation of the localization of REMs by phosphorylation (Benschop et al., 2007; Marin and
Ott, 2012). In Arabidopsis, AtREM1.2 and AtREM1.3 are phosphorylated in the presence of
the resistance to P. syringae pv. maculicola 1 protein (RPM1) and triggered in the presence of
microbe-associated molecular pattern (MAMPs) (Benschop et al., 2007; Widjaja et al., 2009).
Therefore, phosphorylation may activate different signalization cascades upon stimuli
recognition e.g. during defense responses. This possibility opens new perspectives related to
the regulation of these proteins.

111.3.2 — The superfamily of SPFH domain containing
proteins

111.3.2.1 — Generalities

The SPFH domain, also known as prohibitin homology (PHB) domain or Band_7
domain, defines a protein superfamily that regroups proteins with different functions, but
evolutionary conserved from prokaryotes to eukaryotes (Rivera-Milla et al., 2006; Bach and
Bramkamp, 2013). The importance of SPFH domain-containing proteins is supported by the
fact that they emerged independently in different kingdoms (Rivera-Milla et al., 2006). In
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animals, the association of these proteins with microdomains is, in multiple cases, sterol
dependent and specific lipidations of SPFH domain-containing proteins, e.g. myristoylation
and S-acylation, are important for their adhesion to the cytosolic layer of the PM (Konrad and
Ott, 2015). According to their localization and their function SPFH domain-containing proteins
are regrouped in different sub-families, which in plants comprise: flotillins, stomatins,
prohibitins, erlins and the Hypersensitive Induced Reaction proteins (HIRS). Interestingly,
contrary to other SPFH domain-containing proteins, HIRs are specific to plants (Dangk et al.,
2016). Generally, very little is known about the function of plant SPFH domain-containing
proteins whereas animal homologs are better characterized. In the case of erlins, so far these
proteins have been poorly characterized in plants, and only one erlin was identified in
Arabidopsis (At2903510). Expressed during all developmental stages and in mostly all the
tissues, the protein is predicted to localize at the membrane of the ER and possibly other internal
membranes such as in the Golgi apparatus (Schmid et al., 2005; Nikolovski et al., 2012;
Parsons et al., 2012). In the case of prohibitins and stomatins, these proteins are part of
mitochondrial membranes, where they participate in the assembly of protein complexes such
as respiratory complex | and the 2-oxoglutarate dehydrogenase (Gehl and Sweetlove, 2014,
Piechota et al., 2015). As my PhD project was focused on PM proteins and plant adaptation to

environmental conditions, | will focus my description on flotillins and HIRs.

111.3.2.2 — Flotillins

The Arabidopsis genome contains 3 different flotillin genes: Flotl (At5g25250), Flot2
(At5925260) and Flot3 (At5g64870) (Dan¢k et al., 2016). The whole SPFH domain situated in
the N-terminal part of human flotillins was shown to account for the proper localization of these
proteins to the PM and endosomal compartments (Langhorst et al., 2008). Furthermore, the S-
acylated and myristoylated residues that are present also in the N-terminal part of animal
flotillins are essential for the accumulation of these proteins in sterol-enriched membrane
fractions (Morrow et al., 2002; Liu et al., 2005). Interestingly, as described in Dan¢k et al.
(2016), plant flotillins lack S-acylation or myristoylation predicted sites, but possess putative
Cholesterol Recognition/interaction Amino acid Consensus sequences, or CRAC/CARC
motifs. As these motifs are involved in protein-sterol interaction and sterol recognition, they
may facilitate the recruitment of plant flotillins to PM sterol-enriched microdomains. Besides,
sterol depletion seems to decrease Arabidopsis Flotl diffusion coefficients, while in parallel,

knocking-down Flotl seems to affect sterol internalization, but further scientific evidences are
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still needed (Li et al., 2011; Li et al., 2012). Another particularity of flotillins is the presence
of coiled-coiled structures in the C-terminal part of these proteins, that facilitate flotillin
oligomerization in animals (Solis et al., 2007). Despite of this, flotillin oligomerization is not
well understood in plants. As described in Introduction Chapter 11.1.2.2.2, flotillins are
involved in microdomain-associated endocytosis, and so these particularities will not be further
addressed in this section.

Although in Arabidopsis, only Flotl was proposed to be involved in microdomain-
associated endocytosis so far, Flot2 and Flot3, the functions of which remain unknown, are
probably involved in intracellular trafficking since they interact with proteins involved in
endocytosis and vesicular trafficking such as ESCRT proteins, SNARES, the exocyst and Rab-
GTPases (Dangk et al., 2016).

111.3.2.3-HIR

HIR are SPFH domain-containing proteins that are exclusive to plants (Di et al., 2010).
They are also members of the Proliferation, lon and Death (PID) superfamily, as they were first
described as being able to induce, when over-expressed, spontaneous hypersensitive lesions in
leaves of Capsicum annuum, rice, and wheat (Zhou et al., 2010; Choi et al., 2010; Duan et al.,
2013). The genome of Arabidopsis contains four different HIR genes (denominated as in Qi et
al., 2011): HIR1 (At1g69840), which is expressed in all plant tissues (Lv et al., 2017), HIR2
(At3g01290) whose highest expression levels are registered in leaves and roots (Danék et al.,
2016)., and finally HIR3 (At5g51570) and HIR4 (At5¢g62740), which are expressed in all
organs to a certain extent, and mostly in reproductive tissues and seeds (Dan¢k et al., 2016).
The presence of putative myristoylation and S-acylation sites in HIRs probably facilitates their
association with the PM, their main subcellular location, although some HIR proteins have been
found in the tonoplast in rice (Zhou et al., 2010), or in endosomes in pepper (Choi et al., 2013).
Interestingly, the cytoskeleton, and specially the microtubules, were shown to control the lateral
mobility of HIR1 in Arabidopsis and facilitating the oligomerization of the protein (Lv et al.,
2017). Indeed, Arabidopsis HIR proteins were previously shown to form homo and hetero-
oligomers (Qi et al., 2011), however the role of HIR oligomerization remains unclear so far.
Interestingly, by forming multimeric complexes and binding to sterols, animal SPFH domain-
containing proteins were proposed to actively participate in the formation of membrane
microdomains (Browman et al., 2007). Whether the formation of HIR complexes may act in a
similar manner by recruiting specific lipids and hence allowing the formation of particular

membrane microdomains remains to be determined.
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111.4 - Biological functions of microdomain-associated proteins
in plants

111.4.1 - Defence against pathogens

Different microdomain-associated proteins were shown to play an important role in
plant defence against pathogens. Thus, the Solanaceae remorins localized in plasmodesmata
were described to impair the movement of the Potato virus X (PVX) (Raffaele et al., 2009).
Indeed remorins could physically interact with the movement protein Triple Gene Block
Proteinl (TGBpl) from PV X and remorin overexpression was demonstrated to impair the cell-
to-cell movement of PV X, thus limiting viral spreading in plants. Interestingly, deletions of the
REM-CA domain from Solanum tuberosum Remorin from Group 1, Homolog 3 (StREM1.3)
resulted in the loss of StREM1.3 PM localization, which impaired movement restriction over
PVX (Perraki et al., 2012). Furthermore, it was recently observed in Arabidopsis that the
intrinsically disordered N-terminal domain of REM1.3 can be phosphorylated by a Calcium-
dependent Protein Kinase 3 (AtCPKS3) in response to virus infection (Perraki et al., 2018).
REML1.3 phosphorylation is required for its PM nanodomain localization which is essential to
reduce the mobility of the virus by regulating the callose deposition at plasmodesmata. The fact
that remorins are important defence lines against virus is strengthened by the occurrence of
specific pathogen strategies to counter remorin defence responses. Indeed it was recently
uncovered that Rice Stripe Virus (RSV) can interfere with the S-acylation of Nicotiana
benthamiana REM1, affecting its targeting to PM microdomains. As a result, NoOREML1 is
subjected to autophagic degradation, which facilitates disease progression (Fu et al., 2018).

HIR proteins also were found of great importance during plant defence against
pathogens. A first evidence of the participation of HIRs in immune responses comes from their
transcriptional activation upon pathogen attack or in presence of pathogen elicitors such as
flg22 and chitin Dan¢k et al. (2016). From a molecular point of view, some HIR proteins are
able to interact with Leucine-Reach Repeat proteins (LRR), a protein superfamily that provides
pathogen recognition, triggering the immune response. Indeed, Jung and Hwang (2007) and
Zhou et al. (2009) revealed, using a yeast-two-hybrid assay, an interaction between LRR1 and
HIR1 homologs from rice and pepper. Interestingly, the overexpression of a pepper HIR protein
(CaHIR1) in Arabidopsis increased the resistance to Pseudomonas syringae (Jung and Hwang,
2007; Jung et al., 2008). Furthermore, in planta interaction studies highlighted that Arabidopsis
HIR1 and HIR2 can associate with the immune receptor RPS2 (Qi et al., 2011). RPS2 is a
nucleotide-binding-LRR subclass protein having the ability to respond to the bacterial effector
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AvrRpt2 by activating effector-triggered immunity that culminates in an hypersensitive
response (HR) (Day et al., 2005). Importantly several Arabidopsis hir knock-out mutants,
including hir2-1, were shown to display compromised resistance to Pseudomonas syringae. On
the other hand, over-expression of HIR1 and HIR2 in Arabidopsis transgenic line reduced the
growth of this bacteria (Qi et al., 2011). Although HIR proteins appear to be important for the
RPS2-mediated defence against pathogen, the underlying mechanism remains unknown so far.
Interestingly the proteome associated with plant DIM is modified during pathogen infection,
suggesting that infection modulates the localization of a pool of proteins in PM microdomains.
For instance the plant immune receptor FLS2 was shown to shift from DSM to DIM after
flagellin treatment, suggesting that FLS2 might be recruited in membrane microdomains
(Keinath et al., 2010). Further ultra-resolution microscopy approaches demonstrated that FLS2
can be found in specific clusters at the PM, co-localizing with remorins in nanodomains
(Bucherl et al., 2017) Exposure of Arabidopsis culture cells to different microbial elicitors of
the immune response is accompanied by kinase activation, consequent Ca?* influx and the
activation of the Respiratory Burst Oxidase Homologues (RBOH) NADPH oxidase that drives
Reactive Oxygen Species (ROS) bursts in response to pathogens (Sandor et al., 2016). ROS
activation indeed, seems a necessary condition that lead to an increase in PM order. These
results not only seed light on the importance of a microdomain organization against pathogen
attacks, but also highlight how different kinds of microdomain-protein associations related to
a single biological function (e.g. pathogen defense) may coexist. This situation increases the
levels of complexity of such responses at the same time that it confirms microdomains as

important signaling platforms for plant immunity.

111.4.2 - Symbiotic response

Remorins and flotillins were shown to participate in the establishment of symbiosis
between nodule plants and nitrogen-fixing bacteria. In Medicago truncatula, flotillin-like genes
are more abundant than in Arabidopsis since a total of seven genes was identified (Haney and
Long, 2010). Among these different flotillin genes two are especially upregulated during early
phases of nodulation: Flot2 and Flot4 (Haney and Long, 2010). Flot2 and Flot4 proteins were
observed in PM microdomains and, interestingly, upon rhizobial inoculation, Flot4 uniquely
accumulates in the tip of elongating root hairs and was proposed to be involved in polar growth
of the infection threads. Importantly, the silencing of Flot 2, 3 and 4 results in a significant
decrease of the nodulation capabilities of Medicago truncatula, accompanied by changes in

root and nodule morphology. More precisely, the silencing of Flot2 and Flot4 results in a
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decrease number of infection threats that permit bacterial entrance into the plant tissues. As
previously explained in Introduction Chapter 11.1.2.2.2, the Medicago truncatula LYK3
protein, a receptor mediating symbiotic bacterial infections at the root surface, is localized in
PM microdomains (Haney et al., 2011). Interestingly, upon symbiont inoculation, the dynamics
of LYK3 changes since it becomes less mobile and tends to co-localize with Flot4 (Haney et
al., 2011) (see below). Similarly to Flot2 and Flot4, the transcription of a specific remorin,
MtREM2.2 gene, is actively transcribed during the first phases of the establishment of the
bacterial symbiosis (Lefebvre et al., 2010). Indeed, RNA interference of MtREM2.2 resulted in
nodulation disorders similar to those observed when Flot are silenced. For this reason, the
contribution of remorins to the establishment of the symbiotic process resulted initially quite
elusive, as its functions seemeed to slightly overlap with the ones described for flotillins.
Nevertheless, MtREM2.2 was shown to interact with LYK3 and it was proposed to act as
scaffolding protein (Lefebvre et al., 2010). Recent work has been able to show that the
incorporation of LYK3 into nanodomains requires Flot4 and SYMREM1 (Liang et al., 2018).
These data provide enough evidence of a collaborative association between remorins and
flotillins during the establishment of the symbiosis. In the work presented by Liang et al.,
(2018), the authors showed that Flot4 forms the initial core structure of the microdomain, but
upon symbiotic infection, the subsequent physical interaction of SYMREM1 with LYK3
stabilize the activated receptors in Flot4 specific nanodomains. This allows the progression of
the infection thread towards the root cortex (Liang et al., 2018).

Recently, the contribution of PM microdomain-associated proteins in the symbiotic
interaction occurring during soybean nodulation was investigated (Qiao and Libault, 2017;
Qiao et al., 2017). Transcriptomic analyses brought forward the participation to the symbiotic
interaction of three specific genes that were highly expressed in soybean nodules:
Glyma.05G029800, Glyma.06G065600, and Glyma.13G065000. All of them code for SPFH
domain-containing proteins and two of the closest orthologs of Glyma.13G065000 and
Glyma.05G029800 respectively in Arabidopsis are the proteins HIR1 and HIR4 (Qiao and
Libault, 2017). Although how HIR proteins may participate in symbiosis remains unknown,

such data highlighted possible new roles of HIR proteins to be addressed in the future.

111.4.3 - Hormonal signalling

The study of the role of membrane microdomains in hormone response is just emerging
and notably concern the regulation of the brassinosteroid signalling. Brassinosteroids are plant

hormones known to regulate very different developmental and physiological responses,
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including cell elongation and root growth (Saini et al., 2015). As described in Introduction
Chapter 11.1.2.2.2, although the brassinosteroid receptor BRI1 is mainly internalized by CME
(Jaillais and Vert, 2016), the work of Wang et al. (2015) brought forward the contribution of
microdomains in BRI1 internalization. These results are very interesting and advance
promising discoveries in the field of study of the brassinosteroid responses, however further
research is needed to establish the biological importance of this BRI1 internalization pathway.
Apart microdomain-associated endocytosis, the localization of BRI1 in defined PM
microdomains is probably important for the specificity of the brassinosteroid signalling.
Indeed, the spatial separation of BRI1 and the immune receptor FLS2 in distinct PM
microdomains was proposed to allow these proteins to achieve different biological processes,
while employing common downstream signalling components (Bucherl et al., 2017).

On the contrary, the contribution of microdomains in the regulation of the drought stress
responses mediated by the phytohormone abscisic acid (ABA) is better understood from a
molecular point of view. In this context, ABA perception via the ABA receptor RCAR1/PYL9
[requlatory components of ABA receptor 1/PYR1 (pyrabactin resistance 1)-like protein 9]
initiates a cascade that results in the phosphorylation and consequent activation of the anion
channel SLAH3 situated in the PM of guard cells, a process mediated by the specific calcium
dependent kinase CPK21 (Geiger et al., 2012). Ultimately, the activation of SLAH3 contributes
to chloride and nitrate release from guard cells, which in turn initiates stomatal closure.
Interestingly, CPK21 is found in DIM from Arabidopsis thaliana mesophyll cells; and different
signalling components of the draught response are, at least transitionally, associated with
AtREML1.3-labelled nanodomains. In parallel, the expression of SLAH3 and CPK21 in
previously infiltrated Nicotiana benthamiana leaves, demonstrated that the proportion of
SLAH3 in DIM fractions increases when CPK21 is co-expressed, which indicates a
microdomain preferential localization of activated forms of SLAH3 over inactivated forms of
this transporter (Demir et al., 2013). Consequently, the authors suggest that the phytohormone
ABA affects SLAH3 function by controlling the membrane localization of the anion channel
and its activating kinase. Still, the molecular changes that allow microdomain recruitment of
these specific proteins remins to be uncovered, as well as the possible contribution of remorins

to the process of recruitment and/or the activation of CPK21 and SLAH3.
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IV — Context and objectives of the thesis

IRT1 is responsible for iron uptake in Arabidopsis thaliana. Hence, our understanding
of this transporter is the cornerstone of the study of plant iron acquisition, which is an important
process for the introduction of Fe into terrestrial food chains. Although IRT1 regulation has
been studied for years, only a handful of proteins are nowadays known to participate in the
regulation of this transporter, as detailed in the introduction. With the aim of discovering new
proteins involved in IRT1 dynamics/activity or working in concert with IRT1, our laboratory
performed co-immunopurification of IRT1 combined with mass spectrometry analyses to
identify IRT1 interactors. Different putative IRT1-interacting proteins related to either
trafficking process or Fe nutrition were isolated. From these candidates, the ferric reductase
FRO2 and the proton pump AHAZ2 appeared as particularly interesting regarding the process
of Fe acquisition. Indeed, both are already known to act in concert with IRT1 in the
acidification-reduction-transport strategy for iron uptake in Arabidopsis thaliana. Besides, a
third candidate, the SPFH-domain containing protein HIR2, called our attention. The putative
interaction between IRT1 and HIR2 suggested a possible contribution of membrane
microdomains in the control of IRT1, which had never been uncovered before.

Therefore, during my thesis, | aimed to: a) Characterize the association of IRT1 with
FRO2 and AHAZ in the process of Fe acquisition and explore the possibility that these proteins
form an “iron acquisition complex”, allowing the optimization of iron uptake in Arabidopsis.
b) Uncover the role of HIR2 and membrane microdomains in the process of Fe acquisition, by
characterizing HIR2 contribution in the intracellular dynamics of IRTL.

Our interest in discovering the role of HIR2-containing microdomains in Fe acquisition,
led us to establish a collaboration with the laboratory of Jan Martinec, from the Institute of
Experimental Botany, in Prague. One of their work research axes focuses on the
characterization of flotillins and HIR proteins in plants. In a candidate approach, we tried to
uncover a possible involvement of flotillins in IRT1 endocytosis and more generally in the
process of Fe nutrition. A large part of this work is still in process and will be discussed

separately.
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Figure 8. Immunopurification of IRT1-mCitrine and the associated proteins.

(A) Schematic representation of the functional IRT1-mCitrine fusion protein. | to IX refer to
the different transmembrane regions of IRT1 from the N-terminal to the C-terminal part. The
mCitrine was introduced in the first extra-cytosolic loop (Dubeaux et al, 2018). (B)
Immunopurifications (IP) of IRT1-mCitrine were performed with anti-GFP antibodies coupled
to magnetic microbeads on solubilized protein extract from wild type (WT) and irtl-
1/IRT1 ::IRT1-mCitrine plant roots. Immunopurified proteins were then stained with
coomassie blue. (C) Immunoblotting (IB) with anti-GFP antibodies was performed on a part of
WT and IRT1-mCitrine immunopurified fractions as prepared in (B). The upper band
corresponds to IRT1-mCitrine full length (63 kDa) whereas the lower band corresponds to a
cleavage product of IRT1-mCitrine.
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Results

| - IRT1 interactome in Arabidopsis root epidermal cells

Although this IRT1 interactome was established before the beginning of my thesis, |
believe it is very interesting to comment it, moreover | am first author in a manuscript which
includes these data. To identify proteins interacting with IRT1 in root epidermal cells, IRT1-
mCitrine fusion protein expressed under the control of IRT1 promoter in irtl-1 mutant was
immunopurified and proteins co-purified with IRT1 were identified by mass spectrometry.
IRT1-mCitrine protein, in which the mCitrine fluorescent tag, derived from the GFP, was
introduced in the first extracellular loop of IRT1 between transmembrane domains | and 11
(Figure 8A), is functional since it complements irtl-1 growth defects and chlorosis (Dubeaux
et al., 2018). Briefly, IRT1-mCitrine transmembrane protein was solubilized from root extracts
with a soft non-ionic detergent n-Dodecyl -D-maltoside (DDM) to preserve the interactions
between IRT1 and its partners. Then, IRT1-mCitrine and the associated proteins were
immunopurified with anti-GFP antibodies coupled to magnetic microbeads. The same
procedure was performed on DDM-solubilized proteins from wild type plant (WT) roots as a
negative control. Immunoprecipitated proteins from IRT1-mCitrine and WT plants were
separated by SDS-PAGE (Figures 8B and 8C) and analyzed by mass spectrometry. Proteins
were considered as IRT1 interactors when they were specifically identified in IRT1-mCitrine
immunopurified fraction with at least two different peptides. This approach allowed the
identification of 142 putative IRT1 interactors (supplemental Table 1). Among them 31 were
found in the two independent experiments that were performed and 111 were found in one
experiment or the other. Concerning the molecular functions of IRT1 interactors, Gene
Ontology annotation (http://www.pantherdb.org/) reveals that the majority of assigned
accessions correspond to catalytic activity (50%) followed by binding and transport activities
(20% and 11%, respectively) (supplemental Figure 2 A). In terms of biological process, 34%
and 33% of IRT1-interacting proteins are associated with cellular and metabolic process
respectively, 9% are linked to localization or response to stimulus (supplemental Figure 2 B).
Since the control of IRT1 trafficking is of the utmost importance in the regulation of this
transporter we specifically looked for IRT1-interactingproteins that are linked to the secretory
or endocytic pathways (supplemental Table 2). Clathrin was found as putatively interacting

with IRT1, which is in accordance with previous results showing that IRT1 can undergo
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Table 1. Compilation and brief description of the main proteins found in mass spectrometry analyses as putative IRT1 interactors related to this project.
This selection includes candidates known to work together with IRT1 in the process of Fe uptake, and candidates belonging to the SPFH superfamily,
whose participation in Fe nutrition has never been uncovered. Number of total peptides refers to the total number of peptides that were found in each
one of the two independent mass spectrometry analyses that were carried out.

N° of unique peptides

Number of

Accession Protein name .Protem Experimentl Experiment2 transmembrane Subctellu.lar

size (kDa) . localization

domains
ATAG30190 H(+)-ATPase 2 104 5 13 10 plasma membrane
AT3G01290 Hypersensitive induced reaction 2 31 5 12 0 plasma membrane
AT1G01580 Ferric reduction oxidase 2 82 3 11 plasma membrane
AT5G62740 Hypersensitive induced reaction 4 31 2 0 plasma membrane
AT2G03510 SPFH/Band 7/PI—_|B domam_—contal_nmg 41 3 8 1 en<_joplasm|c
membrane-associated protein family reticulum

The number of transmembrane domains present in each protein was obtained thanks to the datebase AramTMCon (http://aramemnon.uni-koeln.de).
The subcellular localization of each protein was investigated in SUBACon (http://suba.plantenergy.uwa.edu.au).



http://aramemnon.uni-koeln.de/
http://suba.plantenergy.uwa.edu.au/

clathrin-mediated endocytosis (Barberon et al., 2011; Barberon et al., 2014). Interestingly
SEC13a and SEC31b proteins were identified as IRT1-putative interactors suggesting a role of
coat protein complex Il (COPII) machinery in the export of IRT1 from the endoplasmic
reticulum (ER) to the Golgi apparatus. Reversely, IRT1 probably also undergoes retrograde
transport from the Golgi to the ER since it interacts with components of COPI vesicles
(Supplemental Tables 1 and 2).

