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Abstract

Iron is a key nutrient for all living organisms and it is involved in many cellular processes. Despite
being one of the most abundant elements on earth, iron often is unavailable because it precipitates in
soil, forming insoluble complexes. Plants take up iron from the soil through the epidermic cells of the
root using the IRT1 iron transporter that belongs to the widely distributed ZIP family of transporters.
Aside from iron, IRT1 can also transport non-iron metals (Zn, Mn, Co and Cd), which we also refer to
as the secondary substrates. It was recently shown by our team that IRT1 acts as a transceptor, directly
sensing non-iron metals using a histidine-rich stretch in an unstructured intracellular loop (Dubeaux
et al., 2018). Shortly, under non-iron metal excess, metals bind to the histidines recruiting the CIPK23
kinase. Phosphorylation, in turn, allows the recruitment of the IDF1 E3 ligase that ubiquitinates IRT1
and targets it for degradation through the endocytic pathway.

To date, we still know very little about the structural characteristics of IRT1, its transport
mechanisms, the basis of IRT1 transport selectivity and the molecular mechanisms driving regulation
events such as the recruitment of the CIPK23 kinase. Such a gap exist for all the eukaryotic ZIPs. During
the course of this work, we initiated crucial steps for achieving the biochemical characterization of this
protein. Here, we are the first to report having established an optimized protocol for the heterologous
expression, solubilization and purification of an IRT1 variant protein in yeast cells. Also, we determined
a technical procedure for the study of the IRT1 transporter in proteoliposomes. Both technical
approaches reported here set ground in the future of the structural and mechanical characterization of
IRT1, and eukaryotic ZIPs in general. The sample generated by our protocol resulted in a quality enough
for preliminary characterization of the structure by cryogenic electron microscopy together with our
collaborators. Additionally, we were able to investigate the oligomeric properties of IRT1 in vitro, by
subjecting the pure sample to fluorescent coupled size exclusion chromatography and analytical
ultracentrifugation, and by in vivo techniques such as co-immunoprecipitation and bimolecular
fluorescence complementation.

Furthermore, we investigated the nature of the molecular mechanism driven by metal binding on
the loop of IRT1. We determined by circular dichroism and NMR the absence of tridimensional
structure on said portion of the protein, even in presence of the secondary substrates that trigger the
regulatory path of IRT1. We provide here, further evidence of metal binding on the histidine loop, as
well as a quantification of this interaction in vitro. Additionally, we inferred on the role of an aspartic

acid residue, present in the regulatory loop as well, which appears to have a role in metal binding.



Résumé

Le fer est un nutriment clé pour tous les organismes vivants et il est impliqué dans de nombreux
processus cellulaires. Bien qu'il soit I'un des éléments les plus abondants sur terre, le fer est souvent
indisponible car il précipite dans le sol, formant des complexes insolubles. Les plantes absorbent le fer
du sol a travers les cellules épidermiques de la racine en utilisant le transporteur de fer IRT1 qui
appartient a la famille de transporteurs ZIP largement répandue. Outre le fer, 'TRT1 peut également
transporter des métaux non ferreux (Zn, Mn, Co et Cd), que nous appelons également les substrats
secondaires. Notre équipe a récemment montré que I'TRT1 agit comme un transcepteur, détectant
directement les métaux non ferreux a l'aide d'un motif riche en histidine dans une boucle intracellulaire
non structurée (Dubeaux et al. 2018). Briévement, sous un excés de métal non ferreux, les métaux se
lient aux histidines recrutant la kinase CIPK23. La phosphorylation, & son tour, permet le recrutement
de la ligase IDF1 E3 qui ubiquitine IRT1 et la cible pour la dégradation par la voie endocytique.

A ce jour, nous en savons encore trés peu sur les caractéristiques structurelles de 1TRT1, ses
mécanismes de transport, la base de la sélectivité de transport de I'TRT'1 et les mécanismes moléculaires
al'origine des événements de régulation tels que le recrutement de la kinase CIPK23. Un tel écart existe
pour toutes les ZIP eucaryotes. Au cours de ce travail, nous avons initié des étapes cruciales pour réaliser
la caractérisation biochimique de cette protéine. Ici, nous sommes les premiers a rapporter avoir établi
un protocole optimisé pour l'expression hétérologue, la solubilisation et la purification d'une protéine
variante IRT1 dans les cellules de levure. En outre, nous avons déterminé une procédure technique pour
l'é¢tude du transporteur IRT1 dans les protéoliposomes. Les deux approches techniques rapportées ici
ont jeté les bases de l'avenir de la caractérisation structurelle et mécanique de I'IRT1 et des ZIP
eucaryotes en général. L'échantillon généré par notre protocole a abouti & une qualité suffisante pour la
caractérisation préliminaire de la structure par microscopie électronique cryogénique en collaboration
avec nos collaborateurs. De plus, nous avons pu étudier les propriétés oligomeéres de I'IRT1 in vitro, en
soumettant 'échantillon pur a une chromatographie d'exclusion de taille couplée par fluorescence et a
une ultracentrifugation analytique, et par des techniques in vivo telles que la co-immunoprécipitation
et la complémentation de fluorescence bimoléculaire.

En outre, nous avons étudié la nature du mécanisme moléculaire induit par la liaison du métal sur
la boucle de I'IRT1. Nous avons déterminé par dichroisme circulaire et RMN l'absence de structure
tridimensionnelle sur ladite partie de la protéine, méme en présence des substrats secondaires qui
déclenchent la voie régulatrice de 'TRT1. Nous fournissons ici, des preuves supplémentaires de la liaison
des métaux sur la boucle de I'histidine, ainsi qu'une quantification de cette interaction in vitro. De plus,
nous avons déduit le rdle d'un résidu d'acide aspartique, également présent dans la boucle de régulation,

qui semble avoir un rdle majeur dans la liaison directe des métaux.
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Introduction

1 Introduction

1.1 Metal nutrition in living organisms

1.1.1 Essential micronutrients for living organisms: the role of

transition metals

Living organisms require nutrients to perform fundamental processes. According to the amount in
which they are required by cells, nutrients can be classified into two groups. Macronutrients are those
present at much higher quantities than micronutrients. Macronutrients, such as carbon (C), hydrogen
(H), nitrogen (N), oxygen (O), phosphorous (P) and sulfur (S), are required in high amounts and are
directly implicated as the building blocks in the synthesis of basic cell components, such as proteins,
lipids, carbohydrates, etc. Certain ions such as calcium (Ca), sodium (Na), potassium (K), magnesium
(Mg), and chloride (Cl) are considered macronutrients as well, for being required in much higher
quantity than micronutrients. Such macronutrient ions are rather involved in maintaining electrical and
osmotic balance, communication among cells, etc.

On the other hand, first-row transition metals; i.e. iron (Fe), cobalt (Co), chromium (Cr), copper
(Cu), manganese (Mn), selenium (Se), nickel (Ni), molybdenum (Mo) and the soft metal zinc (Zn) are
categorized as micronutrients. Despite being needed in minute amounts (5-100 mg.kg' dry mass),
micronutrients are critical for the correct development of cell functions (Alloway 2013). Chemical
properties, such as coordination geometries and redox potentials, make every individual metal relevant
and suitable for specific tasks; meaning that in most cases they cannot be replaced by other elements.

More than one third of proteins in the whole-cell proteome bind metals (Waldron et al. 2009) and
the purpose of these metal-bound proteins vary. In most cases, metals are bound to proteins to serve as
cofactors catalyzing biological reactions that would not be viable instead (Waldron et al. 2009). A classic
example are the Fe-S containing Ferredoxins (FNR) involved in the electron transfer chain during
photosynthesis. Besides functioning as cofactors, metals can be bound to proteins for structure
stabilization reasons such as zinc (Zn) in zinc finger motifs; or for storage purposes, like iron (Fe) in the
chelator protein ferritin. In vivo binding of metals needs to be precise and specific. The misplacing of a
metal atom could cause severe impairment in protein function (Merchant 2010). For example, in DNA
binding proteins, replacement of Zn?*; a divalent metal without redox activity; for a redox active divalent
cation, could cause radical formation and potential DNA damage.

For the purposes of this thesis, the importance, primary uptake mechanisms and homeostasis of Zn
and Fe will be described in the following chapters, with a focus on IRT1-related ZIP transporters when

possible.



Metal nutrition in living organisms

1.1.2 Importance and molecular mechanisms governing iron and

zinc acquisition in eukaryotes

1.1.2.1 Humans

Dietary metal incorporation is at the heart of metal nutrition in higher organisms. For vertebrates,
like humans, one of the main sources of micronutrients are crops and depending on the soil where these
are cultivated, this is very often a problem due to poor micronutrient bioavailability in most agricultural
soils. Fe and Zn deficient diets for example can cause a number of physiological disorders, anemia
resulting from lack of Fe being the predominant one. The World Health Organization estimates 1.96
billion people suffer from this condition (De Benoist and Mclean 2008). Some of the health
consequences of severe Fe deficiency anemia are increased risk of maternal and child mortality
(Macgregor 1963; Scholl and Hediger 1994). Additionally, impaired cognitive and physical functions in
children and adults are also linked to Fe deficiency anemia (Jauregui-Lobera 2014). This health issue
affects very unevenly developing countries, specifically affecting women of reproductive age and
children. Dietary differences are one of the main causes of this problem, given that cereals are the main
food source in developing countries and contain low amount of bioavailable Fe (Yip and Ramakrishnan
2002). Similarly, Zn malnutrition affects approximately one third of the global population. In addition
to food production in deficient soils, phytates in cereals that are mostly consumed by impoverished
populations, negatively affect Zn absorption (Welch and Graham 2004). Immune deficiency,
hypogonadism, growth retardation, diarrhea and dermatitis are among the consequences of a severe to
moderate Zn deficiency (Prasad 1991).

The mechanisms of Fe and Zn intake in humans have been largely characterized in the last two
decades. Nutrient absorption takes place through the apical surface of epithelial cells in the duodenum
(Figure 1-1). In the process of Fe absorption from non-haem iron sources (mainly from plant-based
foods), it is speculated that ascorbic acid in gastric acid allows the reduction of ferric (Fe3*) to ferrous
iron (Fe?*) by the Duodenal Cytochrome B (DCYTB) reductase (McKie et al. 2001; Ganasen et al. 2018).
Fe?* is then transported inside the enterocyte through the Divalent Metal Ion Transporter 1 (DMT1),
also referred to as Natural Resistance Associated Macrophage Protein 2 (NRAMP2) from the NRAMP
family of transporters (Gulec, Anderson, and Collins 2014; Garrick 2011). On the other hand, haem-
iron (derived from meat based foods) enters the epithelium through the Haem Carrier Protein 1 (HCP1)
and is later a substrate to the Haem-Oxygenase (HO) which catalyzes the reduction of haem-iron into
Fe**, carbon oxide and biliverdin IXa (Shayeghi et al. 2005). Further on the uptake path, ferroportin 1
(FPN1) located at the basolateral side of the cell, exports Fe into the blood for distribution (McKie et al.
2000).

Regarding Zn intake, it has been demonstrated that the main actor in incorporating Zn through the
apical membrane of enterocytes is the Zrt-Irt-like protein 4 (ZIP4) (Kiry et al. 2002; Wang et al. 2002).
Moreover, Zn Transporter 1 (ZnT-1) functions in regulating the intracellular Zn concentration through

efflux out of the cell into the portal blood to be distributed to other tissues (Mcmahon and Cousins
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1998). ZnT-1 exports Zn through the basolateral side of the epithelial cell. Likewise, ZIP5 and ZIP14,
also located at the basolateral face of enterocytes, work as the counterpart of ZnT-1, absorbing Zn from

the blood flux helping to balance nutrient requirements (Wang et al. 2004; Guthrie et al. 2015).

Zn2+ Fe3+ Fe2+
Fe2+
DCYTB
ZIP4 / il HCP1
Zn2+ sy
HO  Fe2+
Zn2+
Fe2+
Zn2+
ZnT-1 ZIP5 ZIP14 qa FPN1
Zn2+ Zn2+

Figure 1-1 Iron and Zn uptake by human enterocytes. Dietary non-haem iron is reduced by
DCYTB. Fe** is then internalized by the DMT1 transporter. Haem iron on the other hand, is
transported by HCP1 into the cytosol, where it is converted into Fe?>*and biliverdin by the HO.
In order to be distributed to other tissues, Fe?* is loaded to the bloodstream thanks to FPNI.
Zn?* is carried into the enterocyte by the ZIP4 transporter. Znt-1 in turn, excretes Zn?* into the
blood for distribution. ZIP4 and ZIP5 enact the opposite function, absorbing Zn?* from the
blood flow. Created with BioRender.com.

Nutritional deficit is not the only source of metal-related health issues. Genetic diseases caused by
malfunctioning of the aforementioned metal transporters can have a tremendous impact on human
health. An example of these are loss of function mutations in the Zn transporter ZIP13 causing Ehler-
Danlos syndrome (EDS) (Bin et al. 2014). ZIP13 is present in connective tissue and bone and is critical
for its development. People who suffer from EDS exhibit a series of bone abnormalities such as skeletal
dysplasia of the spine and malformation of the hands and teeth, due to the fact that Zn is essential for
bone mineralization (Yamaguchi 1998). Similarly, Acrodermatitis Entheropatica is a rare recessive
genetic disorder caused by mutations in the ZIP4 transporter, impairing dietary Zn absorption (Dufner-
Beattie et al. 2003). Acrodermatitis Entheropatica causes skin disease and frequent infections in children

and can be treated by Zn supplementation. Same as for Zn transporters, genetic diseases associated with
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mutations of Fe transporters also exist. Ferroportin disease is the most common cause of
hyperferritinemia and is caused by a mutation in the previously mentioned FPN1 transporter
(Przybyszewska and Zekanowska 2014). This disease can cause liver damage from mild to severe

cirrhosis, joint pain and heart disease such as arrhythmias.
1.1.2.2 Yeast

Yeast, being simple unicellular eukaryotic organisms, are subjected to variable environmental and
nutritional conditions, and compete with other microorganisms for nutrient acquisition. Early studies
in Saccharomyces cerevisiae found the involvement of two separate zinc uptake machinery. A high
affinity and a low affinity one, that implicate the ZIP transporters ZRT1 and ZRT?2, respectively (Zhao
and Eide 1996a; 1996b). ZRT1 was first identified by sequence comparison to the IRT1 Arabidopsis
gene, expressing the Iron Regulated Transporter 1 (IRT1) (Eide et al. 1996). ZRT2 was then found by
sequence analysis of the yeast genome, because of its similarity to the ZRT'1 gene (Zhao and Eide 1996b).
The function of these genes, was discovered thanks to the mutant zrt1 inability to grow unless growth
media is supplemented with high concentrations of Zn. These transporters were characterized in wild
type yeast by using the radioisotope %Zn. Kinetic assays showed Km values of 10 and 1 puM for yeast
grown in Zn replete and in Zn deficient conditions respectively, indicating the presence of low and high
affinity mechanisms. The same experiment done in the zrt1 mutant demonstrated that uptake in both
Zn depleted and Zn replete conditions, presented only low affinity uptake, indicating that zrt1 is indeed
responsible for high affinity uptake. Conversely, the mutant zrt2 presented only high affinity uptake in
the same conditions. The presence of a dual mechanism, allows cells to adapt and overcome their
changing environmental metal availability. The concentration of this metal has to be raised 10°-fold to
complement said mutant strain, which points out to the ZRT1/2 system to be the main entry point of

Zn (Zhao and Eide 1996b).
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Figure 1-2 Iron and Zinc uptake in yeast. ZRT1 and ZRT2 constitute the high and low affinity Zn?* transporters.
Vacuolar transporters ZRC1 and COT1 storage Zn?*, whereas ZRT3 exports it from the vacuole into the cytosol
in deficiency conditions. The PHO84 transporter also constitutes a minor system for uptake of Zn?*. Insoluble
Fe3* is reduced by FRE1 and FRE2. Fe?* is incorporated through the FET3/FTR1 complex or by the FET4
transporter. The latter, is also able to transport Zn?*. Insoluble iron is chelated and extruded through the ARN
transporters. Created with BioRender.com
A mutant strain of Saccharomyces cerevisiae, lacking both zrt1 and zrt2 genes is still viable when
grown in higher amounts of Zn, presumably indicating the presence of additional uptake mechanisms
of lower affinity. The low-affinity iron transporter FET4 was shown to transport Zn in such conditions.
On the other hand, a Azrt1Azrt2Afet4 strain was still able to incorporate Zn when supplied in massive
amounts suggesting the possibility of additional low-affinity mechanisms (Waters and Eide 2002). The
phosphate and manganese transporter PHO84 is one of the systems thought to take part in Zn uptake
with low affinity since a knockout mutation of this gene confers zinc resistance (Jensen, Ajua-Alemanji,
and Culotta 2003). Additional Zn transporters and channels are coordinated to control the cytosolic Zn
concentration. Detoxification by importing ions into the vacuole is a common strategy used by yeast.
Vacuolar storage of Zn is undertaken by the ZRC1 and the COT1 channels, two proteins belonging to
the cation diffusion facilitator family (CDF). Studies revealed that the overexpression of these proteins,
conferred tolerance to toxic levels of Zn?* while null mutants cot1 and zrc1 present impaired uptake
(Douglas S. Conklin, Culbertson, and Kung 1994; Kamizono et al. 1989; D S Conklin et al. 1992). When
Zn availability decreases, the vacuolar ZIP transporter ZRT3 replenishes the Zn pool. The role of ZRT3
was discovered through an assay of the triple mutant zrt1zrt2zrt3 which required 10-fold more Zn that

the double mutant zrtizrt2, indicating the overlapping function of these genes. Its location was then
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mapped thanks to immunofluorescence microscopy to the vacuolar membrane (MacDiarmid, Gaither,
and Eide 2000).