Another very interesting group of IRTL1 interactors are proteins linked to the
Arabidopsis metal homeostasis such as iron transporters from the VIT family (Yamada et al.,
2013) or the Pleiotropic drug resistance 8 / Penetration 3 protein that was proposed to act as a
cadmium extrusion pump (D.,-Y., Kim et al., 2007) (Supplemental Tables 1 and 2). Recently,
coumarins, that are excreted in the rhizosphere, were shown to be important for iron acquisition
in an IRT1-dependent manner as detailed in the introduction of this thesis. Interestingly,
Feruloyl-Coenzyme A 6’-Hydroxylase 1 (F6'H1) (Schmid et al., 2014) and Cytochrome
P450/CYP82C4 (Rajniak et al., 2018), both involved in coumarin biosynthesis, were identified
as a putative IRT1-interacting protein (Supplemental Tables 1 and 2). As mentioned in the
section “Context and objectives of the thesis”, FRO2 and AHA2, which act in concert with
IRT1 in the acidification-reduction-transport strategy for iron uptake, were identified as part of
IRT1 interactome (Table 1). During my PhD, | characterized the interaction between IRT1 and
these two major actors of iron acquisition. Among the putative interactors of IRT1, we
identified several proteins with SPFH domains (Table 1), notably HIR2 and HIR4, and also a
SPFH-domain containing protein of unknown function (AT2G03510). From these three
proteins, HIR2 seemed to be the most suited candidate to focus our analyses. On the one hand,
HIR2 is known to be present at the plasma membrane, as mentioned in the Introduction, which
makes this protein a good candidate to interact with IRT1. On the other hand, the protein
appeared highly represented in both mass spectrometry analyses performed, unlike HIRA4.
At2g03510 gene was identified as a marker in a quantitative trait locus (QTL) analysis for zinc
hyper-accumulation in Arabidopsis halleri. Moreover, this gene shows significant high levels
of expression in roots of this Zn accumulator species (Filatov et al., 2006; Filatov et al., 2007).
Despite of this, the corresponding protein is annotated as being the only erlin described to date
in Arabidopsis. Therefore, this protein is expected to localize in the endoplasmic reticulum and
is thus less likely involved in a direct way in the process of Fe uptake per se. At present, the
number of IRT1 interactors controlling the subcellular localization of this transporter is very
succinct and a possible participation of membrane microdomain-located proteins in the control

of IRT1 and metal nutrition has never been addressed. Thus, we decided to further characterize

55



the interaction between HIR2 and IRT1 and the contribution of HIR2 to the process of Fe
uptake.
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Figure 9. IRT1 interacts with FRO2 and AHA2 in a split-ubiquitin assay.

Yeasts co-expressing Cub fusion proteins with NubG fusion proteins or NubG (negative
control of interaction) or NubWT (positive control of interaction) were spotted in serial
dilutions on a synthetic medium without Leu and Trp (control medium) or without Leu, Trp,
His, Ade (selective medium). Yeast growth on control and selective medium was recorded
after 24h and 48h, respectively. Besides internal negative interaction tests performed by
co-expressing Cub fusion proteins with NubG, an additional negative control was
introduced in this assay by co-expressing NubG-IRT1 and BRI1-Cub. OD: optical density.
The interaction test was performed in triplicates, a representative example is hereby
shown.
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II - Study of the interactions between IRT1 and
FRO2/AHA2/HIR?2

I1.1 - FRO2 and AHA? directly interact with IRT1 in a split-
ubiquitin assay

To verify the interaction between IRT1 and AHA2/FRO2/HIR2, we first took advantage
of the split-ubiquitin system that allows to detect direct interactions between membrane
proteins in yeast and was successfully used in the past to investigate protein interactions with
IRT1 (Shin et al., 2013b; Dubeaux et al., 2018). IRT1 fused to the mutated N-terminal half of
ubiquitin (NubG) that is unable to spontaneously reassemble with the C-terminal part of
ubiquitin (Cub), was co-expressed in yeast with AHA2, FRO2 or HIR2 fused to Cub linked to
the chimeric transcription factor ProteinA-LexA-VP16 (PLV) (Figure 9). On a non-selective
medium (-Leu -Trp), all the transformed yeasts grew normally showing that the expression of
the different fusion proteins does not induce toxicity (Figure 9, left panels). Physical
interactions between IRT1 and AHA2/FRO2 were then tested through the ability to rescue yeast
growth on a selective medium (-Leu -Trp -Ade -His) (Figure 9, right panels). Yeasts co-
expressing NubG-IRT1 with AHA2-Cub or FRO2-Cub grew on a selective medium, similarly
to the respective positive controls NubWT + AHA2-Cub/FRO2-Cub, whereas no growth was
observed for the respective negative controls NubG + AHA2-Cub/FRO2-Cub. This result
indicates that IRT1 directly interacts with AHA2 and FRO2. As an additional negative control
for split-ubiquitin, NubG-IRT1 was co-expressed with a transmembrane protein that is
probably not linked to IRT1, the brassinosteroid receptor BRI1, fused to Cub. Whereas yeast
co-expressing NubWT with BRI1-Cub (positive control of interaction) grew on a selective
medium, no growth was observed when BRI1 and IRT1 were co-expressed, indicating that
these two proteins do not interact. Interestingly, our split-ubiquitin assay also revealed that the
two IRT1 interactants AHA2 and FRO2, expressed as NubG and Cub fusions, respectively,
could physically interact (Figure 9). Unfortunately, the split-ubiquitin assay did not allow us to
reveal a direct interaction between IRT1 and HIR2 (Figure 9). Indeed, yeasts co-expressing
NubG-IRT1 and HIR2-Cub grew as the negative control (NubG + HIR2-Cub), in which a slight
autoactivation took place. This result may imply that the interaction between IRT1 and HIR2

could be indirect.
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Figure 10. FRO2 and AHA2 are part of an IRT1-protein complex in Arabidopsis root cells
as revealed by co-immuopurifications.

(A) Endogenous AHA2 is likely co-immunopurified with  IRT1-mCitrine.
Immunoprecipitations (IP) were performed using anti-GFP antibodies on solubilized root
protein extracts from irt1-1/IRT1::IRT1-mCitrine and wild-type plants (negative control).
Inputs and IP fractions were subjected to immunoblotting (IB) with anti-GFP (top) and anti-
PMA2 antibodies (bottom). (B) mCherry-FRO2 is co-immunopurified with IRT1-mCitrine. IP
were performed using anti-GFP antibodies on solubilized root protein extracts from irt1-
1/IRT1::IRT1-mCitrine plants co-expressing FRO2::mCherry-FRO2 or UBQ10::RabD1-
mCherry, this protein co-localizing with IRT1 in endosomes (negative control). Inputs and IP
fractions were subjected to IB with anti-GFP (top) and anti- mCherry antibodies (bottom).
Note that mCherry-FRO2 migrates at the expected size (bottom band) but also at a higher
molecular weight (top band) that may correspond to post-translationally modified
mCherry-FRO2. In (A) and (B), plants were firstly grown on MS/2 medium containing 50 uM
Fe-EDTA and then transferred on a -Fe + Metals medium supplemented with 300 uM of the
iron chelator Ferrozine. The interaction test was performed in triplicates, a representative
example is hereby shown. Expected protein sizes: AHA2: 108 kDa, mCherryFRO2: 110 kDa,
IRT1-mCitrine: 64 kDa, RabD1-mCherry: 51 kDa.
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11.2 - FRO2, AHA? and HIR?2 associate with IRT1, as revealed
by co-immunopurifications in Arabidopsis roots

After having investigated interactions between IRT1 and AHA2/FRO2/HIR2 in a
heterologous system, we then decided to confirm our previous observations in Arabidopsis
roots by performing co-immunopurifications (co-IP) combined with immunodetections. To
analyze the interaction between IRT1-mCitrine and endogenous AHA2, we used a previously
described antibody raised against Plasma Membrane H-ATPase 2 (PMAZ2) from Nicotiana
plumbaginifolia that also recognizes Arabidopsis AHA proteins. An immunoblot performed
with the anti-PMA2 antibody on a protein extract from yeast transformed with a vector allowing
the expression of AHA2, showed a strong signal around 100 kDa. This specific band is not
observed for the negative control, showing that the anti-PMAZ2 antibody effectively recognizes
Arabidopsis AHA2 isoform (Figure 15B). For the interaction test, IRT1-mCitrine expressed
under the control of IRT1 promoter in the roots of the corresponding transgenic line was first
immunopurified (Figure 10A). As a negative control, the same purification procedure was
performed on roots from wild type plants (WT). Then, the immunopurified fractions were
probed with the anti-PMAZ2 antibodies. A strong signal around 100 kDa was detected for the
IRT1-mCitrine immunopurified fraction whereas no signal was observed for the negative
control (Figure 10A). Although this signal could correspond to other AHA isoforms than
AHA2, due to a lack of specificity of the anti-PMAZ2 antibodies and since it is difficult to
discriminate between the close molecular weights of AHA proteins, this result suggests that
endogenous AHAZ likely associates with IRT1 in root epidermal cells. The existence of an
IRT1-AHA2 complex is strengthened by the split-ubiquitin test described previously and will
be discussed hereafter.

Since no antibody raised against FRO2 was available, we decided to generate for the first
time a functional translational fusion of FRO2 expressed under the control of FRO2 promoter
in the previously described fro2 mutant named frd1-1 (Robinson et al., 1999). To do so, the
mCherry fluorescent protein was fused to the C-terminal end or the N-terminal part of FRO2,
generating FRO2-mCherry and mCherry-FRO?2 fusions, respectively. While being properly
expressed in plants, FRO2-mCherry is not functional since it does not allow to restore the
dwarfism and the hyper chlorotic phenotype of frd1-1 under iron deficiency (data not shown).
However, the expression of mCherry-FRO2 fully restored the developmental defects and the
chlorosis of frd1-1 mutant in lack of iron, showing that mCherry-FRO2 fusion protein is
functional (Figure 11B and 11C). Interestingly, mCherry-FRO2 accumulates specifically in the
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Figure 11. Expression of mCherry-FRO2 complements the frd1-1 mutant phenotype in lack
of iron.

(A) Confocal microscopy analysis of mCherry-FRO2 localization in the differentiated part of
a root from frd1-1/FRO2::mCherry-FRO2 plant (line n9) grown in absence of iron and in
presence of physiological levels of non-iron metals. Note that mCherry-FRO2 is specifically
expressed in root epidermal cells where it localizes at the PM in a polar fashion facing the
medium, as well as in intracellular compartments. Scale bars = 10 um. (B) Expression of
mCherry-FRO2 protein in frd1-1/FRO2::mCherry-FRO2 transgenic lines n3, n5, n7 and n9
grown as in (A) was revealed by performing an anti-mCherry immunoblot on root
microsomal protein extracts. frd1-1 mutant was used as a negative control. Stain-Free
Imaging Technology was used to make a loading control. (C) Complementation test of frd1-
1 mutant. Wild type plants (Columbia gl1), frd1-1 mutant and four independent frdi-
1/FRO2::mCherry-FRO2 transgenic lines (n3, n5, n7 and n9) were grown 11 days on MS/2
medium in absence of iron (-Fe) or in presence of 100uM Fe-EDTA (+Fe). In both cases media
contained physiological levels of non-iron metals. PM= Plasma Membrane.

epidermis of the root, where it distributes at the PM and in some internal vesicles (Figure 11A).
To analyze the interaction between FRO2 and IRT1 in Arabidopsis roots by co-IP, transgenic
lines co-expressing mCherry-FRO2 and IRT1-mCitrine under the control of their respective
endogenous promoters were generated. The laboratory had also previously generated a
transgenic line co-expressing IRT1-mCitrine and RabD1-mCherry, this latter co-localizing
with IRT1 in endosomes, that was used for a negative control (Supplementary Figure 2). Our
results showed that mCherry-FRO2 was efficiently co-immunopurified with IRT1-mCitrine
whereas RAbD1-mCherry was not, proving that FRO2 and IRT1 form a protein complex in
root epidermal cells (Figure 10B). To go further, we investigated the interaction between
mCherry-FRO2 and endogenous AHAZ2 in Arabidopsis roots. For this purpose, mCherry-FRO2
expressed under the control of FRO2 promoter was immunopurified from root protein extracts
of the corresponding transgenic line and in parallel the purification procedure was performed
on roots from WT plants (negative control). An immunoblot performed with anti-PMA2
antibodies on immunopurified fractions revealed that AHAZ2 is likely co-immunopurified with
mCherry-FRO2, whereas no signal was detected for the negative control (Figure 12). Although
the same considerations about the specificity of the antibody used to detect AHAZ2 should be
kept in mind, this result reinforces the notion of a FRO2-AHAZ2 interaction that was also
detected by split-ubiquitin (Figure 9). These combined analyses provide evidences that IRT1,
FRO2 and AHA2 can interact with each other in Arabidopsis root epidermal cells, probably in
a direct manner, which led us to propose that IRT1, AHA2 and FROZ2 could constitute an iron

acquisition complex.
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Figure 12. FRO2 and AHA2 likely interact in Arabidopsis root cells.

Immunoprecipitation (IP) was performed using anti-mCherry antibodies on solubilized root
protein extracts from frd1-1/FRO2::mCherry-FRO2 and wild-type plants (negative control) first
grown on MS/2 medium containing 50 UM Fe-EDTA and then transferred on a -Fe + Metals
medium supplemented with 300 uM of the iron chelator Ferrozine. Inputs and IP fractions
were subjected to immunoblotting (IB) with anti-mCherry (top) and anti-PMA2 antibodies
(bottom). The interaction test was performed in triplicates, a representative example is hereby
shown. Expected protein sizes: AHA2: 108 kDa, mCherryFRO2: 110 kDa.

The interaction between IRT1 and HIR2 was also investigated in Arabidopsis roots by
performing co-IP combined with immunodetections (Figure 13). IRT1-mCitrine expressed
under the control of IRT1 promoter was immunopurified from root protein extracts and the
same purification protocol was performed on WT plant roots (negative control).
Immunopurified fractions were then probed with an anti-HIR antibody (see Material and
Methods) (Qi et al., 2011). A signal at the expected molecular weight of HIR proteins was
detected for IRT1-mCitrine immunopurified fraction whereas no signal was observed for the
negative control (Figure 13A). Thus, some endogenous HIR proteins are able to form a complex
with IRTL1. To specifically investigate the interaction between IRT1 and HIR2 isoform, co-
immunopurifications were performed on protein extracts from roots of Arabidopsis transgenic
lines co-expressing IRT1-mCitrine and HIR2-mCherry or RabD1-mCherry (negative control)
(Figure 13B). It is important to mention that HIR2-mCherry fusion protein is functional as
detailed hereafter (Figure 23). Our results showed that HIR2-mCherry was co-purified with |
RT1-mCitrine whereas RAbD1-mCherry was not, proving that HIR2 and IRT1 can associate

among a protein complex in root cells.
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Figure 13. HIR2 is able to interact with IRT1 in Arabidopsis root cells as revealed by co-
immuopurifications.

(A) Endogenous HIR proteins are co-immunopurified with IRT1-mCitrine. Imnmunoprecipitations
(IP) were performed using anti-GFP antibodies on solubilized root protein extracts from irt1-
1/IRT1::IRT1-mCitrine and wild-type plants (negative control). Inputs and IP fractions were
subjected to immunoblotting (IB) with anti-GFP (top) and anti-endogenous HIR antibodies
(bottom). (B) HIR2-mCherry is co-immunopurified with IRT1-mCitrine. IP were performed using
anti-GFP antibodies on solubilized root protein extracts from irt1-1/IRT1::IRT1-mCitrine plants
co-expressing 35S::HIR2-mCherry or UBQ10::RabD1-mCherry, the later co-localizing with IRT1
in endosomes (negative control). Inputs and IP fractions were subjected to IB with anti-GFP
(top) and anti-mCherry antibodies (bottom). In (A) and (B), plants were firstly grown on MS/2
medium containing 50 pM Fe-EDTA and then transferred on a -Fe + Metals medium
supplemented with 300 uM of the iron chelator Ferrozine. The interaction test was performed
in triplicates, a representative example is hereby shown. Expected protein sizes: HIR2: 31 kDa,
HIR2-mCherry: 60 kDa, IRT1-mCitrine: 64 kDa, RabD1-mCherry: 51 kDa.

11.3 — Does a direct interaction between HIR2 and AHA?2 allow
the recruitment of IRT1 In HIR2-containing membrane
microdomains?

Although we were unable to reveal a direct interaction between HIR2 and IRT1, we
investigated whether the two other members of the putative iron acquisition complex, FRO2
and AHAZ2, could directly interact with HIR2 in a split-ubiquitin assay (Figure 14). Yeast co-

63



OD 1.0 0.1 0.01 1.0 0.1 0.01

NubG-HIR2 + FRO2-Cub

NubG + FRO2-Cub

NubWT + FRO2-Cub

NubG-HIR2 + AHA2-Cub

NubG + AHA2-Cub

NubWT + AHA2-Cub

-Leu, -Trp -Leu, -Trp, -His, -Ade

Figure 14. HIR2 interacts with AHA2 but not with FRO2 in a split-ubiquitin assay.

Yeasts co-expressing Cub fusion proteins with NubG fusion proteins or NubG (negative
control of interaction) or NubWT (positive control of interaction) were spotted in serial
dilutions on a synthetic medium without Leu and Trp (control medium) or without Leu, Trp,
His, Ade (selective medium). Yeast growth on control and selective medium was recorded
after 24h and 48h, respectively. OD: optical density. The interaction test was performed in
triplicates, a representative example is hereby shown.

expressing NubG-HIR2 with FRO2-Cub did not grow on a selective medium, similarly to the
negative control NubG + FRO2-Cub, whereas yeast growth was recorded for the positive
control NubWT + FRO2-Cub. This implies that FRO2 and HIR2 do not interact in this test. In
plant cells, we cannot exclude that FRO2 may interact in a non-direct manner with HIR2, but
further experiments will be required to investigate this possibility. Interestingly, in the split-
ubiquitin assay, yeast co-expressing NubG-HIR2 and AHA2-Cub were able to grow on a
selective medium as observed for the positive control NubWT + AHA2-Cub, whereas no
growth was observed for the negative control (Figure 14). This result shows that HIR2 and
AHAZ2 are able to directly interact in this system.

As AHAZ2 is able to directly interact with both IRT1 and HIR2 we wondered whether
AHA2 could create a “link” between IRT1 and HIR2 facilitating their interaction. To test this
hypothesis, we performed a split-ubiquitin bridge (SUB) assay which allows the detection of
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Figure 15. AHA2 does not mediate the interaction link between HIR2 and IRT1 in a split-
ubiquitin-bridge assay.

(A) To perform the split ubiquitin-bridge assay, yeast was co-transformed with HIR2-Cub
construct, NubG-IRT1 constructions and PDR195-AHA2 vector that allows the expression of a
non-tagged version of AHA2. As a positive control (+), yeast was co-transformed with the
following constructs: HIR2-Cub, NubWT and the empty PDR195 vector. As negative controls (-
), yeasts were co-transformed with the following constructions: HIR2-Cub, NubG-IRT1 and the
empty PDR195 vector or HIR2-Cub, NubG and PDR195-AHA2. Yeast were spotted in serial
dilutions on a synthetic medium without Leu, Trp and Ura (control medium) or without Leu,
Trp, Ura, His and Ade (selective medium). Yeast growth on control and selective medium was
recorded after 24h and 48h, respectively. (B) Anti-PMA2 immunoblot performed on a protein
extract from yeast co-transformed with HIR2-Cub, NubG-IRT1 and PDR195-AHA2 constructs
revealed a strong specific signal at around 100 kDa, showing that AHA2 is indeed expressed
(PDR195-AHA2 line). A protein extract from yeast co-transformed with HIR2-Cub, NubG-IRT1
and the empty PDR195 vector was used as negative control (“PDR195” line).
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trimeric protein interactions based on the split-ubiquitin technique (Grefen, 2014). To perform
this test, we co-expressed HIR2-Cub with NubG-IRT1 and a non-tagged version of AHA2 from
a PDR195-AHA2 construct (Figure 15A). If AHAZ2 is able to bring in close proximity HIR2
and IRT1, it may lead to the reconstitution of the full ubiquitin molecule, permitting yeast
growth on a minimal media. Yeast co-expressing HIR2-Cub + NubG-IRT1 + AHA2 weakly
grew on the selective medium similarly to the two negative controls we performed, whereas
for the positive control (HIR2-Cub + NubWT + the PDR195 empty vector) a clear growth was
observed (Figure 15A). We decided to verify that the absence of interaction between HIR2 and
IRT1 was not due to a lack of expression of AHA2. To do so, an immunoblot with the anti-
PMAZ2 antibodies previously described was performed on total protein extract from yeast,
previously co-transformed with HIR2-Cub + NubG-IRT1 + PDR195-AHAZ2. This immunoblot
revealed that AHAZ2 was indeed strongly accumulated (Figure 15B). According to these results,
AHAZ2 may not be the “element” that allows the interaction between IRT1 and HIR2. However,
we cannot exclude that the huge size/molecular weight of AHA2 (~108 kDa) may sterically
hamper the association of the two halves of ubiquitin carried by HIR2 and IRT1, even if AHA2
could indeed help HIR2 and IRTL1 to interact in the same complex. Other experiments will be
needed to determine whether AHA2 may be the protein required to “link” HIR2 and IRT1I, as

commented in the Discussion of this thesis.

11 — Dynamics of the iron acquisition platform

I11.1 - FRO2 and AHA?2 are ubiquitinated in Arabidopsis root
cells in a metal independent manner

Upon an excess of non-iron metal substrates IRT1 ubiquitination increases considerably,
leading to the endocytosis and the degradation of IRT1 in the vacuole (Dubeaux et al., 2018).
Interestingly, proteomic analyses allowed the identification of AHA2 and FRO2 as part of the
Arabidopsis ubiquitinome (Kim et al., 2013; Johnson and Vert, 2016; Walton et al., 2016).
Since AHA2 and FRO2 belong to an IRT1-containing protein complex, we wondered whether
ubiquitination of these proteins could be co-regulated by the availability of non-iron metals.
The analysis of protein ubiquitination profile is usually performed by immunopurifying the
protein of interest followed by immunodetection of the ubiquitinated forms of the protein.
During this approach it is useful to work with a tagged version of the query protein to optimize
its immunopurification. We already mentioned that the mCherry-FRO2 protein is functional,

then we aimed at creating a functional fusion of AHAZ2 by fusing its C-terminus to a fluorescent
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protein, the GFP or the mCherry. We decided to create C-terminal tagged AHA2 proteins
because several studies reported C-terminal fusions of AHA or PMA proteins as being
functional, in plants as in yeast (Lefebvre, 2004; Sutter et al., 2007; Martiniere et al., 2012;
Fajardo-Somera et al., 2013). However, we wanted to verify that our AHA2-GFP/mCherry

fusions proteins were effectively functional as described below.