The Fe uptake machinery in yeast is also divided into high and low-affinity systems. The multicopper
oxidase FET3 and the permease FTR1 form a complex that make up the high-affinity uptake machinery
of Fe?* (Askwith et al. 1994; De Silva et al. 1997; Kwok, Severance, and Kosman 2006). Studies showed
that the fet3 and ftr1 mutants were unable to take up Fe?*in low concentration conditions, unlike wild
type yeast which presented uptake that was saturated at 5 pM (Dix et al. 1994; Stearman et al. 1996). The
fet3 mutant did however show uptake at concentrations above 5 uM, due to the remaining FET4 low-
affinity transporter (Dix et al. 1994; Dix et al. 1997). Overexpression of FET4 gene increased low affinity
uptake whereas its disruption prevented yeast from any uptake at elevated concentrations of 5 to 200
UM (Dix et al. 1994). While Fe** is the predominant form of Fe in nature, FET3 and FET4 can only
import Fe?*. The activity of the FRE1 and FRE2 reductases on Fe?* salts and chelates reduces this cation
into Fe** (Georgatsou and Alexandraki 1994; Dancis et al. 1992). Yeast null mutants frel have a
decreased iron uptake rate when Fe3* is supplied, even when said mutant overexpresses FET3. This
effect can be reverted by addition of an external reducing agent like ascorbate (Dix et al. 1994). Also, a
study measured the reductase activity in frel and fre2 mutant strains and showed it was severely
decreased compared to the wild type (Georgatsou and Alexandraki 1994). Given the low bioavailability
of Fe in soil due to its majoritarian presence as insoluble Fe hydroxides, many microorganisms count
with a chelating non-reducing system for its uptake. This consist in the synthesis, excretion and
sequestration of siderophores. Some organisms have the ability to incorporate not only self-secreted
siderophores but also the ones released by different organisms (Byers and Arceneaux 1998).
Interestingly, Saccharomyces cerevisiae is unable to produce siderophores by itself, but it has developed
uptake strategies to incorporate ones from fungi and bacteria present in its environment. In this yeast
there are four siderophore transporters from the ARN family, ARN1-4 (Yun, Ferea, et al. 2000). Three
of them, ARN1-3 are specific to siderophores of the hydroxamate type, such as ferrichrome (FC),
ferrichrome A (FC-A) and triacetylfusarinine C (TAFC), secreted by ascomycetous fungi like
Aspergillus and Penicillium (Yun, Tiedeman, et al. 2000; Heymann, Ernst, and Winkelmann 2000;
Charlang et al. 1981; Wallner et al. 2009). Mutation of the ARN1 and ARN3 genes simultaneously
abolishes growth when FC or FC-A are the main sources of Fe. On the other hand, disruption of ARN1
alone has little effect on uptake and mutant arn3 presents partially inhibited siderophore-Fe uptake.
ARNZ has been seen mostly involved in the uptake of TAFC complexes, given that null mutants on this
gene had no effect on TC and TCA but did have partially impaired growth on TAFC. However, ARN2
appears to be helped by the other ARN genes in the process of TAFC incorporation, as shown by the
difference of growth on the arn2 strain compared to the inviable double mutants arniarn2 and
arn2arn3 (Yun, Tiedeman, et al. 2000). The remaining ARN, ARN4 is specific to the bacterial exclusive
catecholate siderophore, enterobactin. This was demonstrated by >°Fe-labeled enterobactin in vivo
uptake experiments that presented a completely impaired incorporation in arn4 mutants (Heymann,

Ernst, and Winkelmann 2000). The siderophore-Fe uptake mechanisms consist in binding of the Fe-
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siderophore chelate to the ARN protein, the whole complex being endocytosed into the cell in an
ubiquitin-dependent manner and then, once in the intracellular space, the translocation of Fe chelates

across the membrane (Philpott 2006).
1.1.2.3 Plants

As stated in the previous section, metals are of great importance for plant growth and development.
Root systems constitute the primary entry point for micronutrients in plants. Even though Fe is one of
the most abundant elements on earth, in soils it is mostly found as insoluble Fe** compounds. Oxide,
hydroxide and phosphate forms are among the most common ones. Despite the relative abundance of
iron, its low bioavailability impacts very deeply several aspects of plant production including yield or
harvest quality. This is mostly due to the very strong requirement of iron for photosynthesis and
respiration since many proteins from the corresponding electron transfer chains use as various forms
of iron as cofactors, such as ferredoxins (Kroh and Pilon 2020). Also, it is well established that iron is of
huge importance in the biosynthesis and metabolism of chlorophylls (Marsh, Evans, and Matrone
1963). Fe shortage can consequently cause severe plant growth arrest. Likewise, excess of metals, and in
particular Fe, can be toxic to plants. This is encountered upon flooding where anaerobic conditions
produce Fe?*, which is readily transported into plant cells, as frequently observed in rice for bronzing
symptoms. This is also inherent to acidic soils where the bioavailability of iron is higher, or to soils with
high levels of iron, such as laterite soils. This type of soil is widespread in warm humid climates and
tends to be poor in organic material, besides containing elevated concentration of Fe oxides. Because of
its redox reactivity, an excess of iron can be deleterious by production of hydroxyl radicals through the
Fenton reaction. This reaction consist of oxidation of Fe** by hydrogen peroxide (H,0,) into Fe3*and
reduction back to Fe?* also by H,0,, generating in total a water molecule, a hydroxyl radical (HOs) and
a hydroperoxyl radical (HOOe) that can damage cellular components and biomolecules (Gratio et al.
2005).

In order to absorb Fe, plants developed different acquisition mechanisms that can be classified as
strategy I and strategy II (Figure 1-3). Strategy I uptake is based on the solubilization/reduction of the
soil Fe?* chelates into Fe?*. The solubilization is achieved via proton pumps that export protons into the
rhizosphere and secreting phenolic compounds. This strategy is adopted by dicots and non-
graminaceous plants. Arabidopsis thaliana is the model plant used to exemplify strategy I Fe acquisition.
In Arabidopsis, the proton pump responsible for acidification of the soil is the H*-ATPase 2 (AHA2),
which works together with the Ferric Reduction Oxidase 2 (FRO2) ferric chelate reductase to reduce
Fe?*. There are twelve AHA isoforms in Arabidopsis, however, analysis of media acidification by aha
mutants showed only the AHA2 proton pump to be involved in proton extrusion in response to Fe-
deficiency conditions (Santi and Schmidt 2009; Robinson et al. 1999). This acidification step is of
tremendous importance for Fe uptake, given that Fe** solubility increases 1000-fold with each unit drop
in pH. Additionally, phenolic compounds in root exudates, mainly coumarins, excreted by the ABCG37

transporter enhance Fe3* solubility (Ziegler et al. 2017). In accordance with its function, an abcg37
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Arabidopsis mutant is hypersensitive to Fe deficiency and accumulates less Fe (Fourcroy et al. 2014).
ABCG37 and genes from the biosynthesis pathway of coumarins, like the 2-oxoglutarate Fe(Il)
oxygenase Feruloyl-CoA 6’-Hydroxylase (F6'H1), an essential gene for the synthesis of coumarins like
scopoletin and scopolin, are upregulated by Fe deficiency (Kai et al. 2008; Lan et al. 2011). Besides H*
and coumarins, low molecular weight organic acids like citric acid, malic acid, oxalic acid and tartaric
acid also contribute to soil acidification. The nature of the anionic exporters involved in this task is yet
to be elucidated, however homologs of the xylem citrate effluxer FERRIC REDICTASE DEFECTIVE 3
(FRD3), may be suspected (Durrett, Gassmann, and Rogers 2007). Posterior to soil acidification and Fe
reduction by FRO2, the Iron Regulated Transporter 1 (IRT1) is then responsible for translocation of
Fe?* into the cell (Vert et al. 2002). Knock out mutants of the components of the Strategy I system, irtI
and fro2, have similar phenotypical characteristics such as impaired growth, low Fe accumulation and
are extremely chlorotic, demonstrating their essential roles in Fe acquisition.

On the other hand, strategy II plants, namely grasses, require phytosiderophore (PS) secretion to
solubilize and chelate Fe3*. PS-Fe complexes are then taken up through the roots to deliver iron into
plant cell. In Zea mays, the efflux transporter TOM1 releases PS into the soil, followed by transport of
the PS-Fe3* complex through the Yellow Stripe 1 transporter (YS1) (Curie et al. 2001; Mori and
Nishizawa 1987; Nozoye, Nakanishi, and Nishizawa 2013). The distinction between strategy I and II is
however not strict. For example rice, a grass species, possess transporters homologous to IRT1 that
constitute an additional strategy I type of uptake (Ishimaru et al. 2006; Lee and An 2009). The

contribution of both types of transporters in these species is still not clear.
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Figure 1-3 Fe and Zn primary uptake in plants. Strategy I plants such as Arabidopsis thaliana, incorporate Fe through a
reduction mechanisms involving rhizosphere acidification by AHA2 and reduction of Fe3* to Fe?*. Reduced Fe is then take up
by IRT1. The ABCG37 transporter releases coumarins (represented by yellow semi-circles) into the soil, which allows further
solubilization of ferric compounds. Strategy II plants, here exemplified by Zea mays, export phytosiderophores (grey semi-
circles) through the TOM1 transporter, that chelate insoluble iron. Chelated iron complexes are then imported by YS1. Zinc is
solubilized thanks to soil acidification by proton extrusion and organic acid exudates (green semi-circles). Zn?*is taken up by
ZIP transporters. In grasses, chelated Zn?*is thought to be incorporated through YSL proteins. ZIP transporters may also be
involved. Created with BioRender.com.

Similar to Fe, Zn deficiency in plants can cause chlorosis and growth retardation. Moreover, it affects
carbohydrate metabolism, defense against diseases and production of seeds (Marschner 1995). In crops,
Zn scarcity impacts deeply in cereal grain yield. This metal is also essential for the stability of the genetic
material. In contrast to Fe deficiency, signs of Zn deficiency show only under severe limitation.
Moderate Zn insufficiency often causes mild yield losses in crops and is challenging to detect. The
availability of Zn is greatly impacted by pH, moisture levels, calcareous and sodic soils and elevated
amount of nitrogen and phosphate (Alloway 2004).

Plants mostly take up Zn in its divalent form (Zn?*), indicating that in contrast to iron, prior
reduction is not necessary. Mechanisms for Zn acquisition resemble those of Fe to a certain extent. Like
Fe Strategy I uptake, many plants secrete molecules that enhance solubility of Zn hydroxides and
phosphates, releasing Zn?*. One unit drop in pH increases Zn solubility 30 to 45-fold. As previously

detailed for Fe**, H* and low molecular weight organic acids contribute to Zn>* solubilization too.

Transporters from the ZIP family are involved in the transport of Zn?*across the membrane, as well as
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passive diffusion nonspecific cation channels (Grotz et al. 1998; Williams, Pittman, and Hall 2000;
Demidchik et al. 2002). Additionally, in Arabidopsis, Zn** is part of the secondary substrates
transported by the iron transporter IRT1 that also belongs to the ZIP family (Korshunova et al. 1999;
Eide et al. 1996; Vert, Briat, and Curie 2001; Vert et al. 2002). IRT3 was also shown to be involved in Zn
uptake at the root cell plasma membrane (Lin et al. 2009). There’s however little agreement about which
specific ZIPs are part of the primary uptake of Zn?*. Detailed analysis of the ZIP transporter family and
their transport spectrum is provided below. As for grasses, ZIP transporters have also been vastly
described to be involved in Zn deficiency response in rice and maize (Huang et al. 2020; S. Li et al. 2013).
On the other hand, conflicting evidence suggests the existence of a Strategy II Zn primary uptake
mechanism in certain cereals. Early studies have reported that in maize, like Fe, Zn can be taken up
complexed with PS, presumably through YS-type of transporters, but that a non-PS uptake system is
present in this organism as well (Von Wirén, Marschner, and Romheld 1996). Posterior studies, refuted
this idea, by demonstrating that the maize YS1 transporter is unable to complement the yeast zrt1zrt2
mutant deficient in Zn uptake, even when PSs are supplemented to the media (Roberts et al. 2004).
Moreover, PS production upon Zn?* deficiency and PS-Zn?** absorption has been stablished in barley
(Suzuki et al. 2006). Interestingly, analyses in barley using **Zn, demonstrated an uptake preference for
the PS deoxymugineic acid (DMA) complexed Zn (DMA-Zn) than for soluble Zn?*, which together
with the elevated PS excretion during Zn deficiency, suggests this to be the main entry route of this
metal (Suzuki et al. 2006). Rice, on the other hand, appears to utilize PS-Zn transport mostly as a long-
distance mobilization mechanism throughout the plant rather than as a primary uptake strategy (Suzuki
et al. 2008). Biochemical evidence of PS-Zn transport by YSL transporters or by a different family of PS-
Zn transporters is missing, however, the evidence so far suggests that different uptake mechanisms of

Zn uptake exist across organisms, and that they are not conserved among cereals.
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1.2 Iron and zinc transport across membranes in plant cells

1.2.1 Metal transporter families implicated in iron and zinc plant

homeostasis

To provide enough Fe and Zn for cell function and metabolism, both metals have to be transported
across membranes into the cytosol or into organelles where they are utilized by proteins for different
tasks. Metal transporters of different kinds are involved in the process of metal uptake, intracellular
distribution/compartmentalization, cell-cell transfer or long distance transport. This section will focus
on the general characteristics of the main families of transporters involved in the abovementioned

processes, while section 3 will focus deeper on the ZIP family of transporters.

O

NRAMP3
~

IREG1

HMA2
HMA4

Vascular

tissue Soil

Figure 1-4 Main Fe and Zn transporters in Arabidopsis (Except ZIPs). The principal Fe transporter IRT1 takes up nutritional Fe
from the soil. NRAMP1 confers a low-affinity uptake of Fe. Export through the plasma membrane is carried out by IREG1.
Phytosiderophore-complexed Fe is mobilized by YSL1, YSL2 and YSL3 into and out of vascular tissue. Vacuolar Fe storage
takes places thanks to VIT, VTLs 1-5, MTP8 and IREG2. Restoration of cytosolic Fe levels from the vacuole is processed by
NRAMP3 and NRAMP4. IREG3 functions in mobilization of Fe from chloroplasts and mitochondria, whereas YSL4 and YSL6
extrude Fe-phytosiderophore complexes. Zinc is taken up by ZIP transporters (these will be better illustrated in section 3).
IRT1 is a low-affinity Zn transporter. Export of Zn through the PM into the xylem is carried out by HMA2 and HMA4. MTP1,
MTP3 and HMA3 incorporate Zn to the vacuolar pool. In turn, HMA1 delivers Zn to chloroplasts. Created with
BioRender.com
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Iron and zinc transport across membranes in plant cells

1.2.2 Principal families of proteins involved in iron and zinc

transport in plants

1.2.2.1 NRAMPS

The first Natural Resistance Associated Macrophage Protein (NRAMP) transporter was identified
in human macrophage cells and found to be involved in response to pathogen attack (Vidal et al. 1993;
Cellier, Belouchi, and Gros 1996). NRAMP1 was found in the lysosomal compartment of macrophages
where, after phagocytosis, it changes the intraphagosomal metal availability to inhibit microbial growth
(Forbes and Gros 2001). Later on, homologous proteins were found both in eukaryotes and prokaryotes
and made their involvement in metal trafficking more evident. NRAMPs have high sequence similarities
among members from different kingdoms of life. For example, the Arabidopsis NRAMPs are 50%
identical to the Saccharomyces cerevisise NRAMP SMF1, and 40% identical to the mouse NRAMP1.
Notably, the predicted transmembrane domains (TMDs) are the regions of higher identity (Kerppola
and Ames 1992).