I11.1.1 — Probing the functionality of AHAZ2 fusion proteins
by acidification assays

To investigate the functionality of our AHA2 C-terminal tagged proteins, the acidification
capacities of transgenic lines expressing AHA2-GFP under the control of the 35S promoter
were compared to those of WT plants (Col-0). Note that a 35S::AHA2-GFP T3 homozygous
line was obtained in the laboratory before | started my PhD. An anti-GFP immunoblot
performed root microsomal fractions revealed that AHA2-GFP is properly expressed this line
(Figure 16A). Moreover, microscopy analysis on this transgenic line showed that AHA2-GFP
is mainly localized at the PM in root cells (Figure 16B). A way of testing the acidification
capacity of plants, notably root-induced acidification, consists in the introduction inside the
growth medium of bromocresol purple that displays a purple color at basic pH and turns yellow
upon acidification. This technique was successfully used by Santi and Schmidt (2009) to
identify which AHA proteins were responsible for the rhizosphere acidification during the Fe
acquisition process. Bromocresol purple assays was also successfully used when testing the
acidification capabilities of different Arabidopsis mutants affected in Fe uptake (Long et al.,
2010; Oh et al., 2016). As mentioned in the introduction lack of Fe induces AHA2-mediated
acidification. AHA2-GFP expression being controlled by a constitutive promoter, we reasoned
that if the construction was functional, high proton extrusion in Col-0/ 35S::AHA2-GFP plants
should be independent of Fe conditions, unlike for wild type plants and the knock-out-mutant
for AHA2 (aha2). For this reason, these different plant lines were first grown for 10 days in Fe
50 uM and transferred afterwards to 50 uM Fe + bromocresol media at a slightly basic pH
(6.5). In parallel, we subjected the same lines to lack of Fe conditions during the bromocresol
treatments (MS/2 media pH (6.5) + bromocresol purple). We expected that in lack of Fe the
acidification activity of Col-0 plants would increase, resembling the acidification phenotype of
the AHAZ2 overexpressor, and unlike aha2 plants.

Surprisingly, differences among genotypes resulted scarce and variable (Figure 16C),
and the aha2 mutant was not impaired in acidification capabilities. Interestingly, acidification

was clearly reduced when the plants were not submitted to Fe deficiency, as any real change in
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Figure 16. Study of the functionality of AHA2 C-terminal tagged proteins by performing
acidification tests.

(A) Anti-GFP immunoblot performed on a protein microsomal fraction from roots of a Col-
0/35S::AHA2-GFP T3 homozygous line revealed AHA2-GFP protein accumulation. A protein
microsomal fraction from roots of a Col-0 was used as a negative control. (B) Confocal
microscopy analysis of AHA2-GFP localization in the same transgenic line as in (A). Plants
were grown for 11 days in -Fe + Metal condition before observation. Scale bar = 10 um.
(C) A representative acidification assay showing the rhizosphere acidification (yellow
color) induced by the roots of different plants: Col-0 (1), Col-0/35S::AHA2-GFP (2) and
aha2 knock-out mutant (3). Plants were grown 7 days in the presence of 50 uM Fe and
then transferred 4 days to a —Fe MS/2 medium (pH6.5) containing 0.005% bromocresol
purple before observation. Pictures of two different Petri dishes corresponding to
repetitions of the same acidification test show the heterogeneity inside an experiment as
well as the absence of difference in term of acidification between the roots of the different
tested genotypes. (D) A representative liquid acidification assay performed on Nicotiana
benthamiana leaf disks expressing different fusion proteins. 1, 2 and 3 refer to the
different constructions used for tobacco infiltrations: (1) 35S::AHA2A66-GFP, (2)
35S::AHA2A66-mCherry, (3) 35S::GFP. An extra well containing the reactive, but no leaf
disk served as a blank. Leaf disks were subjected to a 5 hours incubation in liquid MS/2 (pH
7.6) supplemented with 0.005% bromocresol purple. Afterward, acidification of the
medium was recorded by measuring OD at 590 nm.
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agar coloration took place (result not shown). Given the small reproducibility of the
acidification phenotype in between plates, observed within the same experiment, we concluded
that bromocresol assays onto agar plates was not enough sensitive to reveal acidification
phenotypes in our case. Moreover, the overexpression of AHA2-GFP was not sufficient to
increase root-mediated acidification. Even if AHA2-GFP is expressed in a constitutive manner
under the control of the strong 35S promoter, the fact that AHA protein activity is tightly
regulated (see Introduction Chapter 11.2.1) made us hypothesize that our gain of function
strategy in term of acidification might be unsuccessful. Therefore, we decided to test the
incidence of the fusion of a tag in the C-terminal part of a constitutive active AHA2 protein
lacking the 66 last amino acids and named AHA2A66. This type of AHA2 truncated versions
that are hyperactive were described by (Regenberg et al., 1995). At the moment, we are
generating Arabidopsis transgenic lines carrying the 35S::AHA2466-GFP/mCherry cassettes.
In the meantime, we tried to transiently express these constructions in Nicotiana benthamiana
plants. As a negative control, plants were infiltrated with a 35S::GFP construct, as the
expression of a cytosolic GFP should not induce acidification. Two days after transfection, after
verifying protein expression by microscopy, leaf disks were cut and incubated in liquid MS/2
medium supplemented with 0.005 % bromocresol purple and subjected to agitation (Figure
16D). After 4 h, 6 h, 12 h and 24 h, liquid media was recovered. To measure the acidification
of the medium by leaf disks, net proton flux was quantified by reading the optical density of
the media at 590 nm, which is the wavelength of absorption of the unprotonated form of the
bromocresol purple dye, as described for roots by Santi and Schmidt (2009). Despite of our
efforts, we were not able to measure differences in term of acidification between leaf disks
expressing AHA2A66 fusion proteins and the negative control (GFP) (result not shown). Apart
this liquid colorimetric assay, we also attempted to directly measure medium acidification by
removing the leaves and directly measuring the pH of the MS/2 media with a pH meter, no
bromocresol was added in this case. In this case we were not able either to detect pH differences
between leaves transformed with the control construction or with the different AHA2
constructions. Due to the lack of successful results, we decided to await to get Arabidopsis T3
homozygous lines carrying the 35S::4HA2466-mCherry and 35S::4AHA2466-GFP
constructions in order to perform acidification experiments.

Although we did not yet establish that AHA2-GFP/mCherry proteins efficiently
transport protons, we decided to continue our analysis using these fusion proteins since, as
mentioned above, this type of fusions were successfully used in the past. In addition, AHA2-

GFP seems to be correctly folded since it was properly targeted to the PM and was not observed
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Figure 17. FRO2 and AHA2 are ubiquitinated in Arabidopsis root cells in a metal
independent manner.

Immunoprecipitations (IP) were performed using anti-GFP antibodies on solubilized root
protein extracts from wild-type (WT), irt1-1/IRT1::IRT1-mCitrine and Col0/35S::AHA2-GFP
plants (A) or using anti-mCherry antibodies on solubilized root protein extracts from WT and
frd1/FRO2::mCherry-FRO2 plants (B). Inputs and IP fractions were subjected to
immunoblotting (IB) with anti-Ub antibody (P4D1) (A and B, top), anti-GFP (A, bottom) or
anti-mCherry antibodies (B, bottom). Plants grown in iron deficient condition were subjected
to physiological level of non-iron metals (+) or to an excess of these metals (+++) for 2 hours.
WT plants were used as negative controls for IP.

in the ER (Figure 16B), where misfolded proteins are often retained. This choice will be

commented in the discussion.

[11.1.2 - FRO2 and AHAZ2 ubiquitination profiles in
response to non-iron metal status

As mentioned above, we aimed at analyzing whether the ubiquitination of FRO2 and
AHA2 could be regulated by the availability of non-iron metals, as previously observed for
their interacting partner IRT1. First, we determined whether AHA2 and FRO2 are ubiquitinated
in vivo by performing IP of AHA2-GFP and mCherry-FRO2 expressed in Arabidopsis roots,
followed by the immunodetection of ubiquitination with P4D1 general anti-ubiquitin
antibodies. In the presence of physiological concentrations of non-iron metals (+), AHA2-GFP
and mCherry-FRO2 immunopurified fractions probed with P4D1 antibodies showed high-
molecular-weight smears that are typical of ubiquitinated proteins as observed for IRT1-
mCitrine used as a positive control (Figure 17A and B). Note that no signal was detected when
the immunopurified fractions of the different negative controls, corresponding to IP performed
on protein extracts from WT plant roots, were probed with the P4D1 antibodies. As expected,
after short non-iron metal excess treatment (+++), immunopurified IRT1-mCitrine was much
more ubiquitinated than in standard conditions (Figure 17A), however the pool of ubiquitinated
AHA2-GFP and mCherry-FRO2 remained unchanged (Figure 17A and B). Hence, although
AHA2, FRO2 and IRT1 belong to the same complex involved in a common mechanism i.e.

iron acquisition, ubiquitination of these proteins is differently regulated by metal availability.
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Figure 18. The endocytosis of IRT1 and FRO2/AHA2 is differently regulated by non-iron
metals in root epidermal cells.

Confocal microscopy analyses of irt1-1/IRT1::IRT1-mCitrine plants co-expressing mCherry-
FRO2 under the control of IRT1 promoter (A) or AHA2-mCherry under the control of /IRT1
promoter (B). Plants grown in iron deficient condition were subjected to physiological level
of non-iron metals (-Fe + Metals) or to an excess of these metals (-Fe +++ Metals) for 2
hours. Scale bars = 10 um. (C) Quantification of the colocalization of mCherry-FRO2 and
AHA2-mCherry signals with IRT1-mCitrine fluorescence in endosomes from experiments
performed as in (A) and (B) Mander’s overlap coefficient for mCherry-FRO2 is 0.48 in —Fe
+ Metals and 0.69 in —Fe +++ Metals. Mander’s overlap coefficient for AHA2-mCherry is
0.48 in —Fe + Metals and 0.47 in —Fe +++ Metals. (D) Ratio of plasma membrane to
intracellular fluorescence signal intensities for IRT1-mCitrine and mCherry-FRO2 from
experiments performed as in (A). (E) Ratio of plasma membrane to intracellular
fluorescence signal intensities for IRT1-mCitrine and mCherry-FRO2 from experiments
performed as in (B). The whole volume of the epidermal cells was accounted for the results.
Graphs represent mean +- SEM. Three independent replicates were carried out with a total
number of 27 cells. Significant differences between treatments in mean fluorescence levels
are marked with an asterisk (Two tailed unpaired t-test was conducted, P< 0.005).
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I11.2 - Co-localization studies between IRT1 and FRO2/AHA?2
in the root: Characterization of the dynamics of the Fe
acquisition platform

Although the intracellular dynamics of IRT1 and AHA2 were previously independently
investigated (Barberon et al., 2011; Dubeaux et al., 2018; Haruta et al., 2018), FRO2
subcellular distribution has never been determined so far. Moreover, it reminds unknown where
in root cells IRT1 co-localizes with FRO2 and AHAZ2. Thus, we decided to investigate the
respective localization of IRT1-mCitrine and FRO2 / AHA2 expressed as mCherry fusion
proteins. For this study, we focused on the root tip epidermal cells which are well suited to
analyze the precise localization of PM proteins and where IRT1 metal-triggered endocytosis
was previously characterized (Dubeaux et al., 2018). In addition, the effect of non-iron metal
status on FRO2 and AHA2 dynamics was analyzed, using IRT1 as a reference. When IRT1-
mCitrine and mCherry-FRO2 were co-expressed under the control of IRT1 and FRO2
promoters, respectively, the two proteins accumulated in the epidermis of the differentiated
zone of the root (result not shown). However, we failed to find a time frame for which IRT1
and FRO2 were both present at the root tip. To circumvent this problem and to be able to
analyze IRT1 and FRO?2 intracellular dynamics at the root tip, IRT1-mCitrine and mCherry-
FRO2 were both expressed under the control of IRT1 promoter. For the same purpose, AHA2-
mCherry was also expressed under the control of IRT1 promoter. In the presence of
physiological amounts of non-iron metals (-Fe + Metals) mCherry-FRO2 was present at the
plasma membrane in a polar fashion facing the medium, as observed for IRT1-mCitrine (Figure
18A). FRO2 was also observed in numerous intracellular vesicles highly co-localizing with
IRT1, as determined by quantification (Figure 18C) (Mander’s overlap coefficient of 0.48).
These vesicles correspond to early endosomes since IRT1 constitutes a marker of these
compartments in such metal conditions (Dubeaux et al., 2018). Contrary to IRT1 and FRO2,
AHA2-mCherry displayed a non-polar plasma membrane localization in epidermal cells in the
same metal conditions and was also found in few endosomes co-labelled with IRT1-mCitrine
(Mander’s overlap coefficient of 0.39) (Figure 18B and C). The intracellular dynamics of FRO2
and AHA2 was then investigated after a short term metal excess treatment (-Fe +++ Metals)
that triggers IRT1 endocytosis and its subsequent degradation. Upon non-iron metal excess,
IRT1-mCitrine was depleted from the cell surface and accumulated in late endosomes (Figure
18A and B) whereas mCherry-FRO2 and AHA2-mCherry were mostly detected at the plasma

membrane (Figure 18A and B respectively) even though they were also found to co-localize
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with IRT1-mCitrine in few late endosomes. To obtain quantitative information concerning this
phenomenon, the ratio of plasma membrane to intracellular fluorescence signal intensities was
measured for the three fusion proteins in presence of physiological non-iron metal provision or
in presence of an excess of these metals. As previously reported (Dubeaux et al., 2018), this
PM/intracellular ratio highly decreased for IRT1-mCitrine in response to non-iron metal excess
(Figure 18D and E), whereas in the case of mCherry-FRO2 and AHA2-mCherry, no significant
difference in this ratio was observed (Figure 18D and E respectively). Thus, contrary to IRT1,
FRO2 and AHAZ2 are not massively endocytosed in response to non-iron metal excess.
However, the level of co-localization between FRO2 and IRT1 in endosomes significantly
increased with non-iron metal excess compared to control conditions (Figure 18C) (Mander’s
coefficient of 0.69), suggesting a minor effect of non-iron metal status on FRO2 endocytosis.
On the other hand, the co-localization between IRT1 and AHAZ2 in endosomes was not
significantly modified by non-iron metals (Figure 18C) (Mander’s coefficient of 0.47).

IV — Role of HIR2 and membrane microdomains in the
control of IRT1 and metal homeostasis

IV.1 — HIR2 and IRT1 localize in PM microdomains in root
epidermal cells

When | started this work, data concerning HIR2 were really scarce and notably the
expression pattern of HIR2 in Arabidopsis as well as its subcellular localization remained
unknown. Therefore, we decided to express a HIR2-mCherry functional fusion (see Figure 23)
under the control of HIR2 promoter in a hir2 knock-out mutant isolated in the laboratory and
named hir2-2 (see hereafter). Confocal microscopy analysis revealed that in this transgenic
line, HIR2-mCherry was specifically present in the epidermis of the differentiated zone of the
root, including root hairs, whereas at the root tip HIR2 was only found in the lateral root cap
(Figures 19A and B). In all cases HIR2-mCherry was mostly localized at the PM although, in
some cells, the protein was observed in scarce intracellular compartments.
The preferential localization of HIR2 in the PM of root epidermal cells suggests that most of
the IRT1-HIR2 interactions should occur at the PM level. Importantly, as suggested by
transcriptomic data (Dinneny et al., 2008), HIR2 promoter does not seem to be regulated by
iron status. So far, the expression pattern of HIR2 in the aerial part of Arabidopsis has not been

investigated.
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Figure 19. HIR2 specifically accumulates in root epidermal cells and in the lateral
root cap, at the plasma membrane level.

Confocal microscopy analysis performed on hir2-2/HIR2::HIR2-mCherry transgenic
lines in the differentiated zone of the root (A) at the root tip (B) and spinning disk
confocal acquisitions performed at the surface of the root epidermis of the same
transgenic line (C). Plants were grown in -Fe + Metals conditions for 11 days before
observation. These observations apply to at least three independent lines. Scale bar =
10 pm.

To determine whether HIR2 but also IRT1 are clustered in PM membrane microdomains,
we performed spinning-disk confocal microscopy at the very surface of roots from Arabidopsis
transgenic lines expressing fluorescent versions of HIR2 and IRTL1. In early experiments, we
expressed a HIR2-GFP fusion under the control of the 35S promoter. As a negative control of
microdomain localization, we decided to use the Low Temperature Induced protein 6b (LTi6b)
fused to GFP (GFP-LTi6b), since this protein is located in the PM but is not known to be present
in microdomains. Both proteins, GFP-LTi6b and IRT1-mCitrine, were also expressed under a
35S promoter. In this way, we revealed that HIR2 displayed a punctate distribution at the
cellular surfaces which confirmed that HIR2 is present in restricted membrane microdomains
in Arabidopsis root epidermal cells (Figure 20B). This observation complements the
information obtained by another research group that identified HIR2 as a protein enriched in
DIM preparations from Arabidopsis roots (Qi et al., 2011). Contrary to HIR2-mCherry and as
expected, GFP-LTI6b is homogeneously distributed at the PM level, showing that this protein

is not recruited in specific membrane microdomains (Figure 20A). Interestingly, we revealed

76



A)  Ggrpimisb B)  HIR2-GEP C)  IRT1-mCitrine

h Epidermal
Root cell

Figure 20. HIR2 and IRT1 proteins are localized in plasma membrane microdomains of root
epidermal cells.

Spinning-disk confocal acquisitions performed at the surface of the root epidermis of
different transgenic lines: (A) Col-0/35S::GFP-LTi6b, (B) Col-0/35S::HIR2-GFP, (C) Col-
0/35S::IRT1-mCitrine. HIR2 and IRT1 present a punctate distribution at the PM level while
LTi6B, used as a negative control for membrane microdomain localization, presents a very
homogenous distribution. Some endosomes (brighter and bigger dots) are observed in IRT1-
mCitrine expressing plants in (C). Plants were grown for 7 days in -Fe + Metal conditions
before observation. Scale bar = 10um.

that IRT1 can also be clustered in small areas of the PM likely corresponding to microdomains
(Figure 20C). However, IRT1-mCitrine did not displayed a membrane microdomain
localization in all the root epidermal cells that we analyzed. This intriguing result may be due
to the fact that IRT1 is not an obligatory PM microdomain-recruited protein. Additionally,
although we used a strong 35S promoter, the expression level of IRT1-mCitrine was rather low
and changed from one cell to another. Thus, it appeared that the detection of IRT1-Citrine in
PM microdomains was more difficult in cells expressing low amount of the fluorescent protein.

To go further and try to determine whether IRT1 and HIR2 co-localized in the same PM
microdomains, we performed co-localization analysis using transgenic plants co-expressing
IRT1-mCitrine and HIR2-mCherry. Membrane microdomains have already been proposed as
specific platforms, capable of recruiting different proteins implicated in plant immune signaling
(Qi and Katagiri, 2012; Introduction Chapter 3). One of our hypotheses is that IRT1 may be
recruited in membrane microdomains by interacting with HIR2 that would act as a scaffolding
protein, allowing the formation of a putative iron acquisition protein platform. Besides,
although so far IRT1 endocytosis was demonstrated to be clathrin-dependent (Barberon et al.,
2014), there are also specific membrane microdomains that are able to induce microdomain-

associated endocytosis (MAE) (Introduction Chapter 11.1.2.2.2), a pathway that can be
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stimulated by environmental factors. As the molecular functions of HIR2 are still poorly
understood, a participation of HIR2 in IRT1 endocytosis could not be disregarded. To explore
both possibilities, plants were subjected to either lack of Fe, either to lack of Fe in an excess of
non-iron metals, condition that triggers IRT1 depletion from the PM.

HIR2-mCherry IRT1-mClitrine

Merge

Figure 21. Membrane microdomains labelled by HIR2 and IRT1 proteins seem to be
distinct.

Spinning-disk confocal acquisitions performed at the surface of the root epidermis of Col-
0/35S::IRT1-mCitrine plants co-expressing HIR2-mCherry under the control of HIR2
promoter. Plants were grown 7 days in -Fe + Metal conditions before observation. Scale
bar =10 um.

In order to detect enough IRT1-mCitrine at the PM, avoiding incidental effect of non-
iron metal nutrition on IRT1 levels, we decided to use transgenic lines expressing IRT1-
mCitrine under the control of the 35S promoter. The 35S::IRT1-mCitrine line had already been
successfully used to characterize the non-iron metal-mediated endocytosis of IRT1 (Dubeaux
et al., 2018). Therefore, we performed co-localization analysis using transgenic plants co-
expressing IRT1-mCitrine and HIR2-mCherry. In order to avoid possible silencing due to the

presence of two 35S promoters, HIR2-mCherry was expressed under the control of HIR2
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promoter. Microscopy analysis had confirmed that HIR2-mCherry expressed under the control
of HIR2 promoter is correctly located in PM microdomains in root epidermal cells (Figure
19C). Then, the IRT1-mCitrine/HIR2-mCherry co-expressing plants were challenged with
physiological concentrations of non-iron metals or with an excess of non-iron metals, always
in absence of iron. Unfortunately, we were not able to detect a co-localization between IRT1
and HIR2, independently of the non-iron metal status employed. When the plants were exposed
to physiological concentrations of non-iron metals, we could observe a punctate pattern
disposition of IRT1 and HIR2, but in distinct microdomains, and no co-localization in
endosomes (Figure 21). Challenging the plants with non-iron metal excess resulted in the same
distinct puncta pattern observed for both proteins. Furthermore, the treatment did not affect the
internalization of HIR2, that reminded stable at the PM (result not shown).

To summarize, we showed that HIR2 expressed under the control of HIR2 promoter
specifically accumulates in epidermal cells of the Arabidopsis root. Consequently, HIR2 and
IRT1 share the same tissue specific localization. Microscopy analysis revealed that HIR2 is
localized in PM microdomains. In the case of IRT1, the protein can be observed in PM
microdomains, but not systematically. Although IRT1 and HIR2 can interact among a protein

complex, so far, we failed to observe IRT1 and HIR2 in common PM microdomains.