Metal ion transport by NRAMPs requires a proton gradient as driving force and, as other metal
transporters, its substrate range is broad, being able to transport Mn?*, Zn**, Cu**, Fe?*, Cd**, Ni**, and
Co?*. The widely accepted transport mechanism of NRAMPs is that of a symporter, where both metal
ions and H* are transported simultaneously, based on data from mammalian and yeast members
(Gunshin et al. 1997; Chen et al. 1999; Tandy et al. 2000). The rat DCT1 NRAMP and the yeast SMF1
protein were both characterized in Xenopus oocytes, where transport was proton dependent and
generated acidification of the intracellular milieu, suggesting a co-transport mechanism (Gunshin et al.
1997; Chen et al. 1999).

NRAMPs are transmembrane proteins, with large C-terminal tails. Topology predictions suggest
between 11 and 12 TMs depending on the particular orthologue (Courville et al. 2004). In 2014, the first
NRAMP 3D structure was published, which was the Staphylococcus capitis NRAMP orthologue
(Ehrnstorfer et al. 2014). Later on, structures of further bacterial NRAMPs were published as well
(Ehrnstorfer et al. 2017; Bozzi et al. 2016; 2019). NRAMP structures revealed a pseudo-symmetry, where
TMs 1-5 are aligned in opposite direction to TMs 6-10. TMs 1 and 6 are in proximity of each other, and
share the particularity of being unwound in the center of the membrane. It has been revealed that
conserved residues in this partially unstructured region constitute the metal binding center of
NRAMPS. The remaining TM 11 and 12 in some cases, are positioned in the periphery of the 1-5 and
6-10 structures, and possess no apparent transport properties (Ehrnstorfer et al. 2014; 2017; Bozzi et al.
20165 2019).

In plants, there are a high number of NRAMP homologues. Arabidopsis possess 6 NRAMPs, named
NRAMP1-6, with NRAMP2-5 being the most closely related to each other and NRAMP1 and NRAMP6
forming a separate cluster. NRAMP1, 3, 4 and 5 were shown to complement yeast mutants defective in
high and low-affinity Fe uptake systems and in manganese uptake, called Afet34fet4 and Asmf1

respectively (Thomine et al. 2000; Curie et al. 2000). Furthermore, NRAMP4 is able to complement not
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only Afet3Afet4 and Asmf1 but also the zinc uptake deficient yeast strain Azrt14zrt2. Plant NRAMPs are
expressed both in the roots as well as in the shoots, demonstrating their participation in metal
homeostasis along the whole organism. Arabidopsis NRAMPs were shown to localize in different
compartments/organelles. NRAMP3 and NRAMP4 function at the vacuolar membrane, as shown by
transient expression of a GFP fusion to the C-terminal side of AINRAMP3 in onion epidermal cells and
by immunolocalization in cotyledons for AtNRAMP4; where it works in restoring cytoplasmic Fe levels
during deficiency (Thomine et al. 2003; Lanquar et al. 2005). Recently a role for NRAMP2 at the Trans-
Golgi network has been proposed, where it is expected to work remobilizing Mn in deficiency
conditions (Gao et al. 2018). In contrast, NRAMP1 was found by confocal microscopy of a GFP fusion,
to be expressed in the plasma membrane. The latter was pointed out to be the major Mn** uptake system
in Arabidopsis, besides constituting a low-affinity Fe** transporter, given that a knock-out mutation in
Arabidopsis in this gene confers hypersensitivity to Mn deficiency. Symptoms of said hypersensitivity

were chlorosis, shorter roots and overall lower biomass production (Cailliatte et al. 2010).
1.2.2.2 P type ATPases

P-type ATPases are a large family of transporters that, like the aforementioned NRAMPs, are found
in all kingdoms of life. A great variety of substrates is transported by this family, giving place to the
classification of P-Type ATPases into subfamilies. The class that is implicated in the transport of metal
micronutrients is called Pp-type ATPases. This subtype shares a common highly conserved
characteristic, which is the presence of a CPx-motif, mainly formed by either of these three amino acid
combinations: C-P-C, C-P-H or C-P-S. For this reason, Pp-type ATPases - also referred to as heavy
metal P-type ATPases (HMA) - are also frequently called CPx-type ATPases. The CPx motif is found in
the intramembranous region and is directly involved in the translocation of metals.

Sequence alignment of several CPx-type ATPases further subdivided this subfamily into six
subclasses. Substrate preference varies between subclasses, as well as the sequence of other specific
conserved motifs besides the CPx. One of these is the Pz, Type ATPases, which present a CPC motif
and is mainly involved in the transport of Zn?** (Argiiello, Elif, and Gonzéalez-Guerrero 2007).
Additionally, subclass P, has been proved to be involved in Co?**, Zn?**, Fe** and Cd** (Purohit et al.
2018). A sixth subclass, the Prps-type ATPases, was recently classified. Members of this category in
bacteria are thought to transport Fe** due to their genomic location in relation to the ferric uptake
regulator (Fur) binding sites that resemble the organization of the bacterial Feo Fe** uptake operon
(Smith, Smith, and Rosenzweig 2014). However, biochemical evidence is still lacking.

In Arabidopsis, eight members belong to the Pjp-type ATPases family, HMA1-8. HMA1-4 are
implicated in Zn transport and homeostasis in diverse organelles. For instance, HMA1 is present in
plastids and is involved in Zn?** and Cu** import; HMA2 and HMA4 work as Zn?* exporters at the
plasma membrane in xylem loading, and HMA3 localizes at the vacuolar membrane where it helps in

cell detoxification of Zn (Takahashi et al. 2012; Verret et al. 2004; Kim et al. 2009; Hussain et al. 2004).
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Interestingly, except HMAL1, the remaining three HMAs were shown to aid in Cd** detoxification as
well.

CPx-type ATPases display eight TMs, with both N and C termini facing the cytosol, and have two
large intracellular loops. As other P-type ATPases, HMAs, contain ATP binding domains at the N-
terminus, where ATP is hydrolyzed phosphorylating, in turn, a conserved asparagine residue. The
hydrolysis of ATP provides sufficient energy for translocation of the substrates. There’s a wealth of
information about the tridimensional structure of HMA transporters, particularly of the soluble ATPase
domain. To date, there are available structures of ATPase domains from 27 different species, ranging
from humans, yeast, plants and bacteria in the Protein Data Bank repository. Full-length structures are
however less abundant. As of today, only the structures of the prokaryotic Shigella sonnei Zn-HMA and
the Legionella pneumophila Cu-HMA are available (Gourdon et al. 2011; Wang et al. 2014). Like other
P-type ATPases, these structures showed that HMAs contain the three typical cytoplasmic A-domain
(actuator), P-domain (phosphorylation) and the N-domain (nucleotide binding). The transmembrane
domain is composed of six helixes forming a core, also conserved across P-Type ATPases. Two

additional helixes are present in this domain, which are a particular characteristic of Piz-Type ATPases.
1.2.2.3 CDF

Prokaryotes and eukaryotes share a common mechanism of metal toxicity response. Cation
Diffusion Facilitators (CDF) enact this mechanism. The CDF family is also referred to as Solute Carrier
30 (Slc30), ZnT for Zinc Transporters and, in plants, as Metal Tolerance Proteins (MTP). Proteins from
this family are efflux transporters, with the ability to mobilize several divalent metals from the cytoplasm
into the extracellular space, the vacuole (in plants and yeast) or into other organelles. CDF members
were found to be involved in the extrusion of Fe?*, Ni**, Mn?*, Co**, Cd** and Zn?*, suspectedly, through
an antiporter type of transport, where H* or K* are the counter ion to the metals as exemplified by the
CzcD of Bacillus subtilis, YiiP from Escherichia coli, Arabidopsis thaliana MTP1 and others (Guffanti et
al. 2002; Grass et al. 2005; Kawachi et al. 2008).

Early phylogenetic studies have separated this family into three subgroups. Substrate preference
seems to be overall conserved along with phylogenetic relations, and accordingly the subfamilies were
classified as Zn?**-CDFs, Zn?*/Fe?>*-CDFs and Mn?*-CDFs (Montanini et al. 2007). Later on, this
classification expanded, separating the Zn/Fe-CDFs into Zn*'/Cd*, Co*'/Ni**, Fe** and
Zn**/Cd**/Fe**/Mn?** groups.

For the most part, CDFs are predicted to form six TMDs with both C and N termini facing the
cytoplasmic side. They contain a large cytoplasmic loop with histidine motifs HX ranging between 3
and 6 repeats, where X can be G or S residues. These characteristics resemble those of the ZIP family of
transporters, to which CDFs are phylogenetically related (Kambe et al. 2006). The first crystal structure
of a CDF transporter to be determined was the one of the Escherichia coli YiiP transporter. The resolved
structure showed a Y-shaped homodimer, with transported Zn*" and Cd** atoms tetra-coordinated

between three D and one H residues located in TM2 and TM5 (Lu and Fu 2007). Interestingly, a point
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mutation in one of the D residues to H, promotes loss of affinity towards Cd?*, rendering the transporter
selective to Zn?* (Hoch et al. 2012). In nature, this HD/HD transport site occurs in mammalian CDFs,
which are able to transport Zn?* but not Cd**. Structures of the homologue CDFs from the prokaryotes
Shewanella oneidensis and the extremely thermophilic bacterium Thermus thermophilus were also
achieved in the following years by CryoEM and X-ray crystallography respectively (Coudray et al. 2013;
Cherezov et al. 2008).

Eleven members of this family have been reported in Arabidopsis thaliana, from which four have
been characterized to date. MTP1 and MTP3 correspond to the Zn-CDF subclass and are involved in
vacuolar storage of Zn?*, the MTP8 transporter is also localized at the vacuole and is responsible for Fe?*
and Mn?* localization in seeds and MTP11, a Mn**-CDF type localized at the trans-Golgi/pre-vacuolar
compartment (Desbrosses-Fonrouge et al. 2005; Arrivault, Senger, and Krdmer 2006; Delhaize et al.

2007; Eroglu et al. 2016; Chu et al. 2017; Eroglu et al. 2017).
1.2.2.4 YSL

Oligopeptide transporters (OPT) are a small family of proteins that transport amino acid-derived
substrates. This family is separated into two subgroups: Oligopeptide transporters (PT) and Yellow
Stripe Like (YSL) transporters. The latter mediates the transport of phytosiderophores (PS)-metal and
nicotianamine-metal complexes across membranes. PS are organic substances produced by plants for
chelating divalent metals that help plants incorporate these essential micronutrients in scarcity
conditions. PS are classified in different families according to their substrate preferences. For instance,
coumarins are PS which are capable of binding Fe** whereas mugineic acid type PS do not require prior
reduction of Fe and have affinity to Fe>* (Schmidt et al. 2014; Mino et al. 1983). Nicotianamine on the
other hand, is a biosynthetic intermediate of mugineic acid and it is a structural analog of the latter, with
chelating properties for Fe, Zn, Mn, Co, Ni and Cu (Shojima et al. 1990; Haydon and Cobbett 2007).
YSLs take their name from the yellow striped leaf phenotype that arises from disruption of the YS1 gene
in maize. YSLs are widely distributed among plant species. Graminaceous plants rely on YSL
transporters largely for their primary uptake of Fe from the soil using phytosiderophores, whereas non-
graminaceae on the other hand, mostly utilize this family of transporters for translocation of complexed
metals throughout the plant.

YSLs are large integral transmembrane proteins with a predicted architecture of 9 to 16 TMs,
although no structural data has been reported yet (Wiles, Naider, and Becker 2006). YS1 from maize
(ZmYS1) requires a proton gradient to function, as shown in Xenopus oocyte experiments, where
transport was dependent on pH but not on other ions, like sodium (Schaaf et al. 2004). Unlike other
transporters, YSLs can transport both Fe** and Fe’* when complexed with PS like nicotianamine (NA)
or deoxymugineic acid (DMA), with a preference for DMA metal complexes as exemplified by oocyte-
based experiments on ZmYS1 (Schaaf et al. 2004). Besides Fe, it has been observed that other metals are
transported in this same way. Among them, Ni, Cu and Zn complexes. Furthermore, the rice closest

homologue of ZmYS1, OsYSL15, is also a Fe-PS transporter with wide substrate specificity.
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A much debated question is the involvement of YSLs in Zn-PS transport. Maize ys1 mutants show
decreased Zn-PS uptake (Von Wirén, Marschner, and Romheld 1996). Also, other grasses; like barley
and wheat were found to secrete elevated amounts of PS when undergoing Zn deficiency and reversion
to normal PS levels when Zn was resupplied (Gries et al. 1995; F. Zhang, Romheld, and Marschner 1989;
Cakmak et al. 1994). Further biochemical evidence of the transport of Zn-PS by YSL is however lacking.
Whether specific Zn-PS-affine YSL exist remains unanswered to date.

Arabidopsis counts with eight YSLs. The characterized AtYSL1, AtYSL2 and AtYSL3 appear to be
expressed in xylem in roots, shoots and leaves, pointing to their involvement in Fe-PS distribution
(DiDonato et al. 2004; Waters et al. 2006). AtYSL1 participates in loading of Fe-NA in seeds and
inflorescences together with AtYSL3 (Chu etal. 2010). A double mutant plant with impairments in both
these genes presents interveinal chlorosis, low leaf Fe contents and impaired metal mobilization from
leaf during senescence (Waters et al. 2006). Interestingly, single mutants in said genes, and in YSL2, do
not exhibit any noticeable phenotype (DiDonato et al. 2004; Waters et al. 2006). Contrary to this,
AtYSL4 and AtYSL6 function at the chloroplast envelope, exporting Fe to prevent overload on the
plastids. Again, single mutants of YSL4 and YSL6 do not show strong phenotypical differences to the
wild-type plants when exposed to Fe excess. The double mutants however, presents marked Fe toxicity

effects such as growth impairment (Divol et al. 2013).
1.2.2.5 IREG

Iron regulated proteins (IREG) define a widely distributed protein family. Human ferroportinl
(Fpn1) is the most known example. Its function is the distribution of Fe in humans from the enterocyte,
where primary uptake takes place, into the bloodstream. IREGs have been suspected of transport of
other divalent metals than Fe, such as Co, Zn, Ni and Mn (Schaaf et al. 2006; Morrissey et al. 2009). The
involvement of Ca?*in metal transport by IREGs was recently demonstrated for the human Fpn1 where
Ca?* acts as an essential cofactor. Additionally, a Ca** bound structure of the Bdellovibrio bacteriovorous
Fpn suggested a conserved role for this cation in the function of IREGs (Deshpande et al. 2018).

IREGs are formed by 9 to 12 putative TMs and present a highly conserved H residue proven to be
important for Fe transport (Zohn et al. 2007). Bacterial IREG structures were obtained by X-ray
crystallography and they suggest a homologous structure to one of the Major Facilitator Superfamily
(MES), where TMs 1-6 form the N terminal lobe and TMs 7-12 the C terminal lobe (Taniguchi et al.
2015). Both halves are connected through a large cytosolic loop. Also, a transition metal ion binding site
is found at the interface of both.

Three IREG proteins are encoded in Arabidopsis, AtIREG1-3. Their localization varies, AtIREG1 is
present at the plasma membrane of roots and shoots, AtIREG2 at the tonoplast in root cells and
AtIREG3 at the chloroplast and mitochondria membranes (Morrissey et al. 2009; Conte et al. 2009;
Schaaf et al. 2006). AtIREG1, besides transporting Co**, was the only member established to be
implicated in Fe?* transport out of the cell, extruding Fe?* into xylem for transport to the shoot

(Morrissey et al. 2009). AtIREG2 was found to be involved in Ni?* internalization in the vacuole in
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roots, thus preventing loading of toxic metals into the vasculature (Schaaf et al. 2006; Morrissey et al.
2009). IREG2 function in Fe** has long been suspected, since Fe deficiency response in ireg2 mutants is
delayed or impaired, suggesting that inability to sequester Fe**in the vacuole impacts Fe** deficiency
sensing (Morrissey et al. 2009). Very recently, Kim et al. 2020 reported on the involvement of IREG3 in
Fe?* export from organelles. Interestingly, IREG3 was suggested previously to transport a metal

chelator, like citrate or NA, into plastids (Conte et al. 2009).
1.2.2.6 VIT

Arabidopsis thaliana Vacuolar Iron Transporters (VITs) were first identified for their homology to
the vacuolar CCCL1 transporter from yeast. The action of VIT1 in plants is crucial for Fe** storage in the
vacuole, whereas yeast CCC1 was found responsible for Fe?* and Mn?* detoxification (Li et al. 2001;
Kim et al. 2006). This family of transporters spans from eukaryotes to bacteria and archaea.

The resolution of the crystal structure of the Eucalyptus grandis VIT homologue was recently
achieved, allowing the recognition of important motifs for metal transport. EgVIT is composed of 5
TMs with a large cytosolic loop that contains 3 alfa-helixes between TM2 and TM3. The N and C termini
face opposite sides, with N terminus on the cytoplasm and C terminus on the vacuolar lumen. EgVIT
forms a homodimer, where the interface between the two monomers creates a channel through which
the metal ions are extruded. Conserved W, M, D and N residues in this region provide a hydrophilic
cavity for proper ion translocation. This channel is open from the cytosolic side but closed by
hydrophobic residues on the interior side of the vacuole. Upon transport, G and P residues undergo
conformational changes that open the gate to allow the passing of metal ions (Kato et al. 2019).