1VV.2 - HIR2 plays a role in Fe homeostasis

IVV.2.1 — hir2 mutants are hypersensitive to iron deficiency

Since HIR2 interacts with IRT1, a key component of the iron uptake machinery in
Arabidopsis, we decided to study a putative role of HIR2 in metal homeostasis. For this
purpose, we performed reverse genetic approaches by analyzing the phenotype of hir2 loss-of-
function mutants under different iron status. Before | started my thesis, preliminary analysis
performed in our laboratory suggested that the hir2-1 mutant, published as being a knock-out
mutant of HIR2 (Qi et al., 2011), was more chlorotic than WT plants (Col-0) when grown in
the absence of iron, whereas hir2-1 behaved as WT plants in presence of sufficient amount of
iron (Supplementary Figure 3). Then our group isolated a second allelic variant of hir2
(SALK_124393C), that was named hir2-2 and that was assigned as a loss-of-function mutant,
because HIR2 transcript was no more detected in this mutant (Figure 22A). Since the phenotype
of hir2-2 in lack of iron appeared to be more pronounced and robust than for hir2-1 mutant, we

decided to first characterize in detail the hir2-2 mutant.
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Figure 22. The hir2-2 mutant presents an hypersensitivity to iron deficiency compared to WT
plants.

(A) RT-PCR analysis showed that HIR2 transcript do not accumulate any more in hir2-2 mutant
compared to Col-0 plants (WT), revealing hir2-2 as a knock-out mutant. (B) Phenotypical
analysis of hir2-2 mutant upon different iron status. Col-0 and hir2-2 mutant plants were grown
for 14 days on MS/2 medium in lack of Fe (-Fe), in presence of low Fe concentrations (2 uM Fe-
EDTA) or in Fe replete conditions (100 uM-Fe-EDTA). (C) The average length of the primary root
of Col-0 and hir2-2 mutant grown as in (B) was measured. Different letters indicate significant
growth differences between the two genotypes exposed to a same metal condition and also
statistical differences registered within a same genotype exposed to different metal conditions
(One-way ANOVA, Tukey’s post-test, P < 0.05). Error bars represent the +SD, n=3-4 biological
replicates (each made of23 to 34 plants). (D) The total chlorophyll contents of the aerial parts
of plants grown as in (B) were measured. Graphs show relative chlorophyll content (hir2-2
versus of Col-0). Error bars represent the +SD, n = 3-4 biological replicates, each composed of
two technical replicates, each one made of a pull of approximately 30 plantlets. The asterisks
indicate statistically significant differences in chlorophyll accumulation as determined by one-
way ANOVA (Tukey’s post-test, P < 0.05).
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To do so, we decided to grow the hir2-2 mutant and Col-0 WT plants on different media
containing increasing iron concentrations. More precisely, the plants were subjected to total
lack of Fe (-Fe), to low Fe conditions (2 uM Fe) and to Fe replete conditions (100 uM Fe). As
seen in Figure 22B, the hir2-2 mutant grew quite similarly to WT plants in Fe replete
conditions. On the contrary, Fe depletion greatly affected the development of hir2-2 compared
to Col-0 plants, moreover, hir2-2 appeared highly chlorotic and seemed to present shorter
primary roots. Therefore, we decided to further quantify these two parameters, that are typical
phenotypic markers of the Fe deficiency response (as described in Introduction Chapter 1.1).
The length of Col-0 primary root tended to vary according to the different Fe treatments and
its growth seemed stimulated by the presence of low Fe conditions (Figure 22C). On the
contrary, the length of hir2-2 primary root remained constant, independently of the treatments
(Figure 22C). The measurement of plant chlorophyll contents revealed major differences
between hir2-2 and WT plants and, hence, was probably the most relevant parameter to detect
iron homeostasis defects in the context of this study (Figure 22D). Indeed, in lack of Fe, hir2-
2 mutant presented a decrease of approximately 64 % in the total chlorophyll content of leaves
in comparison to WT plants. A similar phenotype was observed in low iron condition (2 uM
Fe). On the contrary, when subjected to 100 uM Fe, hir2-2 mutant accumulated an important
quantity of chlorophyll yet in smaller amounts than WT plants (Figure 22D). These results
suggest that the iron homeostasis is impaired in hir2-2 mutant, highlighting, to my knowledge
for the first time, the role of a membrane microdomain protein in plant metal nutrition.

In addition, we performed complementation tests by expressing HIR2-mCherry protein
under the control of the 35S promoter in hir2-2 mutant. Expression of HIR2-mCherry allowed
to partially revert the phenotype of hir2-2 mutant plants under iron deficiency. Indeed hir2-
2/35S:: HIR2-mCherry transgenic lines were greener and displayed longer roots than hir2-2 in
these conditions, even though they do not behave as WT plants (Figure 23). This result suggests
that the mutation in HIR2 gene is indeed responsible for the phenotype observed for hir2-2
under iron deficiency. One explanation for the partial complementation we observed is that
HIR2-mCherry is not fully functional. Another possibility is that the 35S promoter, that is not
epidermis specific, is not really appropriate to perform this complementation test. To try to
fully complement the hir2-2 mutant phenotype, we decided to introduce a genomic fragment
containing HIR2 gene and its promoter (2.700 bp in total) in the genome of hir2-2. This work

IS in progress.
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Figure 23. Expression of HIR2-mCherry complements the phenotype displayed by hir2-
2 mutant under iron limited conditions.

(A) The hir2-2 mutant, hir2-2/35S::HIR2-mCherry transgenic lines (n20 and n26) and Col-
0 plants were grown 11 days on MS/2 in low iron conditions. (B) Immunoblot with an
anti-mCherry antibody performed on root protein extracts from hir2-2/35S::HIR2-
mCherry transgenic lines showed HIR2-mCherry accumulation. A root protein extract
from hir2-2 mutant was used as a negative control.

IV.2.2 — IRT1 protein accumulation is disturbed in hir2
mutants

We wondered whether the hypersensitivity of hir2 mutants to Fe starvation may result
from a possible deregulation of IRT1 protein accumulation. Interestingly, initial immunoblot
analysis performed on root protein extracts with an antibody raised against endogenous IRT1
revealed that IRT1 protein was over-accumulated in hir2-1 mutants compared to WT plants
under iron deficiency (Supplemental figure 3). During my thesis, | obtained similar results by
comparing IRT1 protein accumulation in hir2-2 and WT plants (Figure 24), but the difference
in IRT1 content was even more pronounced than between hir2-1 and WT plants. We cannot
exclude that between the two series of experiments, separated by about one year, our non-iron

conditions were slightly different, which may explain the difference observed between hir2-1

82



and hir2-2 mutants. Quantification of the IRT1 signals of several immunoblots allowed to
establish that IRT1 protein was on average 6 times more abundant in hir2-2 mutant compared
to WT plants. RT-qPCR analysis performed on RNA extracted from the roots of hir2-2 and
WT plants grown in the same iron deficient conditions showed that IRT1 transcript
accumulation remained nearly unchanged between both genotypes. Therefore, the over-
accumulation of IRT1 protein in hir2-2 mutant is likely due to a post-transcriptional
mechanism, this idea being strengthen by the fact that IRT1 and HIR2 proteins interact. This
result suggests that the “turn-over”/degradation of IRT1 may be affected in absence of HIR2
and, as developed in the Discussion section, one hypothesis is that IRT1 endocytosis might be
disturbed in the context of the hir2-2 mutant. Although Flotl protein is known to be involved
in microdomain-associated endocytosis (Li et al., 2012), whether other members from the
Arabidopsis SPFH domain-containing protein family, such as HIR, are involved in the same

process has never been addressed so far.
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Figure 24. IRT1 protein over-accumulates in the roots of hir2-2 mutant in lack of Fe.

(A) Anti-IRT1 and anti-Histone 3 (loading control) immunoblots were performed on root
protein extracts from hir2-2 and Col-0 plants grown on MS/2 medium in low iron conditions
(2 UM Fe-EDTA) as presented in Figure 21B. (B) Quantification of the levels of IRT1 protein
accumulation visualized in (A), using Col-0 as a reference. (C) Relative IRT1 transcript
accumulation measured by RT-qPCR performed on mRNA extracted from the roots of hir2-2
and Col-0 plants grown as in (A). EF1a gene was used as a reference. Two technical replicates
were performed. Error bars represent relative standard deviation. Note that 4 biological
repetitions were performed and for each repetition an immunoblot and RT-qPCR were done.
A representative analysis is presented in this figure.
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I\VV.2.3 — The phenotype displayed by the hir2-2 mutant
under Fe starvation is not explained by a deregulation in
the total metal content

The very chlorotic phenotype displayed by hir2-2 mutant under Fe starvation may be
explained by two different hypotheses. First, as hir2-2 over-accumulates IRT1 protein, the
secondary substrates of IRT1 (Zn, Mn, Co) present in the media may be preferentially and
highly uptaken in conditions of lack of Fe. The uptake of these non-iron metals by IRT1 is not
dependent of a prior step of reduction, unlike for Fe, therefore their absorption is favored over
the possible Fe traces. As non-iron metals are toxic when present in excess, the phenotype
observed in hir2-2 mutant may therefore be due to a toxicity caused by a massive uptake of
these metals. Secondly, in hir2-2 mutant, IRT1 may be mislocalized outside of specific PM
microdomains if we assume that HIR2 is important to recruit IRT1 in such domains. In this
context and since it was demonstrated that the lipidic environment surrounding a membrane
protein can greatly influence its activity (Oh et al., 2016), IRT1 may be present in large amount
but remain inactive due to an inappropriate lipid context. According to this hypothesis, a
significant decrease in the content of all the substrates of IRT1 (Fe, Zn, Mn and Co) would be
expected in hir2-2 mutant, explaining why these plants are hypersensitive to iron deficiency.

To shed light about these two hypotheses, we measured and compared the total content
in Zn, Mn and Fe in leaves from Col-0 and hir2-2 mutant plants. Co measurement was not
performed because, at the concentration used in the media, this metal does not produce great
physiological outputs, neither triggers IRT1 internalization contrary to Zn and Mn (Dubeaux et
al., 2018). Before metal quantifications, Col-0 and hir2-2 plants were grown in the same metal
regimes we previously used, i.e. -Fe, 2 uM Fe, 100 uM Fe. We also subjected the plants to a
condition where Fe is lacking but in presence of an excess of non-iron metals (-Fe +++ Metals).
Considering our first hypothesis, we expected that in this condition, the amount of IRT1
secondary substrates uptaken by hir2-2 would be higher than in the other conditions.

As previously described, lack of Fe or 2 uM Fe induced a stronger chlorosis in hir2-2
mutant compared to WT plants (result not shown). This phenotype was exacerbated in both
genotypes when lack of Fe was accompanied by an excess of non-iron metals (-Fe +++ Metals)
and reverted upon sufficient Fe addition (100 uM Fe + Metals) (result not shown). The metal
content analysis measured in plant leaves properly reflected the metal conditions to which the
plants were subjected. Thus, conditions of 100 uM Fe resulted in leaves that were highly

charged in Fe, for the mutant and for WT plants (Figure 25A). In the same way, plant exposure
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Figure 25. hir2-2 mutant and Col-0 plants display similar metal accumulation profiles
in leaves.

Fe, Mn and Zn contents inside the leaves of hir2-2 mutants and Col-0 plants subjected
to different metal growth conditions for 8 days: lack of Fe accompanied by non-iron
metal excess (-Fe +++ Metals), physiological concentrations of non-iron metals
combined with a lack of Fe (-Fe + Metals), with low Fe conditions (2 uM Fe + Metals) or
with Fe replete conditions (100 uM Fe + Metals). The average metal content in the
different genotypes according to treatments was measured by Microwave Plasma
Atomic Emission Spectroscopy (MP-AES) and here represented with one graph per
metal. Statistical differences between the average of metal accumulation were
calculated by one-way ANOVA. Error bars represent the +SD, n = 4 biological replicates
(each with three technical repetitions). Different letters indicate that metal contents
were statistically different by Tukey’s post-test (P < 0.05) between genotypes, within a

given growth condition, and within a same genotype subjected to different growth
conditions.
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to non-iron metal excess resulted in high accumulations of Zn and Mn in the leaves of the plants
(Figure 25B and C). Nevertheless, whatever the metal that was quantified and the growth
conditions, we did not detect significant differences in term of metal accumulation between
hir2-2 mutant and WT plants (Figure 25). The only exception, was registered when plants were
exposed to —Fe +++ Metals conditions. In this case, Col-0 plants presented slightly more Mn
and Zn than hir2-2 mutant plants in a significant way (Figure 25B and C), although both
genotypes accumulated equal amounts of Fe (Figure 25A). In —Fe + Metals and 2 pM Fe +
Metals conditions, we noticed that hir2-2 mutant presented a slight tendency, although non-
significant, to accumulate less Fe, Zn and Mn than WT plants (Figure 25). Altogether, these

results invalidated the two hypotheses we formulated.

V - Study of a putative role of flotillins in the control of
IRT1 endocytosis and the impact on iron nutrition

In plants, membrane proteins can be internalized from the PM via a clathrin-
independent pathway involving membrane microdomains containing the Flotl protein (Li et
al., 2012, Wang et al., 2015, Introduction Chapter 2). As described above, our results suggest
that microdomains play an important role in the maintenance of metal homeostasis and we
hypothesized that this mechanism might be mediated by the regulation of IRT1 endocytosis.
Beyond the study of HIR2 protein described so far, we tried to determine whether flotillins,
which possess a SPFH domain like HIR2, could be involved in the control of IRT1 intracellular
dynamics. In Arabidopsis thaliana there are three flotillin proteins that have a high identity rate
between them (as mentioned in Introduction Chapter 3): Flotl, Flot2 and Flot3. Although the
function of the Flot2 and Flot3 proteins remains unknown, they are probably involved in
intracellular trafficking since they interact with proteins involved in endocytosis and vesicular

trafficking (https://associomics.dpb.carnegiescience.edu/Associomics/Home.html).  During

my thesis, we initiated a collaboration with the team of Professor Jan Martinec of the Institute
of Experimental Botany, Czech Academy of Sciences, Prague, Czech Republic, who has an
excellent expertise concerning plant SPFH domain-containing proteins and more particularly
flotillins. This collaborative project, in which | was involved, was funded by a PHC Barrande

(https://www.campusfrance.org/fr/barrande). This is an ongoing project that includes two main

axes of research: the study of the possible role of flotillins in the intracellular dynamics of IRT1
and a possible physiological impact on metal nutrition in Arabidopsis thaliana. Below, | present
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some results we obtained in collaboration with Michal Danek, a PhD student from Jan
Martinec’s laboratory.

In order to decipher a possible role of flotillins in Fe nutrition, we initiated a phenotypic
study of flotl, flot2, and flot3 loss-of-function mutants, available in the laboratory of Jan
Martinec, that were subjected to Fe-sufficient or Fe-deficient conditions. Preliminary results
showed that the flotl and flot3 mutants presented shorter roots than WT plants in lack of iron,
which is a hallmark of hypersensitivity to Fe deficiency, this situation was reverted upon
sufficient Fe addition. On the other hand, flot2 mutant behaved as WT plants under iron
deficient conditions. Since this experiment was performed in duplicates so far, | decided to wait
for three biological repetitions before making conclusions and presenting quantification graphs.
Moreover, the chlorophyll and metal contents of flot mutants and WT plants will have to be
compared.

In the case where IRT1 undergoes flotillin-mediated endocytosis, IRT1 might interact
with flotillins. To test this possibility, we performed a split-ubiquitin test in which NubG-IRT1
was co-expressed in yeast with Flotl, Flot2 and Flot3 Cub fusions. Although yeast co-
expressing Flot-Cub fusions with NubWT (positive control) grew on a selective medium, co-
expression of NubG-IRT1 with the 3 Flot-Cub fusions did not allow yeast to grow on the same
medium, as observed for the 3 negative controls (NubG + Flot-Cub fusions) (figure 26). Thus,
IRT1 does not directly interacts with Flotillins in this system. However, since yeast membrane
microdomains are different in composition from plant microdomains, we cannot account to
what extent differences in membrane composition may limit the split-ubiquitin approach when
testing microdomain associated proteins. In addition, as observed for IRT1-HIR2, we cannot
exclude that indirect interactions between IRT1 and Flotillins may occur in plants.

To determine whether flotillins might be involved in certain endocytosis mechanisms
of IRT1, we decided to perform co-location analyzes at the root tip of Arabidopsis between
IRT1 and flotillins. To do so, we first generated transgenic lines constitutively co-expressing
IRT1-mCitrine with mCherry tagged versions of either Flotl, Flot2 or Flot3 proteins. Flotl-
associated endocytosis was demonstrated to be stimulated by environmental factors. As
previously explained in the Introduction (Chapter 3), salt stress enhanced the membrane
microdomain-mediated endocytosis of the Arabidopsis aquaporin PIP2;1 that is mainly
endocytosed in a clathrin-dependent manner in non-stressed conditions (Li et al., 2011).
Therefore, in the context of this project and in addition to standard conditions, we decided to
investigate whether an excess of non-iron metals, that is stressful for plants, had an impact on

a possible co-localization between Flotillins and IRT1 in PM membrane microdomains.
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Spinning-disk microscopy revealed that IRT1-mCitrine and the three Flot-mCherry proteins
clustered in distinct PM microdomains in root epidermal cells under iron deficiency and in
presence of physiological amounts of non-iron metals (Figure 27A, C and D). In addition, an
excess of non-iron metals did not induce a co-localization between IRT1-mCitrine and Flot-
mCherry proteins in membrane microdomains (result not shown). Although Flot2-mCherry and
Flot3-mCherry were only located at the PM, Flot1-mCherry was also detected in endosomes as
previously described, however whatever the non-iron metal status, IRT1-mCitrine did not co-
localize with Flot1-mCherry in this population of endosomes (Figure 27B).

oD 1.0 0.1 0.01 1.0 0.1 0.01

NubG-IRT1 + Flot1-Cub
NubG + Flot1-Cub
NubWT + Flot1-Cub
NubG-IRT1 + Flot2-Cub
NubG + Flot2-Cub

NubWT + Flot2-Cub
NubG-IRT1 + Flot3-Cub

NubG + Flot3-Cub

NubWt + Flot3-Cub

-Leu-Trp -Leu-Trp-Ade-His

Figure 26. Flotl, Flot2 and Flot3 do not interact with IRT1 in split-ubiquitin assay.

Yeasts co-expressing Cub fusion proteins with NubG fusion proteins or NubG (negative
control of interaction) or NubWT (positive control of interaction) were spotted in serial
dilutions on a synthetic medium without Leu and Trp (control medium) or without Leu, Trp,
His, Ade (selective medium). Yeast growth on control and selective medium was recorded
after 24h and 48h, respectively. OD: optical density.
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Figure 27. IRT1 does not co-localize with Flotl, Flot2 or Flot3 in plasma membrane
microdomains.

Spinning-disk microscopy analysis performed on the roots of Col-0/35S::IRT1-mCitrine
plants co-expressing 35S::Flotl-mCherry (A and B), 35S::Flot2-mCherry (C) or 35S::Flot3-
mCherry (D). For (A), (C) and (D), images were acquired at the very surface of root
epidermal cells allowing the visualization of PM microdomains, whereas for (B) the
acquisition was performed inside the cell revealing distinct IRT1-mCitrine and Flot1-
mCherry labeled endosomes. Plants were grown in lack of Fe and in presence of
physiological concentrations of non-iron metals during 7 days. Scale bars 2 um.
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Supplemental Data

Supplemental table 1. Compilation and brief description of the proteins found in mass spectrometry analyses as putative IRT1 interactors.
Number of total peptides refers to the total number of peptides that were found in each one of the two independent mass spectrometry analyses
that were carried out. The number of transmembrane domains present in each protein was obtained thanks to the datebase AramTMCon
(http://aramemnon.uni-koeln.de).  The  subcellular  localization of each  protein  was investigated in  SUBACon
(http://suba.plantenergy.uwa.edu.au).