The sequence similarity is low across this family of transporters, however, the structure and specific
transport residues are highly conserved. Biochemical data on EgVIT1 and yeast CCC1 suggested an
antiporter type of transport mechanism, by counter transport of H* out of the vacuole (Cockrell et al.
2014; Kato et al. 2019). The main substrate of VIT-like transporters appears to be Fe?*; however, other
divalent ions like Mn?** and Zn?*are suspected of being lower affinity substrates (Li et al. 2001; Kim et
al. 2006; Zhang et al. 2012). EgVIT presented Co?* transport as well (Kato et al. 2019).

Besides VIT1, in Arabidopsis five more members of this family have been identified. AtVTL1-5 are
too vacuolar transporters (Gollhofer et al. 2014). Research to date has not yet determined whether each
homologue participates at a certain stage of plant nutrition or development, or if their functions are

redundant.
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1.3 ZIP family of proteins

The ZIP family of proteins was founded by the IRT1 transporter from Arabidopsis thaliana, first
identified in 1996, and the Zrt1 Zn transporter from Saccharomyces cerevisiae. Since then, Zrt-Irt like
Proteins (ZIPs) were found across all phyla, in 5205 species to this date (Pfam database). ZIP
transporters are involved in the transport of Zn?*, Fe?* and other divalent metals, such as Cd** and Mn?*
into the cytoplasmic space. This section describes the mechanisms, classification, structure and

regulation of ZIP transporters.
1.3.1 Mechanisms of ZIP transporters: an area of great disparity

To date there has been little agreement on what is the transport mechanism of ZIPs and whether this
is a conserved characteristics. Zhao and Eide proposed during early reports on the Saccharomyces
cerevisine ZRT1 and ZRT2 that these two proteins might function through an energized type of
transport, potentially driven by metabolic energy like the electrochemical gradient (Zhao and Eide
1996a; 1996b). This prediction was based on the observation that yeast Zn uptake requires metabolic
energy (White and Gadd 1987). In addition, Cd** uptake by the mouse mZIP8 and mZIP14, in mouse
fetal fibroblast cell cultures was hindered by mitochondrial respiratory chain inhibitor KCN, suggesting
an energy dependent mechanism (He et al. 2006; Girijashanker et al. 2008). Opposed to this, a cell-based
study of the human hZIP2 also involving electron transport inhibitors, revealed an energy-independent
transport (Gaither and Eide 2000).

A symporter mechanism was proposed for both mZIP8 and mZIP14, where Cd** or Zn>* are
mobilized together with HCO; (Liu et al. 2008; Girijashanker et al. 2008). It is worth pointing out that
in the case of mZIP14, addition of HCO; increased significantly the uptake, whereas experiments on
mZIP8 were performed only in presence of HCO;. Likewise, research on the hZIP2 expressed in
mammalian cell cultures suggested a symport mechanism of Zn?**/HCOy’, considering that addition of
HCOj5 accelerated considerably the uptake rate (Gaither and Eide 2000). However, further work on
hZIP2 showed contradictory data. In the latter, HCO; did not affect radio-labeled Zn?* transport in any
way when expressed in Xenopus laevis oocytes (Franz et al. 2018). In turn, extracellular pH did affect
transport activity. At acidic pH values the greatest uptake rate was recorded, while at values above 7.5
activity was abolished. Electrogenecity, Na* and Cl gradient dependency and H* or K* coupled
transport were also assayed by Franz et al. 2018, where they found none of these to be involved, except
for the electrogenic nature of the transporter that remained elusive. On the other hand, transport of
Cd** and Zn?** by hZIP2 did seem to be voltage-dependent. The overall mechanism of hZIP2 in this
study suggested a passive transport across the membrane contrasting with previous reports.

Furthermore, proteoliposome-reconstituted ZIPB from the pathogenic bacteria Bordetella
bronchiseptica was assayed for transport in a fluorescence-based approach. In line with the latest data
on hZIP2, ZIPB behavior in vitro was that of a voltage-dependent electrodiffusion channel and was able

to transport Zn?* in absence of physiological ions (Lin et al. 2010). In accordance with this, the structure
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of the ZIPB monomer (described in a following section) displays a metal transport channel (Zhang et
al. 2017).

Taking together all these conflicting reports, it is worth pointing out the importance of further
research on the mechanism of transport of ZIP transporters from different organisms. Evidence to date
indicates no common transport mechanisms throughout this family, and maybe even divergence across

organisms.

1.3.2 Classification of ZIPs

ZIPs can be classified into four subfamilies based on their sequence and domain composition. These
are subfamily I, subfamily II, gufA and LIV-1/LZT (Gaither and Eide 2001; Guerinot 2000). Common
domain composition and sequence identity is shared throughout these groups, in particular between
the first three. The latter, the LIV-1 subfamily, which takes its name from a breast cancer-related gene,
is the least similar to the rest and presents an additional N-terminal extracellular domain (ECD). This
subfamily is one of the most studied in terms of conservation of particular characteristics. The ECD of
LIV-1 type proteins varies in length. Few isoforms of other subfamilies may contain small ECDs but not
as significant as those in LIV-1. Members of the LIV-1 subfamily have been reported to oligomerize
through a proline-alanine-leucine motif (PAL motif) present in their ECD (Zhang, Sui, and Hu 2016).
Additionally, this subgroup of proteins contains a unique metalloprotease motif HEXPHEXGD within
TMS5, with conserved proline and glutamic acid residues. It stands out that this subfamily is specific of
eukaryotes, especially of mammals. Additionally, a subgroup appears to emerge from the LIV subfamily,
referred to as KE4. This subclade shares the HEXPHEXGD motif, but lacks a conserved CPALLY motif
present in human, mouse and monkey LIV-1 ZIPs at TM1, believed to be important for structural
stabilization. Some members of the KE4 subgroup were found to be expressed in intracellular
membranes, unlike LIV-1 members that have been found in plasma membrane (Lasswell et al. 2000;
Taylor and Nicholson 2003).

Plant and fungal ZIPs fall mainly in subfamily I. Section 1.4 describes the IRT1 protein, a model ZIP
of this subfamily. Subfamily II includes some mammalian members as well as insect and nematode
isoforms. Studies in mice revealed that subfamily II genes were dispensable in zinc replete conditions
but do have an important role in zinc deficiency conditions (Kambe et al. 2008).

The gufA subfamily was named after the gufA protein of Myxococcus xanthus of unknown function
but predicted to be a metal ion transporter. Many bacterial ZIPs are found in this clade. The ZIP11
transporter, the only human member of this subfamily, was described mainly as a zinc transporter with
significantly less histidine and cysteine residues as the other ZIPs (Yu et al. 2013). It is speculated that

its transport mechanism may differ from the other ZIPs due to this particular characteristic.
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Figure 1-5 Phylogenetic tree of the ZIP family sequences (Adapted from Taylor et al. 2003). The association of different ZIP family sequences
was determined using the Clustal V program to perform an alignment. The two-letter species abbreviations are Ag= Anopheles gambiae,Ap
= Aeropyrum pernix, As = Anabaena sp., At = Arabidopsis thaliana,Bb = Borrelia burgdorferi,Br = Brachydanio rerio,Ce = Caenorhabditis
elegans, Ci = Ciona intestinalis, Cj = Campylobacter jejuni,Dm= Drosophila melanogaster,Dr = Deinococcus radiodurans,Hs =Homo
sapiens,Le = Lycopersicon esculentum,Li = Listeria innocua,Lm= Listeria monocytogenes,Mf= Macaca fascicularis,Mj = Methanococcus
jannaschii,Mm= Mus musculus,Mx = Myxococcus xanthus, Nm= Neisseria meningitides,Os = Oryza sativa,Pa = Pseudomonas aeruginosa,
Pax = Pyrococcus abyssi,Ph = Pyrococcus horikoshii,Ps = Pisum sativum, Rs = Ralstonia solanacearum,Sc = Saccharomyces cerevisae,Sj =
Schistosoma japonicum,Sp = Schizosaccharomyces pombe,Ss = Sus scrofa,Tc = Thlaspi caerulescens,Tm= Thermotoga maritime,X] =

Xenopus laevii,Zr = Zygosaccharomyces rouxxii.
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1.3.3 Topology and structure of ZIPs

Proteins from the ZIP family are predicted to share similar structural architectures, however,
transmembrane topology prediction servers yield rather inconsistent results. The consensus is that most
Z1Ps are composed of eight TM spans, with fairly good agreement for the three first and three last TMs.
For some ZIPs, algorithms predict TM4 and TM5 with significant less accuracy if not at all (Mathews et
al. 2005). Both N and C termini are expected to face the extracellular space, with some exceptions where
an additional TM/signal peptide on the N terminus is predicted. The presence of signal peptides has
been analyzed for some plant members of this family. Work on Malus xiaojinensis’ IRT1 stablished the
presence of an uncleavable signal peptide that is needed for the correct targeting to the plasma
membrane (Zhang et al. 2014). Prediction softwares indicate the presence of signal peptides for several
other ZIPs as well (Alagarasan et al. 2017; Bin et al. 2011; Mathews et al. 2005). Furthermore, several
studies have assessed the presence of highly conserved histidine residues within TM2, TM4 and TM5
that are suspected of being implicated in transport (Eide et al. 1996; Zhao and Eide 1996a; Grotz et al.
1998; Guerinot 2000; J. Wu et al. 2009; Lépez-Millan, Ellis, and Grusak 2004; Moreau et al. 2002;
Burleigh, Kristensen, and Bechmann 2003; S. Li et al. 2013).

Another interesting topological feature of ZIPs is the large cytosolic loop between TM3 and TM4.
This loop is of variable lengths and amino acid composition across members of the family; however, a
common shared characteristic is the high histidine content. In the loop, histidines are often arranged in
motifs, sometimes spaced by other residues, like in the Arabidopsis IRT1, where four H are spaced by
G (HGHGHGHG). This motifs tend to be positioned in the middle of the loop. Sequence analyzes of
the human ZIP4 and related mammalian ZIPs revealed that the length of the histidine stretch is roughly
proportional to the length of the loop (T. Zhang et al. 2019). For example, the loop of the human hZIP4
is 33 aminoacid long and has 4 histidines, whereas Sarcophilus harrisi and Musca domestica have 46
aminoacid long loops with 8 and 10 histidines respectively. Extensive research has established that this
intracellular loop is important for regulation of ZIPs mediated by post-translational modifications upon
direct metal binding (Dubeaux et al. 2018; R. Gitan et al. 2003). However, certain human isoforms lack
this loop, such as ZIP11, ZIP12, and ZIP13 (Kambe et al. 2006).

To date, the structure of only one protein from the ZIP family has been published. The crystal
structure of ZIPB from the prokaryote Bordetella bronchiseptica was reported by Zhang et al. in 2017.
The crystal structure of ZIPB confirmed the predicted eight TMs and also revealed a series of metal
binding sites. Crystals of ZIPB were described to nucleate only in presence of Cd**. The structure of the
Cd-bound ZIPB presents four metal binding sites (M1-M4), two of which, M1 and M2, are inserted
mid-way through the membrane area forming a binuclear metal center. Two motifs in TM4 and TMS5,
HNhPEG and QD/NhPEG respectively, were found to be responsible for Cd** binding in this
intramembranous region. These motifs are highly conserved among bacterial ZIPs. M3 and M4 were
found in the surface area exposed to the solvent. Cd** replacement by soaking crystals in ZnCl, revealed

additional binding sites for Zn** in the cytosol exposed area. The internal site M1 was successfully
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occupied by Zn?**, while M2 failed in displacing the previously bound Cd?* atom. This suggests that the
first site has better accessibility and potentially blocks the second site. A putative transport pathway was
described in detail thanks to directed mutagenesis and residue conservation analyses (Zhang et al. 2017).
It was proposed that bound metal ions in M1 and M2 are released thanks to a series of H, D and E
chelating residues located in the proximity of the exit cavity, with help from the large cytosolic loop
between TM3 and TM4. It is expected that release by the chelating residues, elicits conformational
changes that set an open conformation at the extracellular side of the cavity, where two D residues are
thought to recruit substrate metals. This work sets a very important precedent for the study of the ZIP
family. However, the low sequence identity among ZIPs from different organisms impedes the
identification of equivalent residues. Further work on eukaryotic members of the family are crucial for

the validation of common mechanical characteristics as well as specific ones.
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Figure 1-6 - Crystal structure of ZIPB in presence of Cd and Zn. (Adapted from Zhang et al. 2017). A.
Crystal structure obtained in presence of Cd. Yellow spheres indicate Cd atoms in binding sites M1 to
M4. B. Close up on the coordination of Cd atoms in sites M1 and M2. C. Crystal structure after soaking
crystals in ZnCl2. Blue spheres illustrate Zn atoms, yellow indicates Cd. D. Close up on sites M1 and
M2 showing the coordination of Zn in M1 and Cd in M2.

The oligomeric status of ZIPs was studied for some members of this family. The conserved proline-
alanine-leucine motif was identified in the soluble domains of several members of the LIV-1 subfamily
and proved important for dimerization (Zhang, Sui, and Hu 2016; Hu, Wille, and Schmitt-Ulms 2018;
Bin, Seo, and Kim 2018). Biochemical data on the human hZIP13 suggested homodimerization in vitro

(Bin et al. 2011). Similar results were also reported on the prokaryotic ZIPB, where the purified

transporter was detected as two populations corresponding to a monomer and a homodimer (Lin et al.
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2010; Zhang et al. 2017). The biological significance of dimerization of this ZIPs remains elusive. Also,
whether oligomerization is conserved among subfamilies of ZIPs other than the LIV-1 subfamily and is

not yet known due to the lack of biochemical information.

1.3.4 Regulation of ZIPs

In order to respond to nutrient demand ZIPs are transcriptionally and post translationally regulated
by their metal substrates such as Zn, Fe, and other divalent metals. The nature of the transcription
factors involved in such response varies according to the organism and metal considered. In the case of
hZIP4, zinc finger transcription factor Kriippel-like factor 4 (KLF4) was pointed as responsible for its
transcript accumulation during Zn deficiency (Liuzzi et al. 2009). Both, the high and low affinity Zn
uptake transporter genes Zrtl and Zrt2 from Saccharomyces cerevisiae are induced by direct binding of
the zinc-responsive transcriptional activator (Zapl), also a zinc finger transcription factor, to zinc-
responsive elements located within their promoters (Zhao et al. 1998). Plant ZIP transcriptional
regulation depends vastly on the basic-region leucine zipper (bZIP), responsible for Zn dependent
regulation of zinc ZIP transporters, and the bHLH family of transcription factors involved in regulation

of Fe transporting ZIPs, such as IRT1 (see section 1.4.4.1) (Assungdo et al. 2013; Gao et al. 2019).

At the protein level, eukaryotes use endocytosis to regulate the abundance and localization of ZIP
metal transporters. ZIP transporters have been widely characterized to form part of this regulation
strategy. In humans for example, hZIP4 is endocytosed during Zn replete conditions. hZIP4 is then
recycled to the membrane surface, as long as the Zn concentration is maintained to a minimum
micromolar level (Andrews 2008; Kim et al. 2004; Mao et al. 2007; Weaver et al. 2007). On the other
hand, Zn excess targets endocytosed hZIP4 directly to degradation. Interestingly, this response is highly
conserved in eukaryotes. The yeast ZRT1 transporter undergoes a similar regulation that involves
endocytosis and degradation dependent on Zn availability (Gitan et al. 1998; Gitan and Eide 2000; Gitan
et al. 2003). Also, the recently described post-translational regulation of Arabidopsis IRT1 follows the
same path (Dubeaux et al. 2018), which is described in section 1.4.4.2.

Endocytosis of ZIPs is promoted by ubiquitination. This was first reported for the yeast ZRT1 zinc
transporter, and later in mammalian and plant ZIPs (Gitan and Eide 2000; Barberon et al. 2011). Despite
the variable nature of the large second intracellular loop of ZIPs, K residues on it are responsible for
carrying such modifications. It is worth noticing that metal binding histidine rich motifs are present in
this loop as well. The molecular mechanisms integrating metal binding and ubiquitination remain
poorly understood. Recent work on the hZIP4, found an LQL motif positioned between the histidine-
rich motif and the K residues receiving ubiquitination. This LQL motif, essential for endocytosis, was
proposed to change its conformation from a non-functional form in Zn depleted conditions, into a
recognizable form that would be detected by the endocytic machinery under normal Zn condition
(Zhang et al. 2020). Due to the intrinsic variability of the histidine-rich loop, it is hard to determine
whether such a mechanism is true for other ZIPs. The detailed mechanisms of metal binding by IRT1

and coupling with ubiquitination and endocytosis will be described hereafter.
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1.3.5 ZIPsin Arabidopsis thaliana

In Arabidopsis thaliana 15 members of the ZIP family have been identified in the genome. Substrate
specificity was studied for several members of this family through yeast complementation assays. As
detailed in Table 1, it was shown that ZIP1, ZIP2, ZIP3, ZIP4, ZIP7, ZIP10, ZIP11, ZIP12, IRT1, IRT2
and IRT3 complement the vyeast AzrtiAzrt2 mutant defective for Zn transport;
ZIP1, Z1P2, ZIP5, ZIP6, ZIP7, ZIP9 and IRT1 rescue the Asmf1 Mn deficient yeast phenotype and IRT1,
IRT2, IRT3 and ZIP7 confer Fe transport to Afet34fet4 yeast mutants (Milner et al. 2013; Lin et al. 2009;
Grotz et al. 1998; Vert, Briat, and Curie 2001; Korshunova et al. 1999).

Considering the broad spectrum for transported metals, the actual biological function of ZIPs is
therefore dictated by the nature of metals regulating their expression. Among ZIPs, 13 are thought to
be involved in the Zn uptake and homeostasis machinery (ZIP1-12 and IRT3), whereas the remaining
two are mostly related to Fe transport (IRT1 and IRT2). ZIP1-12 and IRT3 are indeed all
transcriptionally responsive to Zn deficiency, except for ZIP6 and ZIP11 (Grotz et al. 1998; Milner et al.
2013; Assungdo, Schat, and Aarts 2010; Jain et al. 2013; Lin et al. 2009). IRT1 and IRT2 transcription,
on the other hand, responds to Fe limitation suggesting that their biological function is to transport Fe
(Vert, Briat, and Curie 2001; Vert et al. 2002) . Their relative expression was also assessed,
demonstrating that ZIP1, ZIP2, ZIP3, ZIP5, and ZIP6 are expressed predominantly in roots; ZIP7 and,
to a lesser extent, ZIP11, are expressed mostly in shoots, and ZIP9, ZIP10, and ZIP12 present a similar
expression pattern in root and shoot (Milner et al. 2013). Also, it’s been pointed that ZIP8 may actually
be a pseudogene because of its inability for being isolated as predicted in the TAIR database, for being
the only ZIP that does not complement yeast mutants in metal uptake and for its poor evidence of
expression (Milner et al. 2013). IRT1, IRT2 and IRT3 are mostly expressed in roots, and the
corresponding IRT1 and IRT3 proteins found at the plasma membrane and IRT2 in vesicular
compartments as seen by confocal microscopy of GFP fusions in transfected Arabidopsis protoplasts
(Vert, Briat, and Curie 2001; Vert et al. 2009; 2002; Lin et al. 2009).

Further characterization was achieved for certain members of this family, with IRT1 being the most
studied one (see section 1.4). ZIP1 protein was found at the tonoplast of cells from the root stele and in
the shoot, mobilizing Zn from the vacuole, whereas ZIP2 is located at the plasma membrane of root
stele cells, loading Zn in the xylem parenchyma (Milner et al. 2013). ZIP4 is expected to mediate Zn
transport in chloroplast, given that it possess a potential chloroplast targeting sequence (Grotz et al.
1998). Considering the expression profile and subcellular localization of IRT3, it has been proposed to
function as a Zn and low-affinity Fe primary uptake transporter (Lin et al. 2009). Interestingly, IRT3 is

phylogenetically closer to ZIP4 than to the other IRTs (Grotz et al. 1998).
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Table 1 Yeast mutants complemented by different Arabidopsis thaliana ZIPs. Yeast mutants Azrt1Azrt2 are deficient for Zn uptake,
Asmf1 are deficient for Mn uptake and Afet3Afet4 are impaired in Fe uptake.

Yeast mutants complemented

Azrt1Azri2
ZIP1
Asmf1
Azrt1Azri2
Z1P2
Asmf1
ZIP3 Azrt1Azrt2
ZIP4 Azrt1Azri2
ZIPs5 Asmf1
Z1P6 Asmf1
Azrt1dzrt2
Z1P7 Asmf1
Afet3Afet4
ZIP9 Asmf1
ZIP10 Azrt1Azrt2
ZIP11 Azrt1dzrt2
ZIP12 Azrt1Azrt2
Azrt1dzrt2
IRT1 Asmfl
Afet3Afet4
Azrt1dzrt2
IRT2
Afet3Afet4
Azrt1Azrt2
IRT3
Afet3Afet4
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Figure 1-7 ZIP transporters in Arabidopsis thaliana. The current model of Arabidopsis ZIPs locates
IRT1 at the plasma membrane, where it constitutes the main entry point of Fe to the cell from the
soil. Other metals, such as Zn, Mn and the toxic metal Cd are also internalized by IRT1. IRT3 is also
expressed at the plasma membrane and expected to translocate primarily Zn, but also Fe. ZIP1 is
located at the vacuole and is expected to mediate transport of Zn and Mn into the cytoplasm. On the
other hand, ZIP2 expressed in the stele, is implicated on xylem loading of Zn and Mn. ZIP4 is
predicted to mediate Zn transport to chloroplasts. To this day, no specific member of the ZIP family
was experimentally proven to be involved in primary uptake of Zn from the rhizosphere, although
many members of the family are suspected to take action in such process. Created with
BioRender.com
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1.4 IRT1: akey protein in metal nutrition

1.4.1 Identification of IRT1

Over the past decades, Fe nutrition in plants has been a widely investigated topic slowly shifting
from physiological to molecular studies in the past 25 years. Arabidopsis thaliana, being the model
dicotyledonous plant of choice, was the first organism in which Fe transporters from the ZIP family
were identified. IRT1 was cloned by functional complementation of a yeast a Saccharomyces cerevisiae
mutant strain deleted for the main low and high affinity genes involved in Fe acquisition (Eide et al.
1996). Such strain consequently fails to grow on iron poor media. Through transformation of fet3fet4
with an Arabidopsis thaliana cDNA library, several clones corresponding to a gene named Iron
Regulated Transporter 1 (IRT1) were isolated (Eide et al. 1996). Following studies found similar
proteins in a diversity of organisms, such as the Zrt transporter in yeast (Zhao and Eide 1996a). This led
to the classification of this proteins into the family described above: Zrt/Irt like Proteins (ZIP) (Guerinot
2000; Grotz et al. 1998).

IRT1 mRNA were early shown to accumulate specifically in roots of iron-deficient Arabidopsis
plants suggesting a role in iron absorption from the soil (Eide et al., 1996). Further work indeed
demonstrated that IRT1 is the main Fe transporter responsible for iron uptake in Arabidopsis. Knock-
out mutations of this gene leads to chlorosis and severe impediments in plant growth, both clear signs
of drastic Fe deficiency (Vert et al. 2002; Henriques et al. 2002; Varotto et al. 2002). This effect can only
be reverted by the addition of abnormally high amounts of Fe during watering. The use of the GUS
reporter allowed the visualization of IRT1 promoter activity in root epidermal cells and confirmed its
strong transcriptional regulation by low Fe. Furthermore, an IRT1-GFP fusion protein was found at the
plasma membrane when transiently expressed in protoplasts (Vert et al. 2002). Altogether, these

evidence support a role for IRT'1 as the main Fe transporter involved in direct uptake from the soil.

1.4.2 Substrate specificity of IRT1

As already discussed in sections above, IRT1 was found responsible for internalization of divalent
metals other than Fe. Metal transport competition studies coupled to complementation of yeast mutants
affected in various metal transporter indeed revealed the ability of IRT1 to transport several metals
including Fe, Mn, Zn, Co and Cd (Eide et al. 1996; Korshunova et al. 1999; Vert et al. 2002). Through
characterization of Fe** uptake in the fet3fet4 yeast mutant an apparent Km of 6 + 1 uM was measured.
Inhibition assays on this mutant revealed that Co, Mn, and Zn inhibited Fe uptake when supplied at
100-fold excess, suggesting a greater affinity for Fe but still potential transport of other metals (Eide et
al. 1996). Further investigations, demonstrated that IRT1 is able to complement the yeast smf1 mutant
deficient for Mn uptake. Kinetic assays showed an apparent Km of 9 + 1 uM, suggesting that Mn is
transported in a similar concentration dependent manner as Fe (Korshunova et al. 1999). Additionally,
IRT1 complementation was tested in ctrl and zrt1zrt2 mutants defective in Cu and Zn transport,

respectively. Cupper deficient strain ctr1 was unable to grow when overexpressing IRT1, unlike the
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zrtlzrt2 mutant that was correctly complemented. The reported apparent Km for Zn transport was of
2.8 + 0.6 uM (Korshunova et al. 1999). Moreover, the fact that only Fe limitation induces IRT1
expression, together with the observation that only Fe can complement the chlorosis of irt1 mutant
(Vert et al. 2002) indicated that Fe is the primary substrate of IRT1. From then on, its other substrates
were considered as secondary metal substrates being specifically transported by IRT1 (Korshunova et
al. 1999; Vert et al. 2002).

Site directed mutagenesis of conserved residues predicted to be involved in metal binding, together
with a yeast based uptake essay, showed the importance of certain residues in the specificity of IRT1 for
different substrates (Rogers, Eide, and Guerinot 2000). Mutation of Glutamic acid 103 (D103) located
at the extracellular loop between TM2 and TM3 to alanine (A) eliminates Zn transport. Fe, Mn and Cd
transport however remains unaffected by such mutation. Another mutation in an extracellular loop, on
aspartic acid 100 (E100), only eliminated Fe and Mn transport, suggesting that Fe and Mn uptake are
mechanistically related. Interestingly, a double mutant, carrying both D103 and E100 substitutions to
A, presented Zn transport and was more sensitive to Cd than the independent mutants. This
extracellular loop was proposed to be the responsible one for recruiting metal ions before transport.
Structural evidence on the Bordetella ZIPB revealed that Cd** and Zn?* ions were able to bind on this
region, contributing further to this hypothesis (Zhang et al. 2017). Another D mutation, this time at the
end of TM3 exposed to the cytosol, D136A eliminated Mn and Fe like the D103 A mutation, and also to
a certain extent Cd uptake. A serine (S) residue located midway through the membranous fraction in
TM4 eliminates all transport functions, suggesting that it is of high importance for transport of all the
substrates. Additionally, mutations on highly conserved histidine (H) and E residues H96, H197 and
H224 together with E228 were detrimental for all transport activity. This showed that IRT1 selectivity
can be engineered to transport specific substrate. However, to this date, mechanistic information about

the transport of each individual substrate is missing.

1.4.3 Topological aspects of IRT1

The structural and topological aspects regarding IRT1 are still elusive. Eide et al. 1996 reported on
the predicted topology of IRT1 as being composed of eight transmembrane spans (TM), with both N
and C termini on the extracellular space. It was noticed later on, that the version of IRT1 used in this
study lacked nine amino acids at the N-terminus, which are predicted as part of a signal peptide
(Barberon et al. 2011; Zhang et al. 2014). Although significant experimental evidence of a functional
signal peptide is still missing, tandem mass spectrometry performed on microsomes isolated from Fe-
deficient roots revealed the presence of N-terminal peptides corresponding to IRT1 pointing to the lack
of processing for such signal peptide (G. Vert, personal communications). This observation changes
the topology model creating a 9th TM, unless the signal peptide is cleaved, and so the N-terminus would
be found on the cytosolic compartment whereas the C-terminus on the extracellular side. The plant
MXxIRT1, discussed in sections above, is the only member of the ZIPs so far to have been experimentally

determined to have a signal peptide. The lack of this portion prevents the correct localization of the
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protein. Mature MxIRT1 was demonstrated to still have the signal peptide attached (Zhang et al. 2014).

Whether this is true for Arabidopsis thaliana IRT1 is yet to be determined.

1.4.4 Regulation of IRT1

Since the metal concentration range at which plants can properly grow and develop is very limited,
a tight regulation of the uptake machineries is crucial to provide enough metals for metabolism and cell
structures while preventing deleterious metal overload. Regulation of metal transporters levels in
different compartments or tissues together with the expression of intracellular storage/detoxification
molecules and proteins are the mechanisms that plants have to tame this effect. For the purpose of this
thesis, only the regulation of the Arabidopsis Fe uptake machinery will be discussed in detail in

following sections.
1.4.4.1 Transcriptional regulation of IRT1 expression

Nutrient transport regulation is crucial for finding the right balance between availability and cell
requirements without surpassing nutrient toxicity thresholds. To maintain metal homeostasis despite
varying concentration of available metals, IRT1 is regulated at different levels. The first point of
regulation happens at the transcriptional level of the IRT1 gene, which is induced by Fe deficiency (Eide
et al. 1996; Vert et al. 2002). Several basic Helix-Loop-Helix (bHLH) transcription factors were found
responsible for the upregulation of IRT1. Of these, Fer-like Iron Deficiency Induced Transcription
Factor 1 (FIT) was pointed as the central actor on the Fe deficiency response, provided that fit mutants
are chlorotic and die as seedlings in Fe deficiency conditions (Colangelo and Guerinot 2004). FIT
function requires heterodimerization with other transcription factors from the Ib subgroup of bHLHj,
such as bHLH38, bHLH39, bHLH100, and bHLH101. The formation of heterodimers allows FIT to
bind to the IRT1 promoter as well as to other Fe dependent promoters (Colangelo and Guerinot 2004;
Yuan et al. 2008; Sivitz et al. 2012; Selote et al. 2015; Zhang et al. 2015; Li et al. 2016; Liang et al. 2017).
Mutants overexpressing FIT together with bHLH38 and bHLH39 turn IRT1 expression into constitutive
expression, whereas single overexpression mutations of one of these genes maintains the responsiveness
to Fe deficiency (Yuan et al. 2008). To this date, 448 genes have been shown to be regulated by FIT (Mai,
Pateyron, and Bauer 2016). In the same manner, FIT expression also responds to Fe starvation, although
only mildly, and just like IRT1, it is expressed in the outer cell layer of the root (Jakoby et al. 2004; H. Y.
Wang et al. 2007).

Upstream from FIT and Ib bHLH transcription factors, positive regulators from the IVc subgroup
of bHLHs (bHLH34, bHLH104, bHLH105 and bHLH115) and the IVb member bHLH121 also named
UPSTREAM REGULATOR OF IRT1 (URI) act in response to low iron (Zhang et al. 2015; Li et al. 2016;
Liang et al. 2017; Kim et al. 2019; Tissot et al. 2019; Gao et al. 2020). A phosphorylated pool of URI
protein accumulates at the root periphery during Fe deficiency conditions. Phosphorylated URI
heterodimerizes with subgroup IVc bHLH transcription factors that in turn promote binding of the

heterodimers to the promoters of subgroup Ib bHLHs (the aforementioned bHLH38, bHLH39,
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bHLH100, and bHLH101) and of POPEYE (PYE), BRUTUS (BTS), and BRUTUS LIKE 1 (BTSL1),
besides binding and inducing other Fe-deficiency responsive promoters (Kim et al. 2019; Gao et al.
2020). In accordance with its function, an uri mutant lacks the Fe-deficiency response, is highly
chlorotic and seedling-lethal in soil, but its phenotype is reversed by supplementation with Fe. Unlike
the Ib bHLH transcription factors which enhance the expression of Fe responsive genes like FIT, PYE
negatively regulates genes involved in Fe mobilization independently from FIT (Colangelo and
Guerinot 2004; Jakoby et al. 2004; Yuan et al. 2008; Long et al. 2010). The pye-1 mutant presents strong
leaf chlorosis and impaired growth. Also, the FRO3 reductase and the NAS4 nicotianamine synthase
are more upregulated in said mutant than in the wild-type in Fe deficiency conditions, indicating the
negative regulatory effect of PYE. Additionally, the E3 ubiquitin ligases BTS and BTSL1, are also
negative regulators of the Fe deficiency response. They do so by intervening in the proteasome mediated
degradation of URI in Fe sufficiency in the case of BTS, and in the destabilization of the FIT protein by
BTSL1 together with BTSL2 in a similar manner to URI-BTS (Kim et al. 2019; Rodriguez-Celma et al.
2019). Notably, BTS has been demonstrated to present several types of metal binding domains and to
directly bind Fe as well as Zn, possibly through its hemerythrin domain, and therefore inducing its ligase
activity (Kobayashi et al. 2013; Selote et al. 2015). Both the bts mutant and the btsls double mutant fail
to down-regulate the Fe deficiency responsive genes, are more tolerant to Fe deficiency but also more
prone to accumulate toxic levels of Fe in roots and leaves under Fe sufficiency compared with wild- type
plants (Selote et al. 2015; Kim et al. 2019; Rodriguez-Celma et al. 2019). Opposed to the destabilization
by BTSL1, FIT activity is positively regulated by phosphorylation by the Fe-deficiency-induced
CALCINEURIN B-LIKE- INTERACTING PROTEIN KINASE-11 (CIPK11) (Gratz et al. 2019).