Number of unique peptides
Protein | Experiment | Experiment Number of
Accession Protein name . P P transmembrane | Subcellular localization
size (kDa) 1 2 d .
omains
AT3G15950 |Endoplasmic ret'cltl‘k‘l"z‘ body component g 3 27 0 endoplasmic reticulum
AT3G11130 Clathrin heavy chain 193 7 24 0 plasma membrane
AT1G21750 Protein disulfide isomerase 5 56 6 16 0 endoplasmic reticulum
AT4G30190 H(+)-ATPase 2 104 5 13 10 plasma membrane
AT1G04820 Tubulin alpha-4 chain 50 6 6 0 cytosol
AT3G01290 Hypersensitive induced reaction 2 31 5 12 0 plasma membrane
AT2G03510 SPFH/Band 7/PHI.3 domam—gontammg 41 3 8 1 endoplasmic reticulum
membrane-associated protein family
AT5G27540 MIRO-related GTP-ase 1 72 4 21 1 mitochondrion
AT1G78900 Vacuolar ATP synthase subunit A 69 3 10 0 vacuole/golgi
AT2G20580 | 265 Proteasome ri%'atory SubunitS2 g 6 8 2 cytosol/nucleus
AT4G34200 Phosphoglycerate dehydrogenase 1 63 5 8 0 plastid
AT1G79920 Heat shock protein 70 family protein 92 3 4 0 golgi
AT5G17330 Glutamate decarboxylase 1 57 4 5 0 cytosol
AT2G32730 265 proteasomeRIr;ﬁglatory complex 109 3 2 1 nucleus/cytosol
AT4GO2930 |  CTP binding Elongation factor Tu 49 4 7 0 mitochondrion
family protein



http://aramemnon.uni-koeln.de/
http://suba.plantenergy.uwa.edu.au/

16

AT1G09640 Translation elongation factor EF1B 47 6 7 0 cytosol
AT3G17390 Methionine adenosyltransferase 4 43 3 5 0 nucleus/plasma
membrane
AT3G06850 Dark Inducible 3 53 6 4 0 mitochondrion
AT2G20140 AAA-type ATPase family protein 49 2 3 0 nucleus/cytosol
AT3G52930 Aldolase superfamily protein 39 2 3 0 cytosol
AT4G13940 | S-adenosyl-L-homocysteine hydrolase 1 53 6 3 0 cytosol
AT3G20360 | UDP-glucose Gfr‘fﬂgi‘:]mge”ase family | 55 4 3 0 extracellular
AT1G57720 Translation elongation factor EF1B 46 3 3 0 cytosol
AT5G23540 Mov34/MPN/PAD-1 family protein 34 2 3 0 nucleus/cytosol
AT5G09900 Regulatory partcheS’r;\on-ATPase subunit 51 3 2 0 nucleus/cytosol
AT1G54000 GDSL Lipase-like protein 22 43 2 2 0 vacuole
AT1G29310 | SecY protein transport family protein 52 2 2 10 golgi
AT4G31940 Cytochrome P450 59 3 2 2 endoplasmic reticulum
AT1G10670 ATP-citrate lyase A-1 47 2 2 0 cytosol
AT1G22410 Class-1l DAHP syr)thetase family 58 3 5 0 plastid
protein
AT3G04120 | CGAPCL glyceraldehyde-3-phosphate 37 6 11 0 nucleus/cytosol
dehydrogenase C subunit 1
AT2G36530 Low expression of osmotically 48 7 0 cytosol
responsive gene 2
AT4G24190 Heat shock protein 90.7 94 7 0 endoplasmic reticulum
AT5G09810 Actin 7 42 4 0 cytosol
Translation elongation factor
AT5G19510 EF1B/ribosomal protein S6 family 24 4 0 cytosol
protein
AT3G19820 DWARF1/DIMINUTO 65 4 1 endoplasmic reticulum
AT5G55070 | Dihydrolipoamide succinyltransferase 50 3 0 mitochondrion
AT1G79920 Heat shock protein 70 family protein 92 3 0 golgi
AT1G53750 Regulatory particle triple-A 1A 48 3 0 nucleus/cytosol




6

Class I glutamine amidotransferase-like

AT3G14990 . . 42 2 0 golgi
superfamily protein
AT5G19760 Mitochondrial sFL)th())stter?rfe carrier family 32 9 9 mitochondrion
AT2G20140 AAA-type ATPase family protein 49 2 0 nucleus/cytosol
AT3G13610 Feruloyl-Coenzy(rllzlgl SS -Hydroxylase 1 41 9 peroxisome
AT3G57010 Calcmm-dependenF phosph_o triesterase 42 2 1 endoplasmic reticulum
superfamily protein
AT3G48930 OB-fold-like protein 18 2 0 cytosol
AT4G33650 Dynamin-related protein 3A 90 2 0 mitochondrion
AT2G33210 Heat shock protein 60-2 62 2 0 mitochondrion
AT1G70770 | Protein of unknown function DUF2359 67 2 1 endoplasmic reticulum
AT1G79930 Heat shock protein 91 92 25 0 cytosol
AT1G09080 Binding Protein 3 (BIP3) 75 13 1 endoplasmic reticulum
ATAG27860 Vacuolar iron trg?sfeci);ter (VIT) family 68 11 5 vacuole
AT1G77510 Protein disulfide isomerase 6 56 10 0 endoplasmic reticulum
AT5G56000 Heat shock protein 90.4 80 9 0 cytosol
AT5G24290 Vacuolar iron trg?gfe(?;ter (VIT) family 61 8 4 vacuole
AT2G46750 L -Gulono-1,4-Lactone Oxidase 2 65 8 0 extracellular
AT1G22300 14-3-3 Epsilon 29 7 0 cytosol
AT1G35160 14-3-3 Phi 30 7 0 cytosol
AT3G01280 Voltage dependent anion channel 1 29 7 0 mitochondrion
AT5G56030 Heat shock protein 81.2 80 7 0 cytosol/nucleus
AT3G63460 SEC31b 120 6 0 golgi
AT3G62360 Carbohydrate-binding-like fold 133 5 1 endoplasmic reticulum
AT1G73260 Kunitz trypsin inhibitor 1 24 5 0 extracellular
AT1G06950 Translocon at the inner envelope .
membrane of chloroplasts 110 112 S 3 plastid
AT2G01530 MLP-like protein 329 18 5 0 cytosol




€6

AT3G13930 Dihydrolipoamide acetyltransferase 58 5 0 mitochondrion
AT3G51660 Tautomerase 12 4 0 peroxisome
AT5G10450 14-3-3 Lambda 28 4 0 cytosol
AT2G30490 Cinnamate-4-hydroxylase 58 4 1 endoplasmic reticulum
AT5G61790 Calnexin 1 60 4 1 endoplasmic reticulum
AT1G20260 Vacuolar ATP synthase subunit B1 54 4 0 vacuole
AT1G70850 MLP-like protein 34 36 4 0 cytosol
AT1G59870 Pleiotropic drug resistance 8 / 165 4 14 plasma membrane
Penetration 3
AT3G20380 TRAF-like family protein 43 4 0 extracellular
AT4G28470 26S proteasome rel%ulatory subunit S2 98 4 4 cytosol/nucleus
AT1G79550 Phosphoglycerate kinase 3 42 4 0 cytosol
AT5G43010 | Regulatory particle triple-A ATPase 4A 45 4 0 cytosol/nucleus
AT5G60660 | Plasma membrane intrinsic protein 2;4 31 3 6 plasma membrane
AT1G01580 Ferric reduction oxidase 2 82 3 11 plasma membrane
AT2G37040 Phenylalanine ammonia lyase 1 79 3 0 cytosol
AT2G37170 | Plasma membrane intrinsic protein 2;1 30 3 6 plasma membrane
AT1G07920 GTP binding I_Elongatic_)n factor Tu 50 3 0 cytosol
family protein
AT1G78570 Rhamnose biosynthesis 1 75 3 0 cytosol
AT2G38040 Acetyl Co-enzyme a carboxylasge 85 3 0 plastid
carboxyltransferase alpha subunit
AT1G65720 Unknown protein 20 3 1 extracellular
AT1G50200 ACD Alanyl-tRNA synthetase 110 3 0 mitochondrion
AT1G71220 UDP-glucose:glycoprotein 182 3 0 endoplasmic reticulum
glucosyltransferases
Translocon at the outer envelope .
AT3G46740 membrane of chloroplasts 75-IF:I 89 3 0 plastid
AT4G18800 RAB GTPase homolog A1D 24 3 0 golgi
AT4G20850 Tripeptidyl peptidase 152 3 0 plastid
AT4G21150 Ribophorin 11 family protein 75 3 3 endoplasmic reticulum
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AT5G54500 Flavodoxin-like quinone reductase 1 22 3 0 plasma membrane
AT1G20200 Embryo defective 2719 56 3 0 cytosol/nucleus
AT1G30230 Elongation factor 1B beta 25 3 0 cytosol
AT1G47128 Responsive to dehydration 21 51 3 0 extracellular
AT4G09000 General regulatory factor 1 30 3 0 cytosol
AT5G15090 Voltage dependent anion channel 3 29 3 0 mitochondrion
AT1G45201 Triacylglycerol lipase-like 1 55 3 3 golgi
AT5G19990 | Regulatory particle triple-A ATPase 6A 47 3 0 cytosol/nucleus
AT1G11910 Aspartic proteinase Al 55 3 0 vacuole
AT1G55020 Lipoxygenase 1 98 2 0 golgi
AT1G62020 Coatomer alpha subunit 137 2 0 cytosol
AT4G31480 Coatomer beta subunit 106 2 1 cytosol
ATAGO8850 Leucine-quh repeat r_eceptor-_like protein 115 2 9 plasma membrane
inase family protein
AT2G45960 | Plasma membrane intrinsic protein 1;2 31 2 6 plasma membrane
AT5G11560 Catalytics 109 2 1 endoplasmic reticulum
AT2G21660 Glycine rich protein 7 17 2 0 nucleus
AT5G20010 RAS-related nuclear protein-1 25 2 0 cytosol
AT1G18270 Ketose—bisphosphate ald_olase class-Il 147 5 0 cytosol
family protein
AT3G61430 | Plasma membrane intrinsic protein 1;1 31 2 6 plasma membrane
AT4G17530 RAB GTPase homolog 1C 22 2 0 cytosol
AT1G07890 Ascorbate peroxidase 1 28 2 0 cytosol
AT1G22520 | Domain of unknown function (DUF543) 20 2 1 mitochondrion
AT1G24510 | TCP-1/cpn60 chaperonin family protein 59 2 0 cytosol
AT1G49240 Actin 8 42 2 0 cytosol
Isopentenyl
AT3G02780 pyrophosphate:dimethylallyl 33 2 0 plastid
pyrophosphate isomerase 2
AT3G44330 M28 Zn-peptidase nicastrin 62 2 1 endoplasmic reticulum
ATAG37910 | Mitochondrial heat shock protein 70-1 73 2 0 mitochondrion




56

Clathrin adaptor complexes medium

AT5G05010 . . . 58 2 0 golgi
subunit family protein
AT5G25780 Eukaryotic transl;gio; initiation factor 82 2 0 cytosol
AT5G14040 Phosphate transporter 3;1 40 2 2 mitochondrion
AT3G26440 Transmembrane protein (DUF707) 45 2 1 golgi
AT5G41670 | 6-phosphogluconate dehydrogenase 3 53 2 0 mitochondrion
AT2G21390 Coatomer, alpha subunit 136 2 0 cytosol
AT5G07440 Glutamate dehydrogenase 2 45 2 0 mitochondrion
AT2G33040 | Gamma subunit of Mt ATP synthase 35 2 0 mitochondrion
AT4G26910 | Dihydrolipoamide succinyltransferase 50 2 0 mitochondrion
AT3G44110 DNAJ homologue 3 46 2 0 nucleus
AT1G78300 14-3-3 Omega 29 2 0 cytosol
AT3G02520 General regulatory factor 7 30 2 0 plasma
membrane/cytosol
AT1G18070 Translation elongation factor EF1A 59 2 0 cytosol
AT5G44340 Tubulin beta chain 4 50 2 0 cytosol
AT5G43060 Granulin repeat Cgrf)tfejir;]e protease family 51 5 0 extracellular
AT1G35620 Protein disulfide isomerase 8 50 2 1 endoplasmic reticulum
AT3G09820 Adenosine kinase 1 38 2 0 cytosol
AT1G53240 | Mitochondrial malate dehydrogenase 1 36 2 0 mitochondrion
AT1G74020 Strictosidine synthase 2 35 2 0 vacuole
AT2G30050 SEC13a 33 2 0 cytosol/nucleus
AT2G32080 Purin-rich alpha 1 32 2 0 golgi
AT2G32920 Protein disulfide isomerase 9 48 2 0 endoplasmic reticulum
AT2G40010 | Ribosomal protein L10 family protein 34 2 0 cytosol
AT3G42050 Vacuolar 'fA‘TP synthas_e subunit H 50 2 0 golgi/vacuole
amily protein
AT5G62740 Hypersensitive induced reaction 4 31 2 0 plasma membrane
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Supplemental Figure 1. Characteristics of IRT1 interactome. (A) Molecular function of
IRT1 interactors and (B) the biological process in which these proteins are involved were
classified using Gene Ontology annotation (http://www.pantherdb.org/).
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Supplemental Table 2. IRT1 interactants involved in intracellular trafficking or metal

homeostasis.
This table was created using Gene Ontogeny (GO) annotations from The Arabidopsis
Information resource (TAIR) (https://www.Arabidopsis.org).

Accession Protein name
AT3G11130 Clathrin heavy chain
AT1G04820  Tubulin alpha-4 chain
AT1G29310 SecY protein transport family protein
& AT5G09810  Actin7
% AT4G33650 Dynamin-related protein 3A
&  AT3G63460 SEC31b, COPIl component
£ AT4G18800  RAB GTPase homolog A1D
5§ AT1G62020 Coatomer alpha subunit, COPI component
E AT4G31480 Coatomer beta subunit, COPI component
'S AT4G17530  RAB GTPase homolog 1C
£ AT1G49240  Actin8
S AT5G05010 Clathrin adaptor complexes medium subunit family protein
AT2G21390 Coatomer, alpha subunit, COPI component
AT5G44340  Tubulin beta chain 4
AT2G30050 SEC13a, COPIl component
ATAG30190  H(+)-ATPase 2
= AT4G31940  Cytochrome P450
"E AT3G13610  Feruloyl-Coenzyme A 6’-Hydroxylase 1 (F6'H1)
S AT4G27860  Vacuolar iron transporter (VIT) family protein
g AT5G24290  Vacuolariron transporter (VIT) family protein
= AT2G01530 MLP-like protein 329
% AT1G59870 Pleiotropic drug resistance 8 / Penetration 3
= AT1G01580 Ferric Reduction Oxidase 2
AT1G07890  Ascorbate peroxidase 1
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Supplemental Figure 2. IRT1 co-localizes with the early endosomal marker RabD1

(A) Confocal microscopy analyses of irt1-1/IRT1::IRT1-mCitrine transgenic line crossed with
the Wave Line number 25 expressing RabD1-mCherry fusion protein under the control of
Ubil0 promoter (Geldner et al., 2009). Plants were grown in iron deficient condition for 11
days before visualization. Scale bars = 10 um. (B) Quantification of the co-localizationbetween
IRT1-mCitrine and RabD1-mCherry. Mander’s overlap coefficient of 0.6.
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Supplemental Figure 3. The hir2-1 mutant is hypersensitive to a lack of iron compared
to WT plants and over-accumulates IRT1 protein.

(A) The hir2-1 mutant, described in Qi et al. (2011) and WT plants (Col-0) were grown
during 14 days on MS/2 medium in absence of Fe (-Fe) or in presence of sufficient
amount of Fe (50 uM-Fe-EDTA). (B) Total proteins were extracted from the roots of
plants grown in lack of Fe as in (A) and were then subjected to immunodetections with
an anti-IRT1 antibody or with an anti-tubulin antibody (loading control). Analysis were
performed in triplicates and a representative immunoblot is shown.
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Material and Methods

Plant material and growth conditions

Arabidopsis thaliana wild type plants (Col-0, Col-gl1,Ws and Ws-4), the fro2 loss-of-
function mutant named frd1-1 (Yi and Guerinot, 1996), the previously described irtl-
1/IRT1::IRT1-mCitrine and Col0/35S::IRT1-mCitrine lines (Dubeaux et al., 2018), the
different flotillins loss-of-function mutants flotl, flot2, flot3 (respectively SALK 203966C,
FLAG_352D08 and SALK _ 143325C, kindly provided by Jan Martinec), the aha2 loss-of-
function mutant (SALK _022010), HIR2 loss-of-function mutants hir2-1 (SALK_092306) (Qi
et al., 2011) and hir2-2 (SALK 124393C) which was isolated in our laboratory (See Table 1
for genetic backgrounds of the mutants) and the various transgenic plants generated in this
study were vertically grown in sterile conditions at 21°C with 16 h light/8 h dark cycles, using
half-strength Murashige and Skoog (MS/2) medium (Murashige and Skoog, 1962). MS/2
contained 1% sucrose, 1% agar and different concentrations of non-Fe IRT1 metal substrates
(Fe, Zn, Mn, Co). Hence, depending on the experiment (see below), plants were grown in the
absence of iron to induce the iron-deficiency response and in the presence of physiological
concentrations of IRT1 secondary substrates Zn, Mn and Co (-Fe +Metals) or in the presence
of an excess of these metals (-Fe +++Metals) which corresponds to a 10-fold concentration of
Zn, Mn and Co, using the MS/2 medium as a reference (Dubeaux et al., 2018). On the other
hand, plants may also grow in iron replete conditions by using MS/2 medium containing 50
uM or 100 uM Fe-EDTA and physiological concentrations of the non-iron metals Zn, Mn and
Co (+Fe).

For immunopurifications followed by mass spectrometry analyses, irt1-1/IRT1::IRT1-
mCitrine transgenic lines and Ws wild-type plants, used as a negative control, were initially
grown for 9 days on MS/2 medium containing 50 uM Fe-EDTA, then transferred for 5 days
onto a -Fe +Metals medium to induce IRT1-mCitrine expression and finally subjected to a -Fe
+++ Metals treatment for 48 h. To confirm the interactions between IRT1, FRO2, AHA2 and
HIR2 by co-immunopurifications, the various genotypes were grown for 11 days on MS/2
medium containing 50 uM Fe-EDTA, and then transferred for 4 days on a -Fe +Metals medium
supplemented with 300 uM of the iron chelator named Ferrozine [3-(2-pyridyl)-5,6-diphenyl-
1,2,4-triazine sulfonate] to ensure a rapid and strong expression of genes under the control of
IRT1 and FRO2 promoters.
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To analyze mCherry-FRO2, AHA2-GFP and IRT1-mCitrine ubiquitination profiles, the
appropriate transgenic lines as well as wild type plants used as negative controls were grown
for 11 days on -Fe +Metals solid medium. Then, plants were transferred for 2 h in -Fe +Metals
(control) or —Fe +++Metals liquid medium as previously described (Dubeaux et al., 2018).

For microscopy analysis, transgenic lines expressing IRT1/AHA2/FRO2 fusion
proteins under the control of IRT1 promoter, were first grown for 11 days on a -Fe +Metals
medium to ensure protein expression. Then, to investigate the effect of non-iron metals on the
subcellular localization of the fusion proteins, plants were subjected for 2 h to a -Fe + Metals
(control) or -Fe +++ Metals liquid treatments. The localization of mCherry-FRO2 and HIR2-
mCherry fusion proteins expressed in frd1-1/FRO2::mCherry-FRO2 and hir2-2/HIR2::HIR2-
mCherry transgenic lines, respectively, was analyzed in plants grown during 11 days in -Fe +
Metals condition. Transgenic lines expressing IRT1-mCitrine under the control of the 35S
promotor were grown for 7 days in -Fe +Metals condition before imaging.

For mCherry-FRO2 functionality test followed by protein extraction, frdl-
1/FRO2::mCherry-FRO?2 transgenic lines, frd1-1 mutant and Col-gll wild-type plants were
grown for 11 days on MS/2 lacking iron (-Fe +Metals) or supplemented with 100 uM Fe-EDTA
(control conditions).

For phenotypic analysis, hir2-2 mutant and Col-0 plants (control) were grown for 14
days in the absence of iron, in the presence of low amount of iron (2 uM Fe-EDTA) or in iron
replete condition (100 uM Fe-EDTA, control condition) each time with physiological
concentrations of non-iron metals. The resulting material was used to perform immunoblots on
root protein extracts, RNA extractions from roots and measurement of chlorophyll content in
leaves. For metal content measurements in hir2-2 mutant and Col-0 leaves, plants were grown
using the same media as for phenotypic analysis but for 8 days, in addition plants were also
grown in the presence of an excess of non-iron metals (-Fe +++Metals). For HIR2-mCherry
functionality test, hir2-2/35S::HIR2-mCherry transgenic lines, hir2-2 mutant and Col-0 plants
were grown for 14 days in the presence of low amount of iron (2 puM Fe-EDTA) or in iron
replete condition (100 uM Fe-EDTA, control condition) each time with physiological
concentrations of non-iron metals. Roots from iron-starved transgenic lines and hir2-2
(negative control) were collected to analyze HIR2-mCherry protein accumulation by
immunoblot as detailed below.

For plant cultures in the greenhouse, Arabidopsis thaliana and Nicotiana benthamiana

were grown at 21°C and 24°C, respectively, under long day conditions.
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Constructions and generation of Arabidopsis transgenic lines

To perform complementation assays of the hir2-2 mutant, a HIR2 genomic fragment of
2.700 bp (HIR2g) containing HIR2 coding sequence and HIR2 promoter was amplified from
Col-0 genomic DNA using high-fidelity Phusion polymerase (Thermo Scientific) and the
primers listed in Table 3. HIR2g was subsequently introduced by Notl restriction inside the
PMLBART vector, that confers resistance to Basta in plants.
All the other constructions generated during this work were obtained using MultiSite
Gateway® Three-Fragment Vector Construction kits (Life Technologies), according to the
specifications of the manufacturer. Thus, open reading frames (ORF) of FRO2, AHA2, HIR2,
LTiéb and mCherry were amplified with the high-fidelity Phusion polymerase (Thermo
Scientific) from Arabidopsis Col-0 cDNA using the primers listed in Table 3. In addition, to
create a hyperactive form of AHA2 protein, a truncated version of AHA2 lacking the 66 last
codons and called AHA2466 was also generated (Regenberg et al., 1995).

Depending on the final use, the stop codon of the different ORF was conserved or not
(see Table 4). Amplified DNA were then cloned in Invitrogen entry vectors, either pPDONR
221 (when aiming C-terminal fusion) or pPDONR P2RP3 (when aiming N-terminal fusion).
FRO2 promoter corresponding to a sequence of 1,845 pb upstream of the FRO2 start codon
and HIR2 promoter corresponding to a sequence of 1,241 pb upstream of the HIR2 start codon
were amplified from Arabidopsis thaliana genomic DNA with primers described in Table 3
and cloned into pDONR P4P1R plasmid. All the entry vectors generated during this thesis are
listed in Table 4. Entry vectors carrying the IRT1, PIN2 and 35S promoters (0(DONR.P4P1R-
IRT1/PIN2/35S) or the GFP and the mCherry coding sequence allowing C-terminal fusions
(pDONR P2RP3-GFP/mCherry) were previously described (Marques-Bueno et al., 2016;
Dubeaux et al., 2018).
Final destination vectors for expression in plants were obtained by multisite Gateway®
recombination using the entry vectors described above and the pH7m34GW (hygromycin
resistance in plants) and pK7m34GW (kanamycin resistance in plants) destinations plasmids
used for mCherry and GFP fusions, respectively. The final vectors generated during this thesis
and allowing the expression of the proteins of interest fused to different tags under the control
of specific promoters are listed in Table 4 and the respective primers are enlisted in Table 3.
As part of a collaboration with the team of Jan Martinec from the Institute of Experimental
Botany in Prague, Czech Republic, genetic constructions named

pGreen0029.35S::Flotl/Flot2/Flot3-mCherry and allowing the constitutive expression in plants
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of these three flotillins fused to the mCherry were generated by Michal Danek, a Czech PhD
student participating in the project (Table 4) .

After verification by sequencing, the final constructions were introduced in
Agrobacterium tumefaciens strain AGLO. In the case of pGreen0029.35S::Flot1/Flot2/Flot3-
mCherry vectors, AGLO was co-tranformed with the pSOUP plasmid. Arabidopsis thaliana
was then transformed following the floral dip protocol described in Clough and Bent, 1998 to
generate the different transgenic lines that are described in Table 5.

During this work two crosses were also performed: irtl-1/IRT1::IRT1-mCitrine
transgenic line was crossed with the Wave Line number 25 expressing RabD1-mCherry fusion
protein under the control of Ubil0 promoter (Geldner et al., 2009) and Col-0/35S::IRT1-

mCitrine line was crossed with the hir2-2 mutant.

Transient expression of proteins in Nicotiana benthamiana

Agrobacterium tumefaciens strain AGLO was transformed with the constructions of
interest and grown in LB medium containing the required antibiotics for 16 h at 28°C. In
parallel a culture of the Agrobacterium strain C58 containing the p19 vector coding the p19
viral-encoded suppressor of gene silencing was also performed. Co-expression of p19 with a
protein of interest allows to enhance the expression of the latter in Nicotiana benthamiana,
(Voinnet et al., 2003). Then, AGLO strains carrying the vectors of interest were mixed with
C58p19 strain, after centrifugation at 3,000 g for 10 min, the pellet of Agrobacterium was
resuspended in infiltration media (10 mM MES KOH pH 5.6, 10 mM MgClz, 150 uM
acetosyringone). The final ODeoo for AGLO strains and C58p19 were 0.6 and 0.3, respectively.
After 2 h of incubation at 21°C, Agrobacterium suspensions were used to infiltrate 21 day-old
N.benthamiana leaves. After 48 h, leaves expressing the proteins of interest were collected for

subsequent experiments.