The regulation of the IRT1 transporter gene expression by Fe limitation integrates both external soil
availability signals and the shoot metal content, as shown by split root experiments together with time
course expression pattern assessment (Vert, Briat, and Curie 2003). While the Fe deficiency signaling
cascade presented above certainly drives IRT1 expression locally in root epidermis, the nature of long-

distance signals and how both are integrated is still unknown.
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Figure 1-8 - Metal sensing and signaling in the root epidermis. (Adapted from Cointry and Vert, 2019). When plants are in
demand for Fe, the IRT1 gene is transcriptionally upregulated in the root epidermis in response to local and long-distance
signals underlying Fe availability and the shoot Fe status, respectively. How these signals are integrated is currently unknown.
Downstream of BRUTUS (BTS) are found group IVc bHLH transcription factors (bHLH34, 105, 105, 115) that are positive
regulators of Fe - deficiency responses. bHLHIVc bind to the promoters of bHLHIb (bHLH38, 39, 100, 101) transcription
factors to activate their transcription in Fe-starved plants. bBHLHIb heterodimerize with the FIT bHLH transcription factor and
bind to IRT1 promoter, therefore driving IRT1 gene expression in Fe -deficient conditions. FIT activity is positively regulated
by CALCINEURIN B-LIKE- INTERACTING PROTEIN KINASE-11 (CIPK11)-dependent phosphorylation, represented by a
phosphate group attached to FIT. Non- iron metals (Zn, Mn, Co) transported by IRT1 due to their similarity with Fe, are directly
sensed by IRT1 in root epidermal cells through a stretch of histidine residues in a cytosolic loop to negatively regulate IRT1.

1.4.4.2 Regulation of IRT1: The regulatory loop as a target for

post-translational modifications

In addition to the transcriptional regulation by low Fe, IRT1 protein levels are also regulated for

protection in stress conditions. Similar to some ZIPs from other organisms, IRT1 was suspected of being

regulated by post-transcriptional modifications. Notably, the mutation of two K residues in the large

cytosolic loop in a comparable manner to what has been shown to the yeast Zrtl zinc transporter,

increases IRT1 protein levels. It was therefore suggested that IRT1 undergoes ubiquitin-mediated

degradation although no evidence of degradation and ubiquitination was provided.

Previous work from our lab clarified this point and shed light on the complex regulation of IRT1

protein ubiquitination and degradation by non-Fe metal substrates. As already mentioned in sections

above, the second intracellular loop of IRT1, located between TM4 and TMS5 (that is, if we consider the

putative signal peptide to be TM1), presents interesting features. Lysine (K) residues K154 and K179 on

this loop are subject to events of ubiquitination. Plants carrying a mutant version of IRT1 in both these
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K residues are highly sensitive to Fe. Immunolocalization of the WT and mutant protein together with
immunoblotting analyzes revealed that monoubiquitination labeling of this K residues of the loop
triggers endocytosis of IRT1 from the PM into early endosomes (EE), and thus the K mutant version of
IRT1, incapable of being ubiquitinated, is retained at the PM contributing to toxicity (Barberon et al.
2011). The pool of IRT1 at the EE can be either recycled back into the PM or further modified and
targeted to degradation in response to varied external metal availability, as shown by confocal
microscopy localization studies using an IRT1 fusion protein to the YFP derivate fluorescent protein
mCitrine. The fluorescent mCitrine protein was located after residue 42 of IRT1, between TM1 and
TM2, and renders a functional protein that is able to complement the irt1-1 knock out line (Dubeaux et
al. 2018). IRT1 targeting for degradation is driven by the extension of the monoubiquitin labels into
larger K63-linked ubiquitin chains, which consist of ubiquitin moieties sequentially bound to the K63
residue of the previous Ubiquitin molecule. This was revealed by immunoblotting of immunopurified
IRT1 with Apu3 antibodies, raised to specifically detect K63 linked ubiquitin (Newton et al. 2008;
Dubeaux et al. 2018). This type of polyubiquitination was only detected after exposing the plants to an
excess of the secondary substrates and it was then proven to target IRT1 to the vacuole for degradation,
as seen by confocal microscopy after growing plants in the dark and thus avoiding lytic vacuole activity.
The E3 RING ubiquitin ligase Irtl Degradation Factor 1 (IDF1) was identified as the E3 ligase
responsible for the extension of the chains (Shin et al. 2013; Dubeaux et al. 2018). A specific E2
conjugating enzyme involved in IRT1 tagging has not yet been established. The E2 UB-
CONJUGATING ENZYMES-35/36 (UBC35/36), responsible for most of the K63 polyUb chain
formation in Arabidopsis (Li and Schmidt 2010; Romero-Barrios et al. 2020), is however suspected to
take action in this process.

Oftentimes, phosphorylation is needed in advanced to ubiquitination. That is so that the E3 ligases
can dock into its substrate better. This is the case for IRT1. Prior to ubiquitination, the action of the
CIPK?23 kinase is needed. Residues in the proximity of the K residues mentioned above are subject to
this kinase, although they have not been identified until this date. Interestingly, action of CIPK23 on
IRT1 requires direct non-iron metal binding on a particular PHGHGHGHGP motif in this loop. It is
speculated that binding of metals might stimulate structuration on this large loop that allows CIPK23
to act on it. Another hypothesis is that the metals act as the binding mediator between this two proteins.

Addition of K63 polyUbiquitin chains onto IRT1 facilitates the recognition by the Endosomal
Sorting Complex Required for Transport (ESCRT) which prompts mobilization of the protein into the
vacuole (Dubeaux & Vert, 2017). An ESCRT-associated factor called FAB1, YOTB, VAC1, EEA1-1
(FYVEL1) has been shown to interact with both IRT1 and Ubiquitin to elicit proper intracellular sorting

of endocytosed IRT1 (Barberon et al. 2014; Gao et al. 2014). The recycling of IRT1 back into the plasma
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membrane, is controlled by Sorting Nexin-1 (SNX1), also an endosomal located protein (Ivanov et al.

2014).

Recruitment of CIPK23
Phosphorylation of S/T

N
@

Figure 1-9 - Molecular basis of IRON-REGULATED TRANSPORTER-1 (IRT1) transceptor function. (Adapted from
Cointry and Vert, 2019). When plants express high levels of IRT1 in a soil that contains non-iron metals, the flux of
the latter is directly sensed by a histidine-rich stretch in IRT1 sitting in an unstructured cytosolic loop at the exit of
IRT1 permeation domain. Metal-bound IRT1 recruits the CIPK23 kinase, which in turn phosphorylates serine and
threonine residues in the vicinity of the histidine-rich motif. Phosphorylated IRT1 has the ability to interact with
the E3 ubiquitin ligase IRONDEFICIENCY FACTOR-1 (IDF1) to promote lysine (K)-63 polyubiquitin-mediated
endocytosis and degradation of IRT1.
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2 Context and objectives

Deep understanding of biological systems requires multidisciplinarity. Comprehension of the bases
of iron uptake by plants is no exception. It is critical to decipher the mechanistic intricacies through
which transporters achieve their functions. Research on a wealth of metal transporters reviewed in the
previous sections demonstrate the importance of structural and biochemical information in this matter.
Despite the fairly known physiological and regulatory mechanisms of IRT1, this protein, as the whole
ZIP family of transporters, suffers a tremendous gap in such research. Furthermore, there are great
incongruences in the literature regarding the transport mechanisms of ZIPs. It is for that reason that the
objectives of this thesis were to navigate these topics. Furthermore, in recent years our lab sat ground in
the world of post-translational regulation of membrane transporters by describing the mechanisms of
regulation of IRT1 involving phosphorylation by the CIPK23 kinase and subsequent K63
polyubiquitination by the IDF1 E3 ligase. However the molecular basis of the interaction of the
regulatory loop of IRT1 with metals and the interacting proteins CIPK23 and IDF1 remain elusive.
Therefore, during my thesis I aimed to: a) Develop biochemical tools necessary for the exploration of
mechanistic and structural characterization of IRT1 and b) study the molecular basis of the metal-
binding event that triggers the regulatory cascade of IRT1.

Our interest in developing biochemical tools for the characterization of IRT1 led us to setting a
collaboration with the laboratory of Guillaume Lenoir at the I2BC institute at CEA Saclay. Also, with
the aim of achieving the 3D structure of IRT1 we set a collaboration with the laboratory of Hugues Nury
and Eva Pebay-Peyroula at IBS, Grenoble. Finally, for studying the structural properties of the IRT1
loop involved in post-translational regulation of the protein by NMR we collaborated with Nelly
Morellet at ICSN, Gif sur Yvette, which lead to the preparation of a paper manuscript of which I am first
author and will be presented in the second part of the result section. This manuscript will be submitted

for publication when ongoing experiments are finished.
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3 Results

3.1 Development of tools for the biochemical and structural

characterization of IRT1

3.1.1 Expression, solubilization and purification of IRT1

3.1.1.1 Design of functional fusion proteins

Previous work in the team using expression of IRT1 with various affinity tags in Escherichia coli
revealed that IRT1 could not be easily purified from bacteria (Licence Pro report of Victor Folcher,
supervised by Julie Neveu). Besides, no information about the functionality of IRT1 fusions could be
obtained, questioning the relevance of such expression system to express and purify IRT1. I therefore
turned to yeast as an expression system to evaluate its suitability to purify significant amounts of
functional IRT1 fusions for its biochemical characterization. In collaboration with the team of
Guillaume Lenoir at I2BC Paris-Saclay, I designed, cloned and screened for a functional IRT1 fusion
protein with an affinity tag in yeast. Our aim was to find a fusion protein that is not only functional for
metal transport, but that also has significant expression and that is able to be solubilized by a mild
detergent to preserve its functionality and structural properties. To achieve our goals, I used two
different tags, the mCitrine fluorescent tag and the Biotin Acceptor Domain (BAD), fused at different
position in the IRT1 WT protein (Figure 3-1). Also, we included a Tobacco Etch Virus (TEV) protease
cleavage site between IRT1 and the BAD tag for further processing. Taking into account that a fusion
IRT1mCitrine protein, where the fluorescent mCitrine tag is located on the first extracellular loop, is
able to complement irt1-1 knockout mutant plants and fet3fet4 yeast mutants (Dubeaux et al. 2018), we

decided to maintain the tag on this position. We also speculated that the presence of mCitrine may help

A B

‘ Biotin acceptor domain

mCitrine

ﬁ IRT1

Figure 3-1 Design of protein fusions for purification. Different combinations of the IRT1 protein, the mCitrine fluorescent
tag and the biotin acceptor domain tag were cloned into pYEDP60 expression vector in different arrangements. A) Bad-
IRT1 B) IRT1-Bad C) IRT1mCitrine D) Bad-IRT1mCitrine E) IRT 1mCitrine-Bad.
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solubilize the otherwise rather hydrophobic IRT1 protein. The designed fusions were cloned in the
PYEDP60 expression vector under control of a galactose inducible promoter and tested for functionality
by expression in the W303.1B Apep4 yeast strain that has been previously used for membrane protein
production and purification (Azouaoui et al. 2016). Such strain is deleted for the major vacuolar
protease, Proteinase A, which enhances heterologous protein production by preventing degradation of
overexpressed proteins.

To assess the functionality of IRT1 fusions, we took advantage of the ability of IRT1 to transport the
highly toxic cadmium ions. This was previously shown to yield reduced growth of wild-type yeast
strains (Rogers, Eide, and Guerinot 2000; Vert, Briat, and Curie 2001). The W303.1B Apep4 yeast strain
was therefore transformed with the vectors carrying the corresponding IRT1 fusions (Figure 3-1). The
expression of IRT1 fusions was induced with galactose, and yeast growth assayed by drop test on media
containing different concentrations of CdCl,. Yeast carrying the empty vector and the untagged IRT1
protein were used as negative and positive controls, respectively. Such experiment demonstrated that
two of the four fusions tested were functional for Cd transport, as visualized by the lack of growth on
5uM CdCl,-containing plates (Figure 3-2). Tagging with Bad tag at the N-terminus of IRT1 rendered
the proteins non-functional, whereas tagging at the C-terminus maintained transport abilities
regardless of the presence of mCitrine. Interestingly, mCitrine enhanced the sensitivity of the yeast to
CdCl,, potentially due to a difference of protein levels. It would be interesting to confirm this by
performing a western blot using anti-IRT1 antibodies and quantitative RT-PCR to evaluate the

influence of mCitrine on IRT1 stability.
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Figure 3-2 Functionality of IRT1 fusions expressed in yeast. W303.1B A pep4 yeast were transformed with PYEDP60
vectors carrying IRT1 fusion proteins under the control of a galactose inducible promoter. Empty vector transformed
yeast were used as negative control and yeast expressing untagged IRT1 as positive control. Yeast were grown in
minimal selective media and spotted on plates containing various concentrations of CdCl2. Growth was monitored
after 4 days at 28°C.

3.1.1.2 Expression test and solubilization optimization

After having determined what fusions are functional, we next sought to analyze the expression levels
of the corresponding fusions expressed in yeast liquid cultures. Overnight yeast cultures in selective
media carrying vectors to express the two C-terminal tagged fusions as well as the IRT 1mCitrine protein
were inoculated and further grown in rich media for 36 hours. Galactose in powder was added to a final
concentration of 2 % for induction during 13 hours until cells were harvested and processed for
fractionation. We analyzed two different membranous fractions obtained by differential
ultracentrifugation, as previously done for other membrane proteins (Azouaoui et al. 2016). Heavy
membranes, here called “P2”, in reference to being the second pellet obtained after a series of
centrifugations, are recovered at 20 000 g and correspond to bigger portions of fractionated membranes.
On the other hand, light membranes, from now called “P3”, are recovered after a step of
ultracentrifugation at 100 000 g. Analyses of the two different membranous fractions demonstrated that

all three fusions were recovered in both fractions in comparable amounts (Figure 3-3A). Also, the two
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proteins containing the mCitrine fluorescent tag were expressed in higher amounts compared to the

IRT1Bad fusion.
IRT1Bad treated
IRT1mCirineBad IRT1mCirine IRT1Bad w/ TEV
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Figure 3-3 Expression and solubilization of IRT1 fusion proteins expressed in yeast. After protein expression, cells were subjected
to membrane fractionation followed by sequential steps of centrifugation. We obtained two types of membranes, P2 (heavy
membranes) and P3 (light membranes). A) Protein expression in P2 and P3 membranes was analyzed by immunoblotting.
Fusions containing the mCitrine fluorescent tag were probed with an anti-GFP antibody, whereas IRT1Bad was probed with
an avidin probe. To determine which band corresponds to IRT1Bad, given that the avidin probe recognizes endogenously
biotinylated proteins, we treated the samples with the TEV protease, shown by the red arrow. The asterisk indicates the band
corresponding to IRT1Bad. B) and C) Solubilization of IRT1mCitrineBad and IRT1mCitrine was carried from P2 and P3
membrane fractions diluted to 2 mg/ml. Detergent was added to final 2 mg/ml (1:1) and 6 mg/ml (3:1) concentrations and
solubilization proceeded for 1 hour. Samples were subjected to ultracentrifugation at 100 000 g for 1 hour. Tot refers to the
crude extract before centrifugation and 1pg of the “tot” fractions was loaded in each case. SN refers to supernatant after
ultracentrifugation and 2ug of these samples were loaded on SDS-PAGE gels. D) and E) Solubilized proteins were quantified
relative to the total fractions.