Metal extraction and analysis

Plants were grown as describe above. The aerial parts of plants belonging to the same
genotype and grown in a same metal condition were cut and pooled together, collected with
plastic forceps and washed in 10 mM EDTA pH 5.5. After rinsing twice with milliQ water,
tissues were dried for at least 48 h at 70°C. Afterwards, dry tissues were weighted and
transferred into 15 ml tube containing 500 pl of H202 and 1 ml of HNOa. Total tissue digestion
was achieved by heating the samples in a thermoblock (ED36 LabTech) in three steps: first
100°C for 60 min, secondly 120°C for 360 min, thirdly 80°C for 60 min. After digestion, milliQ
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water was added to the extracts to reach a final volume of 4 ml. The metal concentrations were
measured by Microwave Plasma Atomic Emission Spectroscopy (MP-AES) (Agilent 4200
MP-AES) and expressed as jig of metal per mg of dry mass tissue.

Immunopurifications

Immunopurifications (IP) were performed on approximatively 500 mg of Arabidopsis
roots, mostly as previously described (Dubeaux et al., 2018). Briefly, for IRT1-mCitrine IP
followed by mass spectrometry, for co-IP analysis between IRT1-mCitrine and mCherry-
FRO2/HIR2-mCherry, as well as for co-IP analysis between mCherry-FRO2 and endogenous
AHA2, roots grinded in liquid nitrogen were resuspended in IRT1 solubilization buffer (50 mM
Tris-HCI pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% n-Dodecyl g-D-maltoside (DDM) and
plant specific protease inhibitors (Sigma-Aldrich), using 300 pl of buffer per 100 mg of tissue.
For co-IP analysis between IRT1-mCitrine and endogenous AHAZ2, grinded roots were
resuspended in RIPA buffer (50 mM Tris-HCI (pH 7.5), 150 mM NacCl, 0.5% sodium
deoxycholate, 1% IGEPAL®CA-630, 0.1% SDS and plant specific protease inhibitors (Sigma-
Aldrich)) using 300 pl of RIPA per 100 mg of tissue. After two successive centrifugations at
3,800 g for 10 min at 4 °C, the resultant supernatants were collected and solubilization of
membrane proteins was continued for 1 h 30 min at 4 °C on a rotating wheel. Samples were
then centrifuged at 100,000 g for 1 h at 4 °C to remove unsolubilized material and supernatants
containing solubilized proteins were recovered for IPs. GFP and mCitrine fusion proteins were
immunopurified using UIMACS GFP isolation kit (Miltenyi Biotec) while IP of mCherry fusion
proteins was performed using RFP-Trap® MA magnetic beads (Chromotek), following the
instructions of the manufacturers. Before elution, four-five washes were performed with IRT1
solubilization buffer or RIPA buffer depending on the immunopurification type.

To analyze the ubiquitination profile of AHA2-GFP and IRT1-mCitrine, the
solubilization of fusion proteins as well as the IP procedure were exactly performed as
previously described (Dubeaux et al., 2018). The same protocol was used for mCherry-FRO2
except that the protein was immunopurified with RFP-Trap® MA magnetic beads
(Chromotek).

Mass spectrometry analysis

For sample preparation, proteins from each eluate were separated by SDS-PAGE in

order to fractionate the protein samples into 2 or 3 fractions, including proteins from 10 to 63
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kDa and above 63 kDa, respectively, to exclude abundant contaminating IRT1-mCitrine protein
at 63 kDa. After Coomassie Blue staining, each gel fraction was cut in bands and subjected to
in-gel trypsin digestion with the Progest robot (Genomic Solutions) using standard conditions
including reduction and alkylation as described previously (Blanchet et al., 2014). Tryptic
peptides extracted from the different bands of each gel fraction were pooled, vacuum dried and
resuspended in 0.1% (v/v) formic acid prior to nanoLC-MS/MS mass spectrometry analyzes.
The same cutting pattern of the SDS-PAGE lane was performed for each eluate.

Tryptic peptides from the two or three SDS-PAGE fractions from each eluate were
analyzed separately by nanoLC-MS/MS with the Triple-TOF 4600 mass spectrometer
(ABSciex) coupled to the nanoRSLC ultra performance liquid chromatography (UPLC) system
(Thermo Scientific) equipped with a trap column (Acclaim PepMap100C18, 75 pmi.d.x 2 cm,
3 um) and an analytical column (Acclaim PepMapRSLCC18, 75 pmi.d.x 50 cm, 2 pm, 100 A).
Peptides were loaded at 5 pl/min with 0.05% TFA in 5% acetonitrile and peptides separation
was performed at a flow rate of 300nl/min with a 5 to 35% solvent B gradient in 40 min. Solvent
A was 0.1% formic acid in water, and solvent B was 0.1% formic acid in 100% acetonitrile.
NanoLC-MS/MS experiments were conducted in a Data Dependent acquisition method by
selecting the 20 most intense precursors for CID fragmentation with Q1 quadrupole set at low
resolution for better sensitivity.

Protein identification was performed by processing raw data with MS Data Converter
software (AB Sciex) for generating .mgf data files and protein identification were performed
using the MASCOT search engine (Matrix science, London, UK) against the Swissprot and
TAIR10 databases with carbamidomethylation of cysteines set as fixed modification, oxidation
of methionines as variable modifications. Peptide and fragment tolerance were respectively set
at 20 ppm and 0.05 Da. Results were analyzed with Scaffold 3.6.5 software (Proteome
Software). Proteins were validated when identified with at least two unique peptides and 95 %

probability levels for both peptides and proteins.

Extraction of root total proteins and immunoblots

Total proteins were extracted from around 100 mg of roots grinded in liquid nitrogen
and directly resuspended in 2X SDS sample buffer (300 pl of buffer per 100 mg of tissue).
Samples were heated at 65°C during 10 min, centrifuged 10 min at 20,000 g and finally
supernatants were collected and directly used for SDS-PAGE.

Immunoblot analysis were performed as previously described (Barberon et al., 2011).

The efficiency of protein transfer on polyvinylidene difluoride (PVVDF) membrane was verified
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using the Stain-Free Imaging Technology (Bio-Rad). Immunodetection of GFP and mCitrine
fusion proteins was performed using an anti-GFP antibody conjugated to horseradish
peroxidase (HRP) (Miltenyi Biotec 130-091-833, 1/5,000). mCherry fusion proteins were
monitored with a rabbit anti-DsRed antibody (Clontech 632496, 1/5,000). Immunodetection of
endogenous IRT1 protein was performed using an affinity-purified antipeptide IRT1 antibody
diluted 1/3,000 (Séguéla et al., 2008). Endogenous AHA2 protein was immunodetected with
the rabbit anti-PMA2 (W1C) antibody diluted 1/15,000 (Morsomme et al., 1998). Ubiquitin
modifications were detected with the P4AD1 mouse anti-ubiquitin antibody (Millipore 05-944,
1/4,000). Anti-HIR antibody that recognizes HIR1, HIR2 and HIR4 isoforms was diluted
1/3,000 (Qi et al., 2011). Loading controls were obtained by using anti-Histone3 antibody
(Active Motif # 39763, 1/6,000), or anti-a tubulin antibody (Sigma-Aldrich T5168, 1/5,000).
Depending on the primary antibody, the anti-rabbit 1gG (Bio-Rad 170-6515) or the anti-mouse
IgG (Bio-Rad 172-1011) secondary antibodies both coupled to HRP and diluted 1/20,000 were
used. Detection of HRP chemiluminescence was performed using SuperSignal West Dura
Extended Duration Substrate (Thermo Scientific) in a Chemidoc Touch Imaging system (Bio-
Rad).

Preparation of microsomal fraction

Plant roots were grinded in liquid nitrogen and resuspended in microsomal extraction
buffer (500 mM sucrose, 50mM HEPES, 5mM EDTA, pH 7.4 and plant specific protease
inhibitors (Sigma-Aldrich)), using 300 pl of buffer per 100 mg of tissue. Cell debris were
removed by two successive centrifugations at 3,800 g for 10 min at 4 °C. Then the supernatant
was collected and centrifuged at 100,000 g for 1 h at 4 °C allowing to recover a pellet
corresponding to microsomes. The microsomal fraction was then resuspended in 2X SDS
sample buffer, heated at 65°C for 10 min before SDS-PAGE analysis.

Constructions and split-ubiquitin assay

To generate split-ubiquitin vectors using the Gateway® technology, specific entry
vectors were first created by cloning the FRO2 ORF (Open Reading Frame) without the stop
codon, the AHA2 ORF, the HIR2 ORF and the IRT1 ORF with their stop codons into the
pDONR 221 (Table 6). To amplify these different ORF we used the primers enlisted in Table
3 (see primer names followed by “stop”). The flotillins ORFs FLOT1, FLOT2, FLOT3 without
stop were introduced in pMetYC-Dest vectors. In addition we used the pDONR 221-BRI1
without the stop codon which was previously generated (Martins et al., 2015) and the pPDONR
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221-AHA2 and pDONR 221-HIR2 without stop codons that were created in this study and
were also used to generate plant expression vectors as mentioned above. To create final split-
ubiquitin plasmids, FRO2, AHA2, HIR2, FLOT1, FLOT2, FLOT3 and BRI1 ORFs without the
stop codons were inserted into pMetYC-DEST destination vector (Hachez et al., 2014) to
produce the constructs FRO2-Cub-PLV, AHA2-Cub-PLV, HIR2-Cub-PLV, FLOT1-Cub-PLV
FLOT2-Cub-PLV, FLOT3-Cub-PLV and BRI1-Cub-PLV, where Cub corresponds to the C-
terminal part of ubiquitin and PLV to a chimeric transcription factor named ProteinA-LexA-
VP16 (Table 6). The expression of Cub-PLV fusions is under the control of the met25 promoter
that is repressed by methionine. IRT1, AHA2 and HIR2 ORFs carrying their stop codons were
cloned into the pNX35-DEST destination vector to generate the NubG-IRT1, NubG-AHA2 and
NubG-HIR2 fusions expressed under the control of the constitutive ADH promoter (Table 6).
NubG corresponds to the mutated N-terminal part of ubiquitin that is unable to spontaneously
reassemble with the C-terminal part of ubiquitin. The physical interaction between two
membrane proteins fused to NubG and Cub-PLV can force the reassembly of the two parts of
ubiquitin. The reconstituted ubiquitin molecule is then cleaved by yeast de-ubiquitinases
allowing the release of the PLV transcription factor that will enter into the nucleus and induce
the expression of reporter genes such as ADE2 and HIS3 (Grefen, 2014). The wild-type
ubiquitin N-terminal fragment (NubWT), expressed under the control of the ADH promoter
from the pNubWT-Xgate vector, can spontaneously reassemble with Cub and thus was used as
a positive control of interaction in our split-ubiquitin assay. On the other hand, the NubG
fragment expressed by the non-recombined pNX35-DEST vector was used as a negative

control of interaction (Hachez et al., 2014).

Split-ubiquitin assay was performed as previously described (Dubeaux et al., 2018).
Briefly, THY.AP4 yeast strain (MATa ; ade2-, his3-, leu2-, trpl-, ura3- ; lexA::ADEZ2,
lexA::HIS3, LexA::lacZ) was co-transformed with the Nub and Cub constructs of interest and
co-transformed cells were selected on SD medium lacking Leu and Trp. Then, yeasts co-
expressing Cub-PLV fusion proteins with NubG fusion proteins or NubG (negative control of
interaction) or NubWT (positive control of interaction) were dropped in serial dilutions (O.D.
1, 0.1, 0.01) onto SD medium without Leu and Trp (control medium) or onto SD medium
lacking Leu, Trp, His, Ade (selective medium) supplemented with 500 uM methionine (250
KM methionine for IRT1/BRI1 interaction test) to repress the expression of the Cub-PLV fusion
proteins. Yeast growth on control and selective medium was recorded after 24 h and 48 h at

30°C, respectively. Besides internal negative interaction tests performed by co-expressing Cub-
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PLV fusion proteins with NubG, co-expression of NubG-IRT1 and BRI1-Cub-PLV was used

as an additional negative control.

The split-ubiquitin bridge assay

To allow for the expression in yeast of a non-tagged version of AHA2 under the control
of the constitutive PMA1 promoter, the pDONR 221-AHA2 with stop was recombined into the
pDR195GW destination vector, that contains a uracil synthesis gene, using the Gateway
technology (Table 6). To investigate whether AHAZ is able to create a bridge between IRT1
and HIR2 proteins, a split-ubiquitin bridge assay (Grefen, 2014) was performed by co-
expressing NubG-IRT1, HIR2-Cub-PLV and AHA2 in THY.AP4 cells. As negative controls,
yeasts were co-transformed with NubG-IRT1 and HIR2-Cub-PLV constructs and the pDR195
empty vector, in parallel yeasts were also co-transformed with HIR2-Cub-PLV and pDR195-
AHA2 constructs and the non-recombined pNX35-DEST vector which allows for the
expression of NubG. As a positive control, THY.AP4 cells were co-transformed with the HIR2-
Cub-PLV construct, the pDR195 empty vector and the pNubWT-Xgate vector allowing for the
expression of NUbWT.,

Yeast protein extraction

Yeast culture of 10 ml (O.Deco 1) was centrifuged at 3,200 x g for 5 min at room
temperature and pelleted cells were frozen in liquid nitrogen until needed. Cells were then re-
suspended in 300 pl of 20% (w/v) trichloroacetic acid (TCA) and 100 pl of glass beads
(diameter 1.25 to 1.55 mm) was added. Cells were disrupted by vortexing 3 times for 1 min.
Between each cycle, tubes were kept on ice for 1 min. After centrifugation at 2,300 x g for 10
min at 4 °C, the supernatant was removed and pellets were re-suspended in 100 ul 2X buffer
(450 mM TrisHCI pH 8.8, 15 % glycerol, 1% SDS, 2 mM EDTA and 0.5 % bromophenol blue)
containing 100 mM DTT. Samples were denatured at 65 °C for 10 min, and cell debris were
pelleted by centrifugation at 14,000 g for 5 min at 4 °C. The supernatant corresponding to total
proteins was collected and used for SDS-PAGE.

Acidification assays

Arabidopsis thaliana root acidification assays:

In order to observe root acidification capabilities of different Arabidopsis lines a
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colorimetric acidification assay requiring bromocresol purple were performed. The
bromocresol purple is a pH indicator which changes colour from yellow at low pH (pH 5.7) to
violet at high pH (above pH 6.8). In a first test, performed as described in Oh et al., 2016,
plants were seeded on MS/2 medium (pH 5.7) containing 50 uM Fe-EDTA. After 10 days, the
plantlets were transferred onto iron free MS/2 medium (pH 6.5) containing 0.005%
bromocresol purple (Sigma-Aldrich) and let to grow for 4 days before observing acidification
around the root, indicated by a colour change of the medium from purple to yellow. In parallel,
as a control, a batch of plants was transferred to MS/2 medium (pH 6.5) containing 50 uM Fe-
EDTA and 0.005 % bromocresol purple. As lack of Fe induces rhizosphere acidification, we
expect that plants transferred from +Fe to +Fe conditions will present slight acidification
phenotypes, with the exception of Col0/35S::AHA2-GFP. As here AHAZ2 is under the control
of a constitutive promoter, high levels of acidification, even in +Fe conditions should be
expected if the fusion results functional. Note that for all the acidification assays MS/2 medium

contains physiological concentration of non-iron metals.

Nicotiana benthamiana acidification assays:

Two days after transfection (see the section transient expression of proteins in Nicotiana
benthamiana) leaf disks of 7 mm diameter were cut and incubated in liquid MS/2 (pH 7.6 as
described for liquid bromocresol assays in Oh et al., 2016) without sucrose, in MS/2 containing
0.005 % bromocresol purple, under agitation. The unprotonated form of the dye has an optical
density wavelength of absorption at 590 nm. Therefore, net proton flux was measured by
reading the optical density at 590 nm after 4 h, 6 h, 12 h and 24 h, treatment in liquid. Apart
the colorimetric assay described so far, medium acidification by leaf disks was directly
measured with a pHmeter. Only leaves from an equivalent growth stage were compared with

one another.

Measurement of leaf chlorophyll contents

For chlorophyll extraction, Arabidopsis leaves were finely ground in liquid nitrogen,
and pigments were extracted by addition of 1ml of acetone per 35 mg of fresh tissue. After
vortexing for 30 s, tubes were incubated on a wheel, at 4 °C, in darkness for 1 h 30 min. After
removing cell debris by centrifugation at 20,000 g for 15 min at 4°C, the absorbance at 661.6
nm and 644.8 nm of the resulting pigment extracts was spectrophotometrically determined
(Thermo Scientific Evolution™ 201). The concentrations of chlorophyll a and b were

determined according to the equations described in Lichtenthaler and Buschmann (2001):
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c,(ug/ml)=11.24A,, .- 2.04A,,, .

C,(ug/ml)=20.13A;,, .- 4.19A

644.8 661.6

Ca+b(g/ml)= 7.05A¢61.6 + 18.09A¢644.8

Root length analyses
Primary root length was measured from plants that grew vertically in vitro (see the
section Plant material and growth conditions). The plates were scanned, and root lengths were

measured from pictures using Fiji image software (http://fiji.sc/).

RNA extractions and RTqPCR analysis

Total RNA extractions from Col-0 and hir2-2 plant roots were performed using
TRIzol™ reagent (Qiagen) as indicated by the manufacturer. DNA was removed from all RNA
samples using rDNase treatment (MACHEREY-NAGEL). RNA integrity was then verified by
agarose gel electrophoresis. Reverse transcription was performed on 0.5 ug of total RNA with
RT Revert Aid Reverse Transcriptase (Thermo Scientific) and oligo(dT):s according to
specifications of the manufacturer. The resulting cDNA was diluted 1/10 in milliQ water and
used for gPCR analysis using the reactive SYBR™ Green | (Roche), in a LightCycler® 96
(Roche). The amplification program was as following: one cycle of pre-incubation at 95°C for
300 sec, followed by 40 cycles of amplification including 3 steps (95°C 15 sec, 60°C 15 sec,
72°C 15 sec), followed by a melting step in which a dissociation curve is obtained ( 95°C 10
sec, 65°C 30 sec, 95°C 1 sec). EDF1a gene was used as reference gene to normalize the results,
as previously used in Dubeaux et al. (2018). The primers were design using Primer3 software
(http://primer3.ut.ee/) and are listed in Table 3. Relative gene expression was calculated by

considering primer efficiencies (E) for the target gene and the control gene (ref), using the

method described in Pfaffl (2001) and the following equation:

Ratio = (Etarget)"target COMO1-SAMPIE) / () ACP ¢ (control-sample)

A total of three biological replicates from three independent phenotypic analysis (each one

containing a pool of 25-30 plantlets roots per genotype) were performed.
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Confocal microscopy

Standard confocal microscopy analysis was performed with a Leica SP8 upright
confocal laser scanning microscope. For mCitrine and mCherry imaging, the 514 nm and 561
nm lasers were used, respectively. Before observation, plants were mounted in water or in MS/2
liqguid medium containing the proper metal composition (-Fe +Metals or —Fe +++ Metals).
Detection settings were kept constant within experiments. For quantifications, z-stacks
encompassing the whole cell volume were imaged and then subjected to maximum projection.
Quantifications of co-localization in endosome populations were performed in Fiji
(http://fiji.sc/), using maximum intensity projections and the plugging coloc2. The ratios of PM
over intracellular relative signal content were obtained by selecting whole cell and intracellular
content mean fluorescence with ImageJ. A total of three independent experiments were carried
out for each one of the co-localization assays, where a total number of 27 cells were analyzed.
Representative images are shown.

The spinning disk images were obtained with an Inverted-Microscope Eclipse-Ti-E
(Nikon) and images were recorded with a Prime 95B™ Scientific CMOS (sCMOS) camera
(Photometrics). For GFP/mCitrine and mCherry imaging, the 488 nm and 561 nm lasers were
used, respectively. A dual-band dichroic mirror (491/561 nm, Chroma) was used and band-pass
filters of 525/45 nm and 607/36nm (Semrock) allowing the detection of GFP/mCitrine and
mCherry, respectively.

Statistical analyses
The different statistical analyses mentioned in the legends were performed using the

software GraphPad Prism.
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Table 2. List of the genetic backgrounds that carry the mutated IRT1, HIR2, FRD1,FLOT1,

FLOTZ2, FLOTS, AHA2

Genetic

Background Mutant
Ws irtl-1
Col-0 hir2-2
Col-gll frdl-1
Col-0 flotl
Ws-4 flot2
Col-0 flot3
Col-0 aha2
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Table 3. List of primers used during this work

NAME SEQUENCE (5'-3")
HIR2g.F ATTGCGGCCGCTTCACCAGCATGCAACCAC
HIR2g.R ATTGCGGCCGCTGATTGAGATGGGCTTCATTTTAG

attB2r.FRO2.F
attB3.FRO2.R
attB2r.LTI6b.F
attB3.LTI6b stop.R
AHA2.F
AHA2.R
AHA2A66.R
AHAZ2 stop.R
FRO2.F
FRO2.R
IRT1.F

IRT1 stop.R
HIR2.F

HIR2.R

HIR2 stop.R
attB4.promoFRO2.F
attB1lr.promoFRO2.R
attB4.promoHIR2.F
attBlr.promoHIR2.R
attB1.mCherry.F
attB2.mCherry.R
ACT2.F

ACT2.R

EFla qPCR.F

EFla gPCR.R

IRT1 gPCR.F

IRT1 gPCR.R
attB2r.GFP.F
attB3.GFP.R

GGGGACAGCTTTCTTGTACAAAGTGGCTATGGAGATCGAAAAAAGCAATAAC
GGGGACAACTTTGTATAATAAAGTTGTCACCAGCTGAAACTGATAGATTC
GGGGACAGCTTTCTTGTACAAAGTGGCTATGAGTACAGCCACTTTCGTA
GGGGACAACTTTGTATAATAAAGTTGTCACTTGGTGATGATATAAAGA
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGTCGAGTCTCGAAGATATC
GGGGACCACTTTGTACAAGAAAGCTGGGTACACAGTGTAGTGACTGGGAG

GGGGACCACTTTGTACAAGAAAGCTGGGTAAAGTGTCCTTTGAGCAAGTG
GGGGACCACTTTGTACAAGAAAGCTGGGTACTACACAGTGTAGTGACTGGGAG

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGAGATCGAAAAAAGCAATAAC
GGGGACCACTTTGTACAAGAAAGCTGGGTACCAGCTGAAACTGATAGATTC

GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGCTTCAAATTCAGCACTTC
GGGGACCACTTTGTACAAGAAAGCTGGGTATTAAGCCCATTTGGCGATAATC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGGGAATCTTTTCTGTTGC
GGGGACCACTTTGTACAAGAAAGCTGGGTAGGAGGCATTGTTGGCCTGTA
GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGGAGGCATTGTTGGCCTGTA
GGGGACAACTTTGTATAGAAAAGTTGCCTTTATTGACCTCTAGGAGGAC
GGGGACTGCTTTTTTGTACAAACTTGCCCTCTCTTTCCTCTCAGGATTTC
GGGGACAACTTTGTATAGAAAAGTTGCGCTTCACCAGCATGCAACCAC
GGGGACTGCTTTTTTGTACAAACTTGCTATTCTGAACAAGAAGCAAGAAG
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGTGAGCAAGGGCGAGGAGG
GGGGACCACTTTGTACAAGAAAGCTGGGTACTTGTACAGCTCGTCCATGC
GCCCAGAAGTCTTGTTCCAG

TCATACTCGGCCTTGGAGAT

GTCGATTCTGGAAAGTCGAC

AATGTCAATGGTGATACCACGC

CGGTTGGACTTCTAAATGC

CGATAATCGACATTCCACCG

(Marqués-Bueno et al., 2016)

(Marqués-Bueno et al., 2016)

113




149!

Table 4. Different plant constructs used during the development of this work. The table shows the different entry vectors, destination vectors and the final
constructs, and the availability of this material at the beginning of the project

pDONR

Destination

Bacterial

Plant

PAP1R pDONR 221 pDONR P2RP3 vector Resistance Resistance Final Construct Availability
promoter FRO2 ~ mCherry ORF without stop FRO2 ORF with stop pH7mM34GW Spec Hygro pHy/pFRO2::mCherry-FRO2 Auvailable at the beginning of the thesis
promoter FRO2  FRO2 ORF without stop mCherry ORF with stop pH7M34GW Spec Hygro pHy/pFRO2::FRO2-mCherry Available at the beginning of the thesis
promoter 35S mCherry ORF without stop FRO2 ORF with stop pH7M34GW Spec Hygro pHy/35S::mCherry-FRO2 Auvailable at the beginning of the thesis
promoter 35S FRO2 ORF without stop mCherry ORF with stop pH7M34GW Spec Hygro pHy/35S::FRO2-mCherry Available at the beginning of the thesis
promoter IRTL ~ mCherry ORF without stop FRO2 ORF with stop pH7M34GW Spec Hygro pHy/pIRT1::mCherry-FRO2 Generated during the thesis
promoter IRTL ~ FRO2 ORF without stop mCherry ORF with stop pH7M34GW Spec Hygro pHy/pIRT1::FRO2-mCherry Available at the beginning of the thesis
promoter IRTL ~ AHA2 ORF without stop mCherry ORF with stop pH7M34GW Spec Hygro pHy/pIRT1::AHA2-mCherry Generated during the thesis
promoter 35S AHA2 ORF without stop mCherry ORF with stop pH7M34GW Spec Hygro pHy/35S::AHA2-mCherry Available at the beginning of the thesis
promoter 35S AHA?2 ORF without stop GFP ORF with stop pK7m34GW Spec Kana pKan/35S::AHA2-GFP Available at the beginning of the thesis
promoter 35S AHA2A66 ORF without stop ~ mCherry ORF with stop pH7M34GW Spec Hygro pHy/35S::AHA2A66-mCherry  Generated during the thesis
promoter 35S AHA2A66 ORF without stop ~ GFP ORF with stop pK7m34GW Spec Kana pKan/35S::AHA2A66-GFP Generated during the thesis
promoter HIR2 ~ HIR2 ORF without stop mCherry ORF with stop pH7M34GW Spec Hygro pHy/pHIR2::HIR2-mCherry Generated during the thesis
promoter 35S HIR2 ORF without stop mCherry ORF with stop pH7M34GW Spec Hygro pHy/35S::HIR2-mCherry Available at the beginning of the thesis
promoter 35S mCherry ORF without stop LTi6b ORF with stop pH7M34GW Spec Hygro pHy/35S::mCherry-LTi6b Available at the beginning of the thesis
promoter 35S HIR2 ORF without stop GFP ORF with stop pK7m34GW Spec Kana pKan/35S::HIR2-GFP Available at the beginning of the thesis
promoter PIN2 ~ mCherry ORF without stop FRO2 ORF with stop pH7M34GW Spec Hygro pHy/pPIN2::mCherry-FRO2 Generated during the thesis
promoter PIN2 ~ FRO2 ORF without stop mCherry ORF with stop pH7M34GW Spec Hygro pHy/pPIN2::FRO2-mCherry Generated during the thesis
promoter PIN2 ~ AHA2 ORF without stop mCherry ORF with stop pH7M34GW Spec Hygro pHy/pPIN2::AHA2-mCherry Generated during the thesis
promoter PIN2 ~ HIR2 ORF without stop mCherry ORF with stop pH7M34GW Spec Hygro pHy/pPIN2::HIR2-mCherry Generated during the thesis
pGreen0029.35S::Flotl- Generated during the thesis in Jan
Kana Kana .
mCherry Martinec's lab
pGreen0029.35S::Flot2- Generated during the thesis in Jan
Kana Kana .
mCherry Martinec's lab
pGreen0029.35S::Flot3- Generated during the thesis in Jan
Kana Kana

mCherry

Martinec's lab




Table 5. List of the different genotypes that were used during this work, and the
constructs with which they were transformed. The last column also shows the availability
of the line at the beginning of this work

Genotype of transgenic line

Constructs used for the

TO availability at the
beginning of the

transformed transformation thesis

irtl-1/pIRT1::IRT1-mCitrine pIRT1::mCherry-FRO2 No
irtl-1/pIRT1::IRT1-mCitrine pIRT1::AHA2-mCherry No
irt1-1/pIRT1::IRT1-mCitrine | 35S::HIR2-mCherry Yes
irtl-1/pIRT1::IRT1-mCitrine pHIR2::HIR2-mCherry Yes
irtl-1/pIRT1::IRT1-mCitrine | 35S::mCherry-LTi6b Yes
irt1-1/pIRT1::IRT1-mCitrine pIRT1::FRO2-mCherry Yes
irtl-1/pIRT1::IRT1-mCitrine | 35::FRO2-mCherry Yes
Col-0/35S::IRT1-mCitrine 35S::FLOT1-mCherry No
frd1-1 pFRO2-mCherry-FRO2 No
frdl-1 pFRO2-FRO2-mCherry Yes
frdl-1 35S::mCherry-FRO2 No
hir2-2 pHIR2::HIR2-mCherry No
hir2-2 35S::HIR2-mCherry Yes
hir2-2 HIR2g No
Col-0/35S::AHA2-GFP pFRO2-mCherry-FRO2 No
Col-0/35S::AHA2-GFP 35S::mCherry-LTi6b No
Col-0 35S::HIR2-GFP yes
Col-0 pPIN2::mCherry-FRO2 No
Col-0 pPIN2::FRO2-mCherry No
Col-0 pPIN2::HIR2-mCherry No
Col-0 pPIN2::AHA2-mCherry No
Col-0/pPIN2::IRT1-mCitrine pPIN2::mCherry-FRO2 No
Col-0/pPIN2::IRT1-mCitrine pPIN2::FRO2-mCherry No
Col-0/pPIN2::IRT1-mCitrine | pPIN2::HIR2-mCherry No
Col-0/pPIN2::IRT1-mCitrine pPIN2::AHA2-mCherry No
Col-0/35S::IRT1-mCitrine pPIN2::mCherry-FRO2 No
Col-0/35S::IRT1-mCitrine pPIN2::FRO2-mCherry No
Col-0/35S::IRT1-mCitrine pPIN2::HIR2-mCherry No
Col-0/35S::IRT1-mCitrine pPIN2::AHA2-mCherry No
irt1-1/pIRT1::IRT1-mCitrine RabD1 Yes
Ws pIRT1-mCherry-FRO2 No
irtl-1/pIRT1::IRT1-mCitrine pIRT1-mCherry-FRO2 No
Col-0 35S::AHA2A66-GFP No
Col-0 35S::AHA2A66-mCherry No
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Table 6. Entry clones, destination vectors and final vectors used during the Split-ubiquitin
assays and their availability at the beginning of this work

Selection

Destination Bacterial Final fusion / S
Entry clone Vector Resistance _marker vector Availability
in yeast

pDONR 221-BRI1 ORF pMetYC-DEST Amp LEU2 BRI1-Cub-PLV Available at the
without stop beginning of the thesis
pDONR 221-FRO2 pMetYC-DEST Amp LEU2 FRO2-Cub-PLV Available at the
ORF without stop beginning of the thesis
pDONR 221-AHA2 pMetYC-DEST Amp LEU2 AHA2-Cub-PLV  Available at the
ORF without stop beginning of the thesis
pDONR 221-HIR2 pMetYC-DEST Amp LEU2 HIR2-Cub-PLV Available at the
ORF without stop beginning of the thesis
pDONR 221-AHA2 pNX35-DEST Amp TRPO NubG-PMA2 Available at the
ORF with stop beginning of the thesis
pDONR 221-HIR2 pNX35-DEST Amp TRP1 NubG-HIR2 Available at the
ORF with stop beginning of the thesis
pDONR 221-IRT1 ORF  pNX35-DEST Amp LEU1 NubG-IRT1 Available at the
with stop beginning of the thesis
pDONR 221-AHA2 pDR195GW Amp URA3 pDR195-AHA2 Generated during the
ORF with stop ORF with stop thesis
PENTR3C-Flotl ORF pMetYC-DEST Amp LEU2 Flotl-Cub-PLV Generated during the
without stop thesis
PENTR3C-Flot2 ORF pMetYC-DEST Amp LEU2 Flot2-Cub-PLV Generated during the
without stop thesis
pPENTR3C-Flot3 ORF pMetYC-DEST Amp LEU2 Flot3-Cub-PLV Generated during the

without stop

thesis
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Discussion and Perspectives

|. IRT1 interactome: a new departure point in the study of
the dynamics and the requlation of IRT1 and new insights
in the iron acquisition process

Iron acquisition is essential for plant growth and development. The fact that IRT1 is the
main Fe acquisition transporter in root epidermal cells in Arabidopsis attracted the focus of the
scientific community, leading to the discovery of very complex transcriptional regulations that
lead to IRT1 transcription in the context of Fe deficiency (Brumbarova et al., 2014). In addition
to Fe, IRT1 allows the uptake of non-iron metals, namely Zn, Mn and Co. All these metals are
essential for plants, but are toxic when present in excess. Therefore, IRT1 protein must be
tightly regulated to maintain metal homeostasis and to ensure plant optimal growth. Although
IRT1 has been studied for years (Zelazny and Vert, 2015; Dubeaux et al., 2018), only a handful
of proteins were identified as IRT1 regulators, such as FYVE1, SNX1, IDF1 and CIPK23,
which mainly control IRT1 intracellular localization (Shin et al., 2013; Barberon et al., 2014;
Ivanov et al., 2014; Dubeaux et al., 2018). To better understand how IRT1 is regulated, we
searched for IRT1 interactors by performing immunopurification of the functional IRT1-
mCitrine fusion protein coupled to mass spectrometry analysis to identify the co-purified
proteins. Such approach has the great advantage to reveal physiologically relevant protein-
protein interactions in plant cells and was successfully used in the past to identify proteins that
interacts with channels and receptors (Karlova et al., 2006; Bellati et al., 2016).

Among 142 proteins putatively interacting with IRT1, we defined a group of proteins
related to the intracellular trafficking and including clathrin, tubulin and actin (Supplemental
Table 2). An association between clathrin and IRT1 is in agreement with the previously
reported clathrin-mediated internalization of IRT1 from the PM (Barberon et al., 2014). The
co-IP technic does not allow to determine whether two proteins directly interact or not, however
it is likely that the interaction between IRT1 and clathrin is mediated by an unknown adaptor
protein. So far the role of actin and tubulin in IRT1 dynamics has never been investigated,
however since these proteins are known to be involved in plant endocytosis (Fan et al., 2015)
their presence in the IRT1-interactome opens interesting perspectives. Two small G proteins
from the Rab class, RAB GTPase homolog A1D and RAB GTPase homolog 1C, were also
found as putative interactors of IRT1 (Supplemental Table 2). Although the role of these two
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proteins in intracellular trafficking has never been investigated, similar Rab proteins were
described to act in plant endocytic pathways (Qi and Zheng, 2013). Intriguingly, the IDF1 E3
ubiquitin ligase and the CIPK23 kinase were not found in our IRT1 interactome, although their
function in controlling IRT1 endocytosis was previously demonstrated, as well as their capacity
to interact with IRT1 (Shin et al., 2013; Dubeaux et al., 2018). However, IDF1 and CIPK23
interactions with IRT1 were revealed by split-ubiquitin and yeast-two hybrid targeted
approaches, respectively. Given the functions of IDF1 and CIPK23, their interactions with
IRT1 are probably very transient and may be lost during the co-IP procedure, contrary to the
split-ubiquitin and yeast-two hybrid systems where these associations would be stabilized
(Xing et al., 2016). Until now, studies of IRT1 trafficking mainly described endocytic
mechanisms and how IRT1 travels along the secretory pathway remained unknown.
Interestingly, the IRT1 interactome brought to light for the first time interactions between
proteins involved in the secretory pathway and IRT1. Thus, several components of the COPII
machinery appeared as IRT1 putative interactors, suggesting a role of COPII in the recruitment
and the transport of IRT1 from the ER to the Golgi apparatus (Supplemental Table 2).
Membrane proteins exit the ER via the recognition by the COPII machinery of specific
cytoplasmic export motifs, such as diacidic motifs corresponding to (D/E)x(D/E), with x
representing any amino acid residue (Zelazny et al., 2009). A diacidic motif (EDD) located in
the large cytosolic loop of IRT1 at the position 180 may be involved in the packaging of IRT1
in COPII vesicles and its export from the ER, even if it remains to be experimentally
determined.

Besides IRT1 interactors linked to the intracellular trafficking, proteins involved in
metal homeostasis constitute a very interesting group of candidates (Supplemental Table 2).
Recently coumarins, that are excreted in the rhizosphere by PDR9, were demonstrated to be
important for Arabidopsis iron acquisition by chelating Fe3* and as a result facilitating iron
availability for FRO2, as commented in the Introduction Chapter | (see also Figure 2).
Intriguingly, IRT1 putatively interacts with F6’H1 and Cytochrome P450/CYP82C4 that are
both involved in coumarin biosynthesis (Schmid et al., 2014; Rajniak et al., 2018).
Nevertheless, the meaning of these interactions remains unclear notably because PDR9 was not
identified as interacting with IRT1. However, the solubilization of PDR9, a large
transmembrane protein, may not be optimal in the conditions we used for the co-IP and other
approaches will be necessary to determine whether the PDR9 and IRT1 could work in concert

among a common protein complex. Interestingly, FRO2 and AHA2, which act with IRT1 in

119



the acidification-reduction-transport strategy for iron acquisition, were found as interacting
with IRT1, as detailed below.

Interestingly, several SPFH-domain containing proteins were identified as putatively
interacting with IRT1, namely HIR2, HIR4 and AT2G03510, this latter being the only
Arabidopsis erlin. The interaction between IRT1 and proteins from this family highlighted the
possibility that membrane microdomains contribute to the regulation of IRT1. The role of HIR2
in the control of IRT1 was investigated in detail. The presence of HIR4 in IRT1 interactome
may suggest a role of this protein in IRT1 regulation and since HIR proteins are known to
oligomerize, IRT1, HIR2 and HIR4 may be present in a common protein complex. As
previously mentioned, although AT2G03510 appears to be related to Zn homeostasis and metal
hyperaccumulation, its contribution to these processes is far from being understood. Since
AT2G03510 is predicted to be located in the ER (Dangk et al., 2016), it suggests that IRT1
may be present in ER membrane microdomains, in addition to PM microdomains. In the future
it will be interesting to first confirm the interaction between IRT1 and AT2G03510 and then to
determine the molecular outcome of this interaction.

It is important to comment some limitations about the approach of co-
immunopurifications coupled to mass spectrometry we performed in this work. First, during
this analysis, wild type plants were used as a negative control and, although similar controls
were previously reported (Karlova et al., 2006; Bu et al., 2017), they are probably not optimal.
In the future, to strengthen our results, the use of transgenic lines expressing the cytosolic
mCitrine or a modified mCitrine anchored in the plasma membrane may constitute a better
negative control, allowing to exclude proteins putatively interacting with the mCitrine and not
with IRT1. Secondly, co-IP followed by mass spectrometry analyses experiments are usually
performed in triplicates. In this work, only two independent experiments were performed. To
strengthen our IRT1 interactome, it would be interesting to perform in the future an additional
experiment. However, it is worth noting that although some interactors are not detected in all
replicates, they may constitute anyway interesting candidates. In this study, it is illustrated by
the case for FRO2 that was isolated in one experiment on two.
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II. IRT1, FRO2 and AHA2 form an Iron-acquisition
complex to optimize iron uptake at the epidermis of
Arabidopsis roots.

Using co-IP analysis followed by immunodetections, we confirmed that IRT1
associates with FRO2 and AHA2 proteins in Arabidopsis root epidermal cells under iron
deficient conditions (Figure 10). In addition, AHA2 was found to co-purify with FRO2 (Figure
12). Importantly, physical interactions between IRT1, FRO2 and AHAZ2 are probably direct as
revealed by a split-ubiquitin assay (Figure 9). According to these results, we proposed that
IRT1, FRO2 and AHA2 may constitute a specialized iron-acquisition platform. As mentioned
in the results, the interactions between IRT1/FRO2 and AHA2 were revealed in Arabidopsis
using anti-Nicotiana plumbaginifolia PMA2 antibodies that indeed recognize Arabidopis
AHAZ2, as confirmed by immunodetecting AHA2 expressed in yeast. When this anti-PMA2
antibodies were used to probe a protein extract from the Arabidopsis aha2 knock-out mutant,
signals corresponding to AHA proteins were detected (result not shown), showing that other
AHA proteins than AHA2 are recognized by these antibodies. Indeed, the mass spectrometry
analyses performed on IRT1 co-immunopurified fractions identified peptides specific to AHA2
isoform, but also peptides common to AHA?2 and other AHA proteins, mostly AHAL. However,
no peptide specific to other AHA proteins than AHA2 were found. Therefore, although in our
co-1P analysis other AHA proteins besides AHA2 may interact with IRT1 or FRO2, the signal
obtained may probably correspond to specifically AHA2, the isoform that chiefly mediates
rhizosphere acidification in lack of Fe (Santi and Schmidt, 2009). We attempted to reveal
interactions between IRT1/FRO2 and AHA2-GFP/mCherry fusion proteins, but for an
unknown reason this approach resulted unsuccessful. However, our split-ubiquitin assay
unambiguously showed that AHAZ2 interacts with IRT1 and FRO2, moreover co-IP analysis
combined with mass-spectrometry analysis revealed AHA2, and none of the other 11 AHA
proteins, specifically interacts with IRT1. For these reasons, we believe that the interactions
between AHA2 and IRT1/FRO2 are specific. Although being only a supposition, the absence
of interaction detected between IRT1/FRO2 and AHA2-GFP/mCherry may be due to a partial
functionality of AHAZ2 fusion proteins, although this type of C-terminal-tagged AHA/PMA
proteins were previously shown to be, at least in part, functional. Despite our multiple efforts,
we were unable to show, using acidification tests, that our AHA2-GFP/mCherry fusions
expressed in plants were active. As previously mentioned, since the activity of AHA is highly

regulated, notably by their C-terminus that act as negative regulators, the accumulation of AHA
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proteins may not obligatory correlate with an increase in proton pump activity. For this reason,
C-terminus deleted AHA2 proteins, that were shown to be constitutively active (Regenberg et
al., 1995), were fused to fluorophores and soon their activity will be investigated to determine
the impact of the C-terminal fusion on AHA2 properties. Nonetheless, AHA2-GFP and AHA2-
mCherry are properly synthetized and correctly targeted to the PM and endosomes in root cells
(Figures 16A and B). In addition, AHA2-GFP can be efficiently post-translationally modified
by ubiquitination (Figure 17). These results made us think that these fusion proteins are likely
functional.

Due to the restrictive expression of IRT1 and FROZ2 in the epidermal cells of the root
(Barberon et al., 2014 and Figure 11A) the iron acquisition platform probably only exists in
this cell type, although AHAZ2 expression appears ubiquitous in the root (Haruta et al., 2018).
Microscopy analysis revealed that FRO2 was localized at the outer polar domain of the PM in
root epidermal cells (Figure 11A and 18), similarly to IRT1. The polarity of FRO2 had not been
addressed so far, due to the difficulties to obtain proper antibodies against FRO2, or functional
FRO2 fluorescent fusion proteins. The co-polarity between FRO2 and IRTL1 in the outer polar
domain of the PM highlight the specificity of their functions achieved at the interface between
the root surface and the rhizosphere. In the future, it will be interesting to determine whether
the polarity of IRT1 and FRO2 is established by common mechanisms, for instance by
investigating the role of FYVE1 protein on FRO2 polarity. Contrary to IRT1 and FRO2, the
distribution of AHAZ2 in the PM of root epidermal cells was homogenous (Figure 18),
suggesting that AHA2 does not obligatory associate with FRO2 and IRT1 since they are
excluded from the inner polar domain of the PM. This result is in accordance with the function
of AHAZ that is not restricted to iron acquisition (Yuan et al., 2017; Hoffmann et al., n.d,;
Pacifici et al., 2018). Interestingly, we showed that IRT1 not only co-localized with FRO2 and
AHA2 at the PM, but also in endosomes (Figure 18). Although our interaction tests do not
provide information about where the interactions between IRT1, FRO2 and AHA2 occur, the
subcellular localization of these proteins point to the PM and endosomes as putative sites of
interaction. In the future, Forster resonance energy transfer-fluorescence lifetime imaging
microscopy (FRET-FLIM), which allows to detect protein-protein interactions in living plant
cells with a high spatial and temporal resolution (Zelazny et al., 2007) may reveal where IRT1
interacts with FRO2 and AHAZ2 in the cell. Unfortunately, this technique could not be used
during this work, because it requires the presence of fluorescent tags in the cytosolic domains
of the protein to be tested and in the case of IRT1-mCitrine, the mCitrine is located in an

extracellular loop of IRT1 to preserve its functionality (Dubeaux et al., 2018, Figure 8A).

122



Therefore, another functional fusion of IRT1, with the fluorophore located on the cytosolic
face, will have first to be generated.