I then focused on the solubilization of the mCitrine-containing fusion proteins by the gentle non-
ionic detergent n-dodecyl-3-D-maltopyranoside (DDM) at two detergent: protein ratios (1:1 and 3:1),
since it is an appropriate detergent to purify properly folded IRT1 protein compared to harsher
detergents. Also, experimental procedures in our laboratory demonstrated the ability of DDM to
solubilize IRT1 protein from plant tissues (Dubeaux et al. 2018; Martin-Barranco et al. 2020). This
demonstrated that proteins from P3 membranous fractions were better solubilized compared to

IRT1mCitrine and IRT1mCitrineBad recovered from P2 type membranes. For the IRT1mCitrine
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fusion, the 3:1 detergent to protein ratio solubilized about 75% of the P3 sample, comparable to the 1:1
ratio, where we measured 70% solubilization (Figure 3-3 E). In the case of IRT1mCitrineBad we

estimated a solubilization of ~25% in both conditions for P3 membranes (Figure 3-3 D).
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Figure 3-4 Optimization of solubilization. A) Solubilization of IR-T1mCitrineBad and IRT 1mCitrine was carried from P3 membrane
fractions solubilized to 2 mg/ml. Detergent was added to final 2 mg/ml (1:1), 6 mg/ml (3:1) and 10 mg/ml (5:1) concentrations and
solubilization proceeded for 1 hour. Samples were subjected to ultracentrifugation at 100 000 g for 1 hour. Tot refers to the crude
extract before centrifugation and 2pg of the “tot” fractions was loaded in each case. SN refers to supernatant after ultracentrifugation
and 2 pg of these samples were loaded on SDS-PAGE gels. B) Solubilization of IRT 1mCitrine Bad from P3 membranes proceeded
asin A at the temperatures indicated above each lane. Also, CHS was added to certain samples. C) and D) Solubilization proceeded
asin A at different time points indicated above each lane, at 20°C and 4°C respectively. The bar graphs correspond to quantifications

normalized to the total fractions.
Further solubilization optimization, where we elevated the detergent:protein ratio (Figure 3-4 A),
did not show any significant increase in the yield of solubilization. Similarly, increase of temperature
and addition of CHS, a derivative of cholesterol widely used in protein stabilization (Thompson et al.
2011; Kotov et al. 2019), had little effect on the solubilization of IRT 1mCitrineBad. Overall, we observed
yields of no more than 25% (Figure 3-4 B). Likewise, when solubilization was carried out for different

time, no significant difference was observed (Figure 3-4 C and D).
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I then tested the solubilization using other harsher detergents than DDM. These were n-Octyl-f-D-
Glucopyranoside (OG), 3-cholamidopropyl dimethylammonio 1-propanesulfonate (CHAPS) and Fos-
Choline-16 (FC16) (Figure 3-5). Solubilization was carried from P3 membranes at 3:1 detergent: protein
ratio as previously assayed, and in parallel to DDM to determine whether they presented stronger
solubilization yields. We observed that FC16 elicited the highest solubilization yield followed by DDM.
OG, CHAPS and a CHAPS+DDM mix, elicit negligible solubilization yields on IRT1mCitrineBad and

IRT1mCitrine samples.
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Figure 3-5 Optimization of solubilization in different detergents. A) and B) Solubilization of IRT 1mCitrineBad and IRT1mCitrine was
carried from P3 membrane fractions solubilized to 2 mg/ml. Detergents were added to final 6 mg/ml (3:1) concentrations and
solubilization proceeded for 1 hour at 4°C. Samples were subjected to ultracentrifugation at 100 000 g for 1 hour. Tot refers to the
crude extract before centrifugation and 1ug of the “tot” fractions was loaded in each case. SN refers to supernatant after
ultracentrifugation and 2ug of these samples were loaded on SDS-PAGE gels. C) and D) Solubilized proteins were quantified relative
to the total fractions.

Altogether, solubilization yields for the IRT1mCitrineBad construct were highly variable. FC16
yielded solubilization rates close to 100% whereas DDM yields were 35% in average. Because at this
stage we do not count with an assays to determine protein activity in solution, we decided to continue
working with both detergents. Whereas DDM tends to keep protein folding intact, this is sometimes not
the case for the harsher detergent FC16. On the other hand, solubilization yields of the IRT1mCitrine
fusion protein in DDM was consistently about 75%. The addition of CHS had no impact on protein
recovery for any of the constructs. Although some of the tested conditions seemed to cause minor effects

on the solubilization, these were among the variability present throughout different experiments. For
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this reason, we decided to continue our experiments using the solubilization parameters that were the
most reproducible and that were optimal for protein stability for IRT 1mCitrine and IRT 1mCitrineBad
(Table 2).

Table 2 Solubilization parameters.

Membrane Detergent:protein Temperatur Solubilization
Fusion protein type Detergent ratio e Time yield
IRT1mCitrine P3 DDM+CH 3:1 4° 1h ~75%
S
IRT1mCitrineBad P3 DDM+CH 31 4° 1h ~35%
S
IRT1mCitrineBad P3 FC16 3:1 4° 1h ~100%

3.1.1.3 Purification strategies

Given the expression and solubilization results, we decided to pursue purification strategies specific
for each of the constructs. Because the IRT1mCitrine fusion has no other tag than the mCitrine, we
designed a purification strategy based on GFP binding proteins called aReps (Chevrel et al. 2015), that
would allow for efficient and affordable purification compared to commercially available GFP traps. On
the other hand, the biotin acceptor domain in the IRT1mCitrineBad construct is biotinylated in the

yeast, which facilitates capture by the strong avidin-biotin interaction (Jidenko et al. 2006).

3.1.1.3.1 Affinity chromatography on streptavidin

sepharose resin

We based the design of our purification strategy on the protocol established for the rabbit
sarcoplasmic reticulum Ca?*-ATPase and the yeast lipid flippase P4-ATPase Drs2p (Jidenko et al. 2006;
Azouaoui et al. 2016), since established by our collaborators. This strategy consists in incubating the
solubilized protein sample containing the BAD domain, which is in vivo biotinylated in the yeast host,
with a streptavidin sepharose resin. The strong and highly specific interaction between biotin and
streptavidin allows the recovery of a high purity protein sample. The trapped protein is then removed
by protease activity by the TEV protease on its specific cleavage site between C-terminal end of IRT1

and the BAD Domain (Figure 3-6).
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Sepharose Streptavidin Resin

Figure 3-6 Purification on sepharose streptavidin resin. Solubilized IRT1mCitrineBad is incubated with the sepharose
streptavidin resin. Unbound proteins are washed away with buffer. The trapped protein is then cleaved by the TEV protease
on the TEV protease cleavage site located between IRT1 and the Bad tag.

Because solubilization was more efficient on FC16 and because DDM does not impact on protein
folding, we decided to compare purification strategies in both detergents. The different steps of the
purification were analyzed by SDS-PAGE followed by Coomasie blue staining or western blot (Figure
3-7). As seen in the eluate fraction, IRT1mCitrine is detected at ~50 kDa and its main contaminant is
the TEV protease, seen at ~28 kDa in both detergent conditions (Figure 3-7 A). Comparing the
flowthrough (FT) signals to the crude extract (SN), we can observe that most of the protein is lost at the
binding step since the intensities of both bands are the same (Figure 3-7 B). This was observed for
purifications in both detergents. We were, however, able to recover IRT1mCitrine in two sequential
elution steps (E1 and E2). Interestingly, we observed a shift in the migration of IRT 1mCitrine when the
sample is treated at 95°C compared to the regular 30°C treatment (Elysc). This may be caused by
misfolding of the protein changing the Stokes radius and hence affecting the migration in
polyacrylamide gels. To determine whether a fraction of the protein remains bound to the resin even
after treatment with the TEV, the resin samples needs to be treated at 95°C in order to detach the
captured protein.

We decided to estimate protein concentrations by immunoblotting, based on a calibration curve of
purified recombinant mCitrine. We loaded 50 ng, 100 ng, 200 ng and 400 ng of pure mCitrine that we

previously purified on SDS-PAGE for immunoblotting. We loaded also 2.5 and 5 ul of a 1/10 dilution
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of the original eluate fractions of IRT 1mCitrine for protein estimation. By linear regression, we obtained
a curve that allowed us to determine the concentration of the eluted protein at approximately 0.2 mg/ml
for purifications in DDM+CHS and FC16. This means that the total yield of purification of

approximately 0,2 mg IRT1mCitrine/L of culture.

The use of FC16 did not increase the final yield of purification, despite its clear positive effect on
solubilization. We reasoned then, to continue our work by using the strategy based on solubilization

with DDM+CHS in order to optimize protein stability.
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Figure 3-7 Purification on sepharose streptavidin resin. P3 membranes were diluted to 2mg/ml (TOT) and subjected to
solubilization with DDM+CHS or FC16 at a final 6mg/ml concentration. The samples were centrifuged at 100 000g and the
supernatants (SN) were recovered. Then the SN were incubated with the resin for 2 hours (R,). The resin was decanted by
low speed centrifugation and unbound proteins (FT) were removed. The resin was then washed and finally treated with
TEV protease overnight (Roy) for the elution of the bound IRT1mCitrine (E1). E1 was recovered by again decanting the
resin at low speed centrifugation. A second elution (E2) was carried by addition of buffer without additional TEV. The
protein migration shifts when the sample is treated at 95°C (Elgsc). A) Coomasie blue analyses of purification samples in
DDM+CHS and FC16. B) Immunodetection of purification samples with GFP antibodies. C) Quantification of purified
IRT1mCitrine was based on immunodetection by GFP antibodies. Here, 2.5ul and 5pl of a 1/10 dilution of the pure
IRT1mCitrine samples were loaded on SDS-PAGE and immunoblotted together with a mCitrine calibration curve.

As mentioned above, although a portion of the protein is recovered in the elution, the majority is
lost in the flow through fraction. In an attempt to increase binding yield, we tried increasing the

biotinylation level of the BAD affinity tag. I therefore used a commercial biotinylation kit (Avidity,
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BirA500) to incubate P3 membranes and solubilized fractions from P3 membranes with the biotin ligase
BirA in a biotin-containing buffer. Reactions were performed at 30°, as recommended by the supplier,
and at 4°C in order to maintain conditions optimal for the stability of IRT 1mCitrineBad. Immunoblots
with an avidin probe capable of binding to biotin, showed that biotinylation was effective in P3
membranes and solubilized fractions, at both 4° and 30° (Figure 3-8 A-C). The final total amount of
protein recovered was however inferior to the initial fraction due to the precipitation of
IRT1mCitrineBad (Figure 3-8 D). This was likely due to the lack of glycerol used in the reaction buffer.
Since glycerol is reported to heavily impact on the activity of the BirA biotin ligase according to the

manufacturer (Avidity), it was removed from our assay but that clearly impacted on IRT1mCitrine

stability.
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Figure 3-8 Biotinylation of IRT1mCitrineBad. A) A commercial biotinylation kit was used on P3 membrane samples
and solubilized P3 membranes at 2 mg/ml following manufacturer recommendations. Recombinant biotin ligase
BirA was added to the samples in a biotin-containing buffer. The reaction was carried for 1 hour at 4°C or 30°C
degrees. Samples were then immunoblotted with an avidin probe revealing biotinylation levels. B) Same samples as
in A, probed with GFP antibodies for normalization of the signals. C) Normalized biotinylation levels. D) The
biotinylation reaction was carried in buffer lacking glycerol as recommended by the manufacturer, which prompted
to the precipitation of the IRT1mCitrineBad. Here, SN treated at 4°C as an example.

46



Results

3.1.1.3.2 Alternative purification strategy: dReps

Because the IRT1mCitrine construct was solubilized more than twice as much compared to the
IRT1mCitrineBad, we decided to design a purification strategy based on mCitrine trapping by a GFP
binding protein, named bGFPd. This artificial binding proteins (aReps) are derived from a natural
family of a-helical repeat proteins and were isolated from a library constructed for creating binders with
a randomized interaction surface. dReps bind GFP with nanomolar dissociation constants (Chevrel et

al. 2015).

Streptactin . - .
Resin ——) A —— %‘

K-

TwinStrep - bGFPd

IRTImCitrine

Figure 3-9 Purification strategy using GFP binders. Twinstrep tagged GFP binder “bGFPd” is produced and purified in vitro. The
pure protein is then incubated with the streptactin resin. The bound bGFPd-resin complex is then incubated with the solubilized
IRT1mCitrineBad protein overnight. Contaminant proteins are washed away before eluting with pure GFP or biotin (blue
spheres).

Pure twinstrep-tagged bGFPd was coupled to a streptactin resin and the resulting resin was then
incubated with IRT1mCitrine. To disrupt the mCitrine-binder interaction we considered two options,
a competition by high amounts of GFP or a biotin elution, which elutes the Twinstrep-
bGFPd+IRT1mCitrine complex (Figure 3-9). Both approaches presented limitations. First, when
recombinant GFP was added as a competitor to IRT1mCitrine, no IRT1mCitrine was detected in the
eluate (Figure 3-10 B). We reasoned the interaction between mCitrine and bGFPd is as strong as the
GFP-bGFPd interaction and thus cannot be out competed by GFP. Consequently, the high amount of
GFP remaining from the elution step constituted the major component of this sample. Second, the
elution with biotin positively resulted in the elution of IRT1mCitrine (Figure 3-10 C). However, the
eluted fraction obtained by used of biotin was significantly less pure than the sample obtained by the

streptavidin sepharose resin method (Figure 3-10 C). Moreover, a comparison of the solubilized fraction
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to the unbound material presented a low binding rate (Figure 3-10 A), similar to the SSR method. For

these reasons, we decided to pursue our experiments by using the SSR purification method.
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Figure 3-10 Purification in bGFPd. P3 membranes were diluted to 2 mg/ml and subjected to solubilization with
DDM+CHS at a final 6 mg/ml concentration. The sample was centrifuged at 100 000 g and the supernatant (SN)
was recovered. Then the SN was incubated with the Streptactin Sepharose Resin (previously incubated with bGFPd
binders) (R,) for 2 hours. The resin was decanted by low speed centrifugation and unbound protein (FT) was
removed. The resin was then washed and finally treated with biotin or GFP for the elution of the bound
IRT1mCitrine (Elgorand Elggp respectively). Second elutions (E2g;or) was carried by a second addition of buffer
containing biotin. E2 gpp was carried by addition of buffer without additional GFP. Tot bGFPd is the bGFPd sample
prior to incubation with Streptactin resin and FT bGFPd is the unbound bGFPd to the streptactin resin.

A) Binding efficiency of IRT1mCitrine from P3 solubilized membrane to the twinstrep-bGFPd bound to
Streptactin resin. B) Immunoblotting of elution samples with IRT1 antibody. C) Coomasie blue analyses of elution

fractions.
3.1.2 Proteoliposome reconstitution of IRT1
In order to gain insight into the functionality of IRT1 and to characterize its transport mechanism,
we decided to reconstitute the purified IRT 1mCitrine from the SSR method into liposomes. We based

our approach in an existing protocol designed for an amino acid transporter from Plasmodium

falciparum of similar topological characteristics of IRT1 (full transmembrane transporter of 30 kDa).
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Briefly, we started with solubilized lipids in chloroform. A mixture of DOPC and POPE were used in
this case. After mixing and drying the mix into a lipidic film in a round bottom flask, it was then
resuspended in Mops-Tris buffer. Once the lipidic film was resuspended, we followed a round of
sonication and extrusion through a 200 nm followed by a 100 nm filter to homogenize the size of our
liposomes. Destabilization of the liposomes was achieved by addition of DDM. This was followed by
addition of the pure IRT1mCitrine protein. Removal of destabilizing detergent was carried by Bio-Rad
bio beads, made of a polymer that traps detergent molecules (See section 4.7 for detailed explanation).

To determine whether our protein was properly incorporated into the liposomes, we used a sucrose
gradient separation by centrifugation strategy. Because empty liposomes are lighter than protein-
containing ones, they are found at lower concentrations of sucrose than proteoliposomes when
centrifuged in a gradient. The non-reconstituted protein often precipitates in such conditions and is
found at the bottom of the tube (Figure 3-11 A). Parallel to the reconstituted fraction, we ran liposomes
that were treated with detergent and bio beads, but instead of the pure protein buffer was added in the
place. These samples were loaded on a sucrose gradient. Immunoblot analyzes of top, middle and
bottom fractions from the gradient demonstrated the presence of IRT1 in the liposomes (Figure 3-11
B). We determined approximately 15% of the total protein was recovered reconstituted in the
proteoliposomes. Addition of triton is known to disrupt the lipidic particles, and should expose the
mCitrine epitope located in the interior of the lipidic layer, allowing the determination of IRT1mCitrine
orientation. With this approach, I determined roughly that most of IRT1 was reconstituted in the
“mCitrine out” orientation, mCitrine being inserted in the extracellular face of IRT1 protein. Further
replicates are needed to improve and confirm such observations. Exposing the samples to an UV lamp
also evidenced the presence of IRT 1mCitrine in the liposomal fraction obtained at ~10% sucrose (Figure
3-11 D). Now that the liposome reconstitution of IRT 1mCitrine appears feasible, the next step will be
to set up transport assays. Incorporation of a metal-sensitive fluorescent probe undergoing metal-
dependent quenching appears as the most appropriate strategy to investigate metal transport by IRT1.
The fluorophore of choice must be sensitive to metals transported by IRT'1 and show spectral properties
not interfering with the fluorescence of mCitrine present in IRT1. Calcein deep red (Cayman), a
membrane-impermeant fluorescent dye, is an adequate fluorophore for such applications. It is a deep
red-emitting version of the green Calcein fluorophore, which is vastly used in metal transport assays
(Manatschal et al. 2019; Kato et al. 2019; Billesbeglle et al. 2020). It has excitation and emission maxima

of 648 and 658 nm respectively, far from the 516 and 529 nm excitation and emission peaks of mCitrine.