IRT1 intracellular dynamics is regulated by ubiquitination, notably, in response to non-
iron metal excess, IRT1 is highly ubiquitinated which induces its endocytosis and its
degradation in the vacuole. Therefore, we decided to uncover whether FRO2 and AHA2, which
interact with IRT1 among an iron acquisition complex, may undergo a similar process. We
demonstrated that AHA2 and FRO?2 are also ubiquitinated but, interestingly, FRO2 and AHA2
ubiquitination does not change in response to non-iron metal excess (Figure 17). Whether
FRO2 and AHAZ2 ubiquitination is a constitutive process or is regulated by environmental cues
remains to be determined. We also characterized the response of AHA2 and FRO2 to non-iron
metal excess in terms of subcellular localization. Interestingly, contrary to IRT1, non-iron metal
excess does not induce a massive internalization of FRO2 and AHA2 from the PM in root
epidermal cells (Figure 18). Numerous studies performed in plants and yeast highlighted that
ubiquitin-mediated endocytosis of transporters can be directly regulated by their substrates
(Gitan and Eide, 2000; Kasai et al., 2011; Dubeaux et al., 2018). Although FRO2 and AHA2
form a complex with IRT1, their catalytic activities are totally different from the one of IRT1
and non-iron metals do not constitute substrates. Thus, it is not surprising that their intracellular
trafficking, as well as their ubiquitination, as described above, are not strongly and directly
impacted by IRT1 secondary substrates. However, concerning FRO2 response to non-iron
metals, some fine mechanisms may exist since FRO2 was shown to more co-localize with IRT1
in endosomes in response to non-iron metal excess, suggesting a possible increase of FRO2
internalization from the PM in these conditions (Figure 18). Since this phenomenon is subtle
and because FROZ2 ubiquitination does not increase upon non-iron metal excess, this
observation may correspond to FRO2 protein that is passively internalized by interacting with
IRT1. To test this hypothesis, it would be interesting to assess if the increased FRO2
internalization upon non-iron metal excess is maintained in the absence of IRT1 or in conditions
where IRT1 is no longer internalized. To do so, we expressed the mCherrry-FRO2 protein in
irtl-1 mutant and in a transgenic line where the IRT1.kr-mCitrine mutated protein, which is
unable to be internalized due to the absence of ubiquitination, is expressed in irtl-1. The
localization of FRO2 as well as its response to non-iron metal excess inside both genetic
backgrounds will be addressed in the future. To go further, it would be also very interesting to
analyze the co-endocytosis of FRO2 and IRT1 by performing TIRF microscopy that allows the
study of internalization processes occurring at the PM with a high spatial and temporal

resolution (Johnson and Vert, 2017). Intriguingly, contrary to FRO2, we did not find AHA2 as
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being more co-localized with IRT1 in endosomes in response to non-iron metal excess. This
may imply that AHA2 and IRT1 dissociate before IRT1 internalization from the PM, even if it
remains to be demonstrated.

Our work shed new light on the co-regulation of IRT1, FRO2 and AHA2 genes whose
expression is induced under iron deficiency. Indeed the existence of a complex gathering IRT1,
FRO2 and AHA2 requires the presence of all the partners in the same cell type at the same
time. Besides AHA2, AHA7 gene expression is upregulated in response to low iron showing
that this H"-ATPase also participates in the iron deficiency response, however mutant analysis
revealed that rhizosphere acidification is chiefly mediated by AHAZ in lack of iron (Santi and
Schmidt, 2009). As previously mentioned, we did not isolate AHA7 in IRT1 interactome and
out of the 12 members of the Arabidopsis AHA family, only AHA2 was specifically co-purified
with IRT1 during the mass spectrometry analyses, showing the specificity of this interaction
and reinforcing the importance of AHAZ2 in iron acquisition. As presented in the Introduction
(Chapter I), Fe is a very abundant element in the rhizosphere, but scarcely bioavailable. During
the iron acquisition process, local rhizosphere acidification by the root is essential to increase
iron availability. Indeed iron solubility increases 1000-fold for every one unit drop in pH (Olsen
et al., 1981). Moreover, the presence of oxygen in the soil probably induces the constant re-
oxidation of Fe?*, produced by FRO2, to Fe3* that is not transported by IRT1. Thus, we propose
that the close proximity between IRT1, FRO2 and AHAZ2 gathered among a common protein
complex create a local environment in the rhizosphere, in term of pH and Fe?* concentration,
which promotes an optimal acquisition of iron (Figure 28). This original mechanism provides
new insights in our understanding of the control of iron uptake in plant roots, which may have
agronomic outcomes. To fully validate our model, it would be very interesting in the future to
be able to disturb the assembly of the Fe acquisition protein complex and analyse the impact in
term of iron acquisition. To this purpose, we might generate IRT1, FRO2 or AHA2 mutated
proteins that are still active but that cannot interact anymore with the other components of the

complex. However, this constitutes a long-term approach.
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Figure 28. Tentative model for the functioning of the iron acquisition complex

IRT1, FRO2 and AHA2 proteins interact at the outer polar plasma membrane (PM) domain of
root epidermal cells to form a specialized complex which optimizes iron acquisition by creating
a local environment with low pH and high Fe?* concentration. Outside this optimal zone for iron
acquisition, we propose that Fe?*is constantly re-oxidized to Fe3* ,which in turn forms insoluble
iron complexes. In addition to be plasma membrane localized, the iron acquisition complex is
also probably present in early endosomes, reflecting endocytic events of the complex. Note that
contrary to IRT1 and FRO2, AHA2 is distributed at both plasma membrane polar domains. This
model depicts the localization of IRT1, FRO2 and AHA2 in the absence of iron and in the presence
of physiological amounts of non-iron metals (—Fe +Metals).

I11. HIR2 Is a membrane microdomain-located protein that
interacts with IRT1 and plays a role in Fe homeostasis

By performing co-1P analysis followed by immunodetections, we confirmed that IRT1
associates with HIR2 among a protein complex in Arabidopsis root epidermal cells (Figure 13),
however, the interaction between IRT1 and HIRZ2 is probably indirect as evidenced by the split-
ubiquitin test we performed (Figures 9). The fact that the interaction between these two proteins

seems indirect, made us hypothesize that another member of the Fe acquisition platform may
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create a linkage between IRT1 and HIR2. Indeed, a split-ubiquitin analysis revealed that HIR2
directly interacts with AHA2 (Figure 14), this latter being able to interact with IRT1 too.
However, in a variant of the split-ubiquitin assay that allows to test trimeric interactions, we
failed to show that AHA2 mediates an interaction between IRT1 and HIR2 (Figure 15). As
previously mentioned in the results, it could be due to the large size of AHAZ2 protein that would
impair ubiquitin reconstruction even though AHA2 indeed facilitates the interaction between
IRT1 and HIR2. In the future, further investigations should be performed in Arabidopsis. For
instance, it will be interesting to determine whether HIR2 is co-immunopurified with IRT1 in
the absence of AHA2 in aha2 mutant background. Besides, it would be also interesting to
investigate the effect of AHA2 deletion on the formation of the Fe acquisition complex.
Although AHA2 may indirectly allow the recruitment of IRT1 in membrane microdomains
containing HIR2, another unknown protein found in IRT1 interactome may also perform this
function. Interestingly, AHA2 was recently proposed to interact with another HIR isoform,
HIR1, in the context of the response against pathogens (Lv et al., 2017). Thus, AHA2-HIR
interaction is not restricted to iron uptake process.

Microscopy analysis revealed that HIR2 is specifically targeted to the PM of the root
epidermis, where it distributes in a dotted disposition pattern typical of microdomain-located
proteins (Figure 19 and 20). Interestingly, IRT1 can adopt this punctate distribution at the PM
in epidermal cells showing that this transporter can indeed localize in membrane microdomains
(Figure 20). However, IRT1 can be also homogeneously distributed at the cell surface, showing
that IRT1 is probably not an obligatory membrane microdomain protein. Despite our efforts,
we failed to visualize HIR2 and IRT1 in common PM microdomains using spinning-disk
microscopy (Figure 21). This is really intriguing since IRT1 and HIR2 proteins are able to
associate and it constitutes a real issue in our understanding of the regulation of IRT1 by HIR2.
As stated in the Introduction, preparation and analysis of detergent-insoluble membranes
(DIM) constitute a biochemical way to study membrane microdomains. HIR2 but also AHA2
were previously shown to be associated with DIM (Borner et al., 2005; Qi et al., 2011). In
addition to the microscopy analyses described above, biochemical approaches will be
performed in the future to show that IRT1 is also present in DIM prepared from Arabidopsis
roots and to determine in which proportion. It will also be interesting to perform the same
approach for FROZ2, which interacts with IRT1 among the iron acquisition complex.
Interestingly, the work of Tan et al., (2017) provided first biochemical evidences that IRT1

from Malus xiaojinesis (MxIRT1) is present in plant DIM.
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To study the role of HIR2 in iron homeostasis, we initiated reverse genetic approaches
by analysing the phenotype of hir2 loss-of-function mutants, hir2-1 and hir2-2, under different
metal status. Before | started my thesis, preliminary data performed in our laboratory suggested
that hir2-1 mutant was more chlorotic than WT plants under iron deficiency, suggesting a
default in iron homeostasis (Supplemental Figure 3). I confirmed this result by characterizing
in detail the phenotype of hir2-2 mutant under different iron regimes. Notably, we measured a
huge decrease in chlorophyll content in hir2-2 mutant compared to WT plants under iron
deficiency (Figure 22). The hyper-chlorosis of hir2-2 mutant was strongly reverted by the
addition of sufficient amounts of Fe. Interestingly, expression of the HIR2-mCherry fusion
protein partially reversed the chlorosis of hir2-2 mutant in the absence of iron (Figure 23).
These results suggest that iron homeostasis is disturbed in hir2 mutants and show for the first
time, to our knowledge, the role of a membrane microdomain protein in plant metal nutrition.
To go further, it will be important to fully complement the phenotype of hir2-2 mutant by
introducing a HIR2 genomic fragment, as described in the results. In addition, similar deep
phenotypical analysis will be performed on hir2-1 mutant. Intriguingly, under iron replete
conditions, hir2-2 mutant contains slightly less chlorophyll than WT plants. Moreover, in the
same standard conditions, hir2-2 displays shorter primary roots than WT plants. These
observations are in accordance with the fact that HIR2 performs other functions unrelated to
Fe nutrition, such as the mediation of the pathogen defence response (Qi et al., 2011). To go
further in the study of the role of HIR proteins in metal homeostasis, it will be interesting to
investigate the function of other HIR isoforms, such as HIR4 that putatively interacts with IRT1
protein, as previously mentioned. The phenotype of hir4 knock-out mutants will be analyzed
in response to iron deprivation. More importantly, the double hir-2 hir-4 mutant will be
generated to possibly reveal an even more dramatic phenotype in iron limited conditions in
comparison to single mutants. The hypersensitive phenotype displayed by hir2 mutants when
exposed to a lack of Fe, together with the interaction between HIR2 and IRT1 proteins, made
us wonder whether IRT1 protein level was deregulated in the absence of HIR2. Surprisingly,
despite the strong chlorosis displayed by hir2 mutants, IRT1 protein over-accumulated in the
roots of hir2-1 and hir2-2 compared to WT plants in low iron conditions (Supplemental figure
3 and Figure 24). Although IRT1 protein accumulated more than six times in the roots of hir2-
2 compared to Col-0, the amount of IRT1 transcript varied very little between both genotypes
(Figures 24B and C), suggesting a post-transcriptional regulation of IRT1. As stated below,
IRT1 endocytosis and degradation could be affected in hir2 mutants, which may explain IRT1

over-accumulation.
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During my thesis, to try to understand why the hir2-2 mutant was hypersensitive to iron
deficiency, we formulated two hypotheses. In a first hypothesis, the over-accumulation of IRT1
in hir2-2 mutant could favour, in low iron conditions, the entrance of the non-iron metal
substrates of IRT1 (Zn, Mn and Co) since these metals do not need a reduction step to be
uptaken. A huge accumulation of toxic non-iron metals might have explained the hyper
chlorosis of hir2-2 mutant. In a second hypothesis, in the absence of HIR2, IRT1 may be
present in large amount but mis-localized outside of specific PM membrane microdomains or
elsewghere in the cell, which may decrease or inhibit IRT1 activity due to a different lipid
context. In this case, we expected that hir2-2 mutant would be unable to acquire any IRT1
metal substrates (Fe, Zn, Mn and Co), explaining why the metal homeostasis was disturbed. To
evaluate both possibilities we compared the leaf metal contents in hir2-2 mutant and WT plants.
Surprisingly, we found that both genotypes accumulated very similar amounts of Fe, Mn and
Zn, whatever the growth conditions (Figure 25). This result invalidated our two hypothesis
since the pool of IRT1 present in hir2-2 appeared to be functional and because hir2-2 mutant
did not accumulate more non-iron metals than WT plants in leaves. Normally, a metallic
unbalance in the root of Arabidopsis, motivated by the exposure of the plant to different metal
regimes, results into a measurable metal unbalance in the shoot (Viehweger, 2014).
Nonetheless, in order to fully characterize hir2-2 mutant, it will be of extreme importance to
compare the metal accumulation profile in roots from hir2-2 and WT plants, which may reveal
some differences. Even if the total metal accumulation is not impacted in hir2-2, it is possible
that the metal repartition in different tissues or cellular compartments is disturbed in this
mutant. Therefore, we planned to compare the localization of the iron pool in hir2-2 mutant
and in WT plants, using the Perls/DAB staining combined with microscopy (Roschzttardtz et
al., 2009), to try to highlight possible deregulation in hir2-2. Now, it clearly appears that further
information must be gathered about the metal nutritional status of hir2-2 mutants before we
can completely reject one of our initial hypotheses. It is important to consider that, in addition
to arole in the control of IRT1, HIR2 may also modulate the activity of other metal transporters
in Arabidopsis. As a result, the phenotype of hir2-2 mutant under iron deficiency might result

from several defaults in metal transport.

How HIR2 regulates IRT1 at the molecular level remains unknown. However,

according to the functions performed by different microdomain proteins (see Introduction
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Figure 29. Putative regulation of the iron acquisition complex by HIR2.

Iron absorption is facilitated by the Fe acquisition complex as described in Figure 28 and
implies HIR2. Two different modes of action for HIR2 are hypothesized:

1. HIR2 may act as scaffolding protein. HIR2 interacts with specific members of the Fe
acquisition complex and, thus, allows their recruitment and maintenance in specific PM
microdomains from root epidermal cells.

2. HIR2 may be involved in the endocytosis of members of the Fe acquisition complex.
HIR2 may contribute to the creation of an endocytic platform inducing the
internalization of the Fe acquisition complex.

Independently of both hypotheses, the absence of HIR2 greatly impacts Fe homeostasis
in Arabidopsis.

Root epidermal cells

Inner polar PM
domain

——— \icrodomain

Chapter 111), a first hypothesis is that IRT1, and probably the whole Fe acquisition complex,
may be recruited in PM microdomains by interacting with HIR2 that would act as a scaffolding
protein (Figure 29). To contrast this hypothesis, it will be important to determine by microscopy
approaches whether IRT1, but also FRO2 and AHAZ2, are still located in PM microdomains in
the absence of HIR2. To this purpose, we already crossed the hir2-2 mutant with the transgenic
line expressing IRT1-mCitrine. In addition, biochemical approaches will be performed to
determine whether the absence of HIR2 induces a relocalization of IRT1/FRO2/AHA2 from
DIM to membrane fractions sensitive to non-ionic detergents. Finally, the capacity of IRT1 to
interact with FRO2 and AHA2 in the absence of HIR2 (hir2-2 mutant background) may be
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investigated to determine whether HIR2 and membrane microdomain recruitment is required
for these interactions.

So far, IRT1 endocytosis was demonstrated to be clathrin-dependent (Barberon et al.,
2014), but, as stated in the introduction, another endocytic pathway called microdomain-
associated endocytosis (MAE) exists in plants (Li et al., 2012). The over-accumulation of IRT1
in hir2 mutants may be due to a stabilization of the protein resulting from a defect in IRT1
endocytosis. This result combined with the existence of an interaction between IRT1 and HIR2
led us imagine a second hypothesis in which IRT1 may undergo MAE mediated by HIR2-
containing PM microdomains, although this putative mechanism would be totally novel (Figure
29). To investigate this hypothesis, we propose to compare the internalization kinetics of IRT1-
mCitrine expressed in a hir2-2 mutant background and in WT plants by TIRF microscopy.
Since MAE can be regulated by environmental factors, it would be interesting to test the impact
of non-iron metal nutrition on the putative MAE of IRT1. It is important to consider that the
two hypotheses presented above, concerning the role of HIR2 in the regulation of IRT1, are not
inevitably exclusive. For instance, HIR2 may recruit IRT1 in specific PM microdomains and
may be involved in its endocytosis too. In a candidate approach, we also started to investigate
the putative role of Arabidopsis Flotl, which participates in MAE, but also Flot2 and Flot3, in
the endocytosis of IRT1. Different approaches were initiated in the frame of a collaborative
project. Preliminary phenotypical analysis of flot mutants suggested that Flot1 and Flot3 might
play a role in Fe acquisition. However, we showed that the three Arabidopsis flotillins do not
directly interact with IRT1 (Figure 26), although we did not investigate so far whether these
proteins could associate indirectly with IRT1 in a protein complex. Until now, we did not detect
a co-localization between IRT1 and the three flotillins in PM microdomains in root epidermal
cells (Figure 27). Despite of that, we believe that it might be interesting to investigate IRT1
internalization in the context of flotl mutant, thus the corresponding transgenic lines were
generated. To go further in the analysis of a putative MAE of IRTL, internalization Kkinetic
studies of IRT1-mCitrine may be performed by TIRF in the presence of drugs that disrupt the
structure of microdomains, such as methyl-p-cyclodextrin, or by expressing IRT1-mCitrine in
sterol biosynthesis mutants affected in the production of PM microdomains (Men et al., 2008;
Lietal., 2011; Zauber et al., 2013).
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Role de la protéine HIR2 et des microdomaines de la membrane plasmique dans le contréle de la machinerie
d’acquisition du fer chez les plantes
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Résumé Le fer est essentiel a la croissance et au développement des
plantes. Chez Arabidopsis thaliana, le transporteur IRT1 permet
I’absorption du fer par les cellules épidermiques de la racine et est, par
conséquent, un des acteurs majeurs de la nutrition en fer. IRT1 est
cependant un transporteur peu spécifique qui transporte également des
métaux non ferreux que sont le zinc (Zn), le manganése (Mn) et le cobalt,
qui constituent les substrats secondaires d’IRT1 et qui ont été récemment
démontrés dans notre laboratoire comme régulant I’endocytose d’IRT1.
Afin d’identifier des protéines potentiellement impliquées dans le trafic ou
dans la régulation de I’activité d’IRT1, nous avons isolé des interactants de
ce transporteur via des immunopurifications d’IRT1 combinées a des
analyses de spectrométrie de masse. Cette approche nous a permis d’établir
le premier intéractome d’IRT1. Parmi les protéines interagissant avec
IRT1, nous avons isolé AHA2 et FRO2 qui participent toutes les deux au
processus d’absorption du fer chez Arabidopsis, ainsi que la protéine a
domaine SPFH appelée HIR2. HIR2 est localisée dans des microdomaines
membranaires chez Arabidopsis, mais sa fonction reste jusqu’a présent
assez énigmatique. Cependant, chez les animaux, les protéines a domaine
SPFH ont été proposées comme étant impliquées dans la formation des
microdomaines membranaires; de plus certaines protéines a domaines
SPFH appelées Flotillines interviennent dans des mécanismes
d’endocytose chez les animaux et les plantes. Aprés avoir validé les
interactions entre les protéines IRT1 et FRO2/AHA2/HIR2 par des

approches complémentaires, nous avons analysé la dynamique
intracellulaire de ces protéines par microscopie. Nos résultats suggerent
I’existence d’un complexe protéique regroupant les trois acteurs majeurs
de I’homéostasie du fer chez Arabidopsis : IRT1, FRO2 et AHA2, dont
la fonction pourrait étre d’optimiser 1’absorption du fer dans la racine.
Contrairement a ce qui est observé pour IRT1, les protéines FRO2 et
AHAZ2 ne sont pas massivement endocytées en réponse a un excés de
métaux (Zn,Mn, Co) et ceci bien qu’elles puissent étre présentes au sein
d’un complexe contenant IRT1. Nous avons en outre montré que FRO2
et AHA2 étaient ubiquitinées, mais contrairement a IRT1, de fagon
indépendante de la concentration en métaux non ferreux. En utilisant des
approches de génétique inverse, nous avons mis en évidence que HIR2
était impliquée dans le maintien de I’homéostasie du fer, les mutants hir2
étant extrémement sensibles a la carence en fer. D’autre part nous avons
montré que 1’accumulation de la protéine IRT1 était dérégulée chez le
mutant hir2 et ceci de fagon post-transcriptionnelle. Nous cherchons
actuellement & déterminer comment HIR2 régule la dynamique et/ou la
stabilité d’IRT1 dans la cellule. HIR2 pourrait assurer le recrutement
d’IRT1 et plus généralement du complexe d’acquisition du fer décrit ci-
dessus dans des microdomaines membranaires spécifiques. D’autre part,
nous avons également émis I’hypothése que HIR2 pourrait étre
impliquée dans une voie d’endocytose d’IRT1 indépendante de la
clathrine

Role of HIR2 protein and plasma membrane microdomains in the control of iron acquisition machinery in
plants

Keywords : IRT1, endocytosis, membrane microdomains, iron acquisition.

Abstract : Iron is an essential nutrient for plant growth and
development. In Arabidopsis thaliana, the transporter IRT1, which allows
iron absorption through the epidermic cells of the root, is a major actor in
iron nutrition. Bessides, IRT1 also transports the non-iron metals zinc (Zn),
manganese (Mn) and cobalt (Co). These metals are considered as the
secondary substrates of IRT1, and therefore this transporter is considered
as poorly specific. Our laboratory has recently uncovered that these
secondary substrates regulate IRT1 endocytosis. In order to uncover the
different proteins that can be implicated in the traffic or in the regulation
of IRT1 activity, we performed IRT1 immnopurification, followed by mass
spectrometry analysis. This approach allowed us to produce a first
interactome list of IRT1. Among the proteins that interact with IRT1, we
isolated AHA2 and FRO2, both well known in the process of iron
acquisition in Arabidopsis, and also a SPFH domain containing protein
known as HIR2. Although it is known that HIR2 is contained in membrane
microdomains in Arabidopsis, its function is still to be determined.
Nevertheless, in the animal kingdom, SPFH domain containing proteins
have been proposed as implicated in the formation of membrane
microdomains. This is especially the case of the specific SPFH domain
containing proteins known as Flotillins, which have the ability to mediate
endocytosis in animals as in plants. After validation of the
interaction between IRT1 and FRO2/AHA2/HIR2 by different

complementary approaches, we microscopically analyzed the intracellular
dynamics of these proteins. Our results suggest the existence of a protein
complex that reunites the three major actors of iron homeostasis in
Arabidopsis: IRT1, FRO2 and AHA2. We suspect that the main function
of this complex is to optimize the process of iron absorption in the root. In
spite of what is known for IRT1 and despite being part of a same complex,
FRO2 and AHAZ2 are not massively endocytosed in response to a hon-iron
metal excess (Zn, Mn, Co). Furthermore, we have shown that FRO2 and
AHAZ2 are ubiquitinated, although their ubiquitination is also independent
of the concentration of the non-iron metals, unlike the ubiquitination of
IRT1. Finally, using reverse genetic approaches, we have been able to
show that HIR2 is implicated in the maintenance of the iron homeostasis.
Indeed, hir2 mutants are extremely sensitive to lack of Fe, even though
they present posttranslational deregulations that result in the
overaccumulation of the protein IRT1. We are currently trying to
determine how HIR2 regulates the dynamics and/or the stability of IRT1
inside the cell. HIR2 could be assuring the recruiting of IRT1,0r the
recruitment of the whole iron acquisition complex, into specific membrane
microdomains. On the other hand, HIR2 could be implicated in a new
pathway of internalization of IRT1, independent of clathrin