49



Development of tools for the biochemical and structural characterization of IRT1

A = B
50 20 10 5 2,5 IRT1mCitrine (ng)
} Buffer )
Empty | | .
liposomes - TI‘ iton T M B
5% Sucrose
Proteoliposomes |t
50 20 10 5 2,5 IRT1mCitrine (ng)
10% Sucrose
20% Sucrose + TI' iton
T M B
30% Sucrose
Precipitates \ J
C D
25000
y = 409,4x + 1504,9 0
2 = .
20000 R2= 0,9858’/, .
- H- Triton
15000 O+Triton
10000
0. ] ey =134,28x + 2363,3
5000 e R2=0,9096
0 v r v v v v
0 10 20 30 40 50 60
IRT1mCitrine (ng) Empty +IRT1

Figure 3-11 Proteoliposome reconstitution. A) Proteoliposomes separate from protein precipitates and empty liposomes during
ultracentrifugation in sucrose gradients. B) Detergent destabilized liposomes were reconstituted by addition of pure IRT 1mCitrine
and resealed by removal of detergent by addition of Biobeads. Reconstituted liposomes were subjected to centrifugation in a sucrose
gradient and top (T), middle (M) and bottom (B) fractions were withdrawn for dotblot and immunoblotted with a GFP antibody.
The samples were treated with triton for disruption of the lipidic film. Pure protein was used for calibration curves. C) Calibration
curve by linear regression of pure protein from the dot blot for determination of the total protein recovery. D) Exposure of gradient
separated liposomes without added protein and with addition of IRT 1mCitrine.

3.1.3 Biochemical characterization of the full-length IRT1

transporter

3.1.3.1 Structural characterization of IRT1: Cryo electron

microscopy

The pure protein sample obtained by the SSR procedure described above was run through size
exclusion chromatography (SEC) for further purification of the sample (Figure 3-12). Because the
elution profile of pure IRT1mCitrine (described in detail in the next section) usually shows two main
peaks at 10.5 and 12 ml, we were surprised to find that at higher protein concentrations this behaviour

appear to be changed. We expected the intensification of the 10.5 ml peak in such conditions, due to
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favoring oligomers at higher concentrations, but we observed a shift of the signal to even larger retention

volumes. Deconvolution of overlapping chromatographic peaks showed that indeed, the peak at 10.5
ml increased with respect to the one at 12 ml (Figure 3-13). Also, we observe an additional peak at 9 ml

that possibly belongs to aggregates, and a shift of the usual 12 ml peak to higher retention volumes, here

13 ml
Eluted fractions (11-19) (Figure 3-12) from FSEC were pulled together. This sample was included in

a CryoEM grid for electron microscopy analyses by our collaborators (Figure 3-14 A).
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Figure 3-12 Size exclusion chromatography of IRT1mCitrine. The protein was run on a Superdex 200 increase column and monitored by
absorbance at 280 nm and fluorescence emitted at 514 nm. Fractions were collected and analyzed on SDS-PAGE followed by coomasie blue

staining (3-26). Fractions 11-19 were pooled together and concentrated for further processing. Lane A correspond to the concentrated sample

prior to SEC.
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Figure 3-13 Deconvolution of chromatogram from concentrated pure IRT1mCitrine. The chromatogram
of the concentrated pure protein was approximated to a sum of Gaussian distributions. Dotted line
corresponds to the fitting, full line to the experimental data. Void volume is represented in red. An
“aggregate” peak at 9ml in yellow, the favored 10.5ml peak in blue and the 12 ml peak in green (shifted
to 13 ml here).

Analyzes of the grid showed a homogenous sample with an elliptic shape and a size of 6x12 nm. A
small data collection of 110 micrographs was acquired, with approximately 300 particles per
micrograph, this is a total of 33000 particles, and classified in two dimensions. About 16000 particles
were selected for 3D modelling (Figure 3-14 B). Particles chosen from micrographs represented several
orientations. The sample size was however not enough to observe all possible orientations, and “top
views” were missing. Despite this limitation, 3D reconstitutions showed vague elliptic blobs. In the
future we hope to scale up our purification strategy in order to produce a sample large enough for

CryoEM.
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Figure 3-14 CryoEM preliminary results. A) Representative micrograph of IRT1mCitrine.

B) Representative 2D class averages of IRT 1mCitrine particle images.

3.1.3.2 Oligomeric status of IRT1

The characterization of several ZIP proteins demonstrated their ability to form oligomers (Lin et al.
2010; Zhang, Sui, and Hu 2016; Zhang et al. 2017; Hu, Wille, and Schmitt-Ulms 2018; Bin, Seo, and Kim
2018). We therefore wondered if IRT1 also has the ability to form multimers and pursued different
techniques for the determination of its oligomeric status in vitro and in vivo.

Fluorescence coupled size exclusion chromatography (F-SEC) of the purified IRT1mCitrine sample
presented an elution profile with three peaks. A first peak at about 7 ml corresponding to the void

volume, and two more peaks at about 10.5 and 12 ml as previously mentioned (Figure 3-15 A). A
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calibration curve demonstrated that the peaks at 10.5 and 12 ml correspond to particles of an apparent
molecular weight of 208 kDa and 140.6 kDa respectively (Figure 3-15 B and C). The peak corresponding
to the smaller molecule is of higher intensity than the other. Such behavior of pure proteins in size
exclusion chromatography is often due to oligomerization. Considering the theoretical molecular
weight calculated with the ExPASy ProtParam Tool, IRT1mCitrine has a weight of 64.6 kDa. The peak
at 140.6 kDa is very close to the 136.6 kDa calculated for a monomer of IRT1mCitrine with a DDM
micelle (72 kDa according to the supplier). The larger 208 kDa molecule corresponds with the estimated
molecular weight of a dimer of IRT1mCitrine plus a DDM micelle which is 201.2 kDa. This elution
profile was observed consistently between purification replicates when no more than 500 ug of protein
were run on a 25 ml F-SEC column, however the intensities of each peak varied while the “monomer”
peak remained the majoritarian in most cases. At higher protein quantities the elution profile appears
shifted to higher molecular weights (Figure 3-12). Interestingly, when we monitored the absorbance at
280 nm, only the void volume was detected together with a peak at about 13 ml corresponding to DDM
mixed micelles. We reasoned that no IRT1mCitrine is detected by absorbance at 280 nm due to the
protein being highly diluted in the SEC column, in addition to its poor aromatic residue content. Data
collected from FSEC allowed us to calculate hydrodynamic radius values for both species, which were
4.2 and 5.3 nm (Figure 3-15 D). To verify that the behavior of IR-T1mCitrine in FSEC was not an artefact
from the purification, we decided to analyze P3 solubilized membranes prior to purification. In this
sample, IRT1mCitrineBad is found in a complex environment containing diverse proteins and lipids.
The elution profile of the solubilized membranes showed a similar shape to that of the pure protein,
indicating that oligomerization of IRT1mCitrine is independent of the purification procedure (Figure
3-15 E). Here, the monomer peak was also more intense than that of the putative dimer. A slight shift
towards higher retention volumes was observed for the P3 solubilized membranes in comparison to the
pure protein. This is in accordance with the additional 10 kDa resulting from the uncleaved Bad tag. A
shoulder at about 9.5 ml is seen for the chromatogram of the pure protein, but it is absence in the one
of the P3 solubilized membranes. This possibly corresponds to aggregates as seen above, and matches

the result from the deconvolution of the chromatogram from highly concentrated protein (Figure 3-13).
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Figure 3-15 Size exclusion chromatography of pure IRT1mCitrine and P3 IRT1mCitrineBad membranes. A) Elution profile of
IRT1mCitrine. The peaks correspond to 1) Void volume 2) Detergent mixed micelles 3) Oligomer 4) Monomer. B) Elution profile
of proteins used for calibration: 1) thyroglobulin, 2) y-globulin, 3) ovalbumin and 4) myoglobin. C) and D) Calibration curves
plotted using the gel-phase distribution coefficient (Kav) versus logarithm of the molecular weight (Log(MW)) and
hydrodynamic radius (Ln(Rh))respectively. Kav= (Ve-Vo0)/(Vc-Vo), where Ve= elution volume, Vo= column void volume. E)
Superimposed elution profiles of pure IRT1mCitrine and P3 membranes solubilized in DDM+CHS. The shift of P3 membranes
towards smaller retention volumes is due to the presence of the Bad tag (10 kDa) fused to IRT1mCitrine. The arrow shows the

shoulder corresponding to aggregates in purified IRT1mCitrine samples.

To further evaluate the possible oligomerization of IRT1 in vitro, we took advantage of analytical
ultracentrifugation experiments which combine ultracentrifugation with optical monitoring systems
(AUC). Here, we took advantage if the mCitrine fusion to monitor sedimentation from fluorescence
signals. To this purpose, purified IRT 1mCitrine proteins were sent to the Plateforme Biophysique AUC-
PAOL in Grenoble for AUC analyses by Christine Ebel. Conflicting evidence was however obtained.
When protein samples at 3, 1 and 0.3 uM are run on AUC, it was observed that 97 + 2% of the total

signal is found in a massif of peaks at sedimentation coefficients between 0.2 and 8 S. The mean of this
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signals was found at 2.69 + 0.1 S with the maximum at 1.61 £ 0.09 S. The two hydrodynamic radius (Ry;)
values determined from SEC data, 4.2 nm and 5.3 nm, were used here. Considering the Ry; value of 4.2
nm, the main peak would correspond to a 121 kDa particle with 0.8 g of DDM bound per gram of
protein, with a globular shape as determined by the SEDFIT v 16.1c software. If we consider the Ry to
be 5.3 nm, then the 1.61 S peak corresponds to a 162 kDa molecule with 1.5 g/g detergent per protein,
with an elongated shape corresponding to a monomer. Also, this parameters are fitting to the size of a
dimer with no bound DDM, which is highly unlikely given the highly hydrophobic nature of IRT1 and
the detergent content in the buffer. An additional sedimentation experiment at 0.03 uM presented a
shift of the massif of peaks towards lower molecular weights, with a mean value of 1.69 S and the
maximum at 1.16 S plus a shoulder at 1.94 S, suggesting the dissociation of a complex. This is however
unlikely due to the evidence at higher concentrations for a monomer. As for FSEC, we decided to
include P3 solubilized membranes. Again, four concentrations were analyzed: 1, 0.33 and 0.1pM.
Similarly, we observed a massif of peaks between 0.2 and 8 S, for 96 + 4% of the total signal. The mean
and maximum s-values decreased when the concentration decreased. These are summarized in Table 3.
This behaviour suggests the dissociation of larger species. The maximum at 0.1 uM was matching the
values obtained for the pure sample. Also, in the sample at 0.01 uM, the distribution of peaks is shifted
to lower values, with the maximum s-value at 1S, similar to the one obtained for the pure IRT1mCitrine

at 0.03 uM.

Table 3 Sedimentation coefficients of IRT 1mCitrine pure and in P3 solubilized membranes.

Sample Concentration (pM) Mean s-value Max s-value
3 2.69S 1.618
1 2.698S 1.618
Pure IRT1mCitrine
0.3 2.698S 1.61S
0.03 1.69S 1.16 S
1 2.7 8§ 1.87 8
Solubilized P3 0.33 2.428 1.66 S
membranes 0.1 2.338S 1.61S
0.01 1.118 1S
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To examine the oligomeric state of IRT1 and evaluate if IRT1 functions as a monomer or oligomer,
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Figure 3-16 Sedimentation profile of pure IRT1mCitrine. Fluorescence signals were
recorded for four dilutions of A) the IRT1mCitrine protein (IRT1-mCit) and B)
solubilized P3 IRT1mCitrine membranes in DDM+CHS (MbDDM-IRT1-mCit).

Pure mCitrine was run as a control.

we decided to implement in vivo protein-protein interaction experiments. We first use bimolecular
fluorescence complementation (BiFC) in Nicotiana benthamiana leaves that allows to detect protein-
protein interaction in vivo and visualize the site of interaction in the cell by confocal microscopy. BiFC
is based on the reconstitution of a fluorescent protein from two separate N- and C- terminal domains
fused to proteins of interest when they are in close proximity. Here, we used a system based on the N-

terminal (mCit™*") and the C-terminal domains (mCit®*) of mCitrine, equivalent to what has been
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originally described for GFP (Kerppola 2008). Transient expression of IRT1-mCit™* and IRT 1-mCit“
under control of the CaMV35S constitutive promoter in tobacco leaves yielded a fluorescent signal
outlining the edges of the cell and likely corresponding to the plasma membrane (Figure 3-17A). This
suggests that a positive interaction between differently tagged IRT1 occurs in vivo at the cell surface, but
this will have to be confirmed by co-expressing a known plasma membrane marker fused to CFP for
example. To validate the BiFC results, we used the Arabidopsis plasma membrane-localized receptor-
kinase BRI1, which is not supposed to interact with IRT1, as a first negative control. As expected, no
BiFC signal could be observed using BRIImCit“** and the IRT1mCitN*", However, the use of BRI1 is
not adequate since BRI1 is tagged on its C-terminus oriented towards the cytosol while IRT1 is tagged
at the C-terminal side predicted to be facing the extracellular space. If the predicted topology of IRT1 is
correct, no BiFC interaction can occur between BRI1 and IRT1, making of BRI1 an irrelevant control.
The use of a plasma membrane protein tagged on its extracellular face with mCit®* would serve a better
control and will have to be generated in the future. Regardless, the fact that the functionality of C-
terminally tagged IRT1 cannot be checked in the BiFC system, and that these fusions are overexpressed
in leaves where IRT1 is not expressed point to the need of other approaches to study the in vivo
oligomerization of IRT1.

We therefore carried out co-immunoprecipitation (Co-IP) of tagged versions of IRT1 stably
expressed in Arabidopsis plants. First, I used the previously characterized 35S::IRT1-mCitrine line in
the WT background where endogenous IRTI is also expressed (Dubeaux et al., 2018). Co-IP was
performed on roots of iron-deficient plants to induce endogenous IRT1 expression. Root samples were
ground and protein solubilized before ultracentrifugation at 100 000 g for removal of insoluble material.
Solubilized proteins from 35S:IRT1-mCitrine or WT counterpart were then subjected to
immunoprecipitation with GFP-agarose magnetic beads (Chromotek), which also recognize mCitrine.
The presence of endogenous IRT1 was detected using anti-IRT1 antibodies. IRT1-mCitrine was
efficiently IPed from 35S:IRT1-mCitrine-expressing plants, although the corresponding protein was
not observed in the input fraction due to low expression level. Regardless, endogenous IRT1 protein
was detected after IRT1-mCitrine IP (Figure 3-17 B). Endogenous IRT1 was however not seen after IP
in WT plants, suggesting that IRT1 is able to interact with itself in vivo. To further validate this
observation, I used a double transgenic line expressing the functional IRT1-mCitrine fusion under the
control of IRT1 promoter in the irt1-1 mutant background (Dubeaux et al. 2018) and transformed with
IRT1-mScarlet also driven by IRT1 promoter. Co-IP was performed on roots of iron-deficient plants to
induce IRT1-mCitrine and IRT1-mScarlet expression. I used irt1-1/IRT1:IRT1-mCitrine plants as
negative control. IRT1-mCitrine was IPed from both control and the double transgenic lines, but IRT1-
mScarlet could only be detected in the double transgenic line (Figure 3-17 C), confirming the ability of
IRT1 to oligomerize. Considering that IRT1 has been already observed in discrete foci at the plasma
membrane, it is likely to be present in membrane microdomains. However, I think the results from co-
IP experiments are in favor of IRT1 oligomerization since the ultracentrifugation step should prevent

detection of the different forms of IRT1 present in the same unsolubilized microdomains.
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Figure 3-17 In planta oligomerization of IRT1. A) BiFC of IRT1+BRI1 and IRT1+IRT1. Quantification from two independent biological
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3.2.1 Abstract

The Arabidopsis IRT1 transporter is a plasma membrane protein from plant root epidermal cells
that constitutes the principal soil Fe uptake pathway. Besides Fe, IRT1 transports other non-Fe divalent
metals such as Zn, Mn, Co and Cd. We previously reported that the second intracellular loop between
transmembrane domains TM4 and TMS5 is involved in the post-translational regulation of IRT1 by its
non-iron metal substrates. Upon excess of these metals, IRT1 undergoes phosphorylation by the
CIPK23 kinase, creating a docking site for the IDF1 E3 ubiquitin ligase that subsequently K63
polyubiquitinates IRT1. This triggers the vacuolar targeting and degradation of IRT1 to limit the
overaccumulation of highly reactive non-iron metals. Interestingly, this metal-dependent
downregulation of IRT1 requires the presence of four histidine (H) residues in the second intracellular
loop. Initial biochemical characterization revealed that non-Fe metals bind to said H residues, allowing
IRT1 to sense non-Fe metal levels thus acting as a transceptor controlling its own degradation. Here, we
better characterize the metal binding properties and structure of this loop to shed light on the molecular
basis of IRT1 response to non-iron metal excess. We demonstrate using microscale thermophoresis that
the intracellular loop of IRT1 binds Zn in the micromolar range and Cd in the millimolar range through
the four H residues, while binding affinities for Co and Mn could not be measured. Using circular
dichroisms (CD) and NMR spectroscopy, we first uncovered that the IRT1 loop is unstructured in the
absence and presence of metals. We confirmed by NMR the ability of H residues to coordinate metals,
possibly with the help of aspartic acid (D) residue 173. Biochemical and genetic characterization
however failed to confirm the role of D173 in metal binding by IRT1. Altogether, our data provides
further evidence of how the second intracellular loop of IRT1 senses high cytosolic divalent metal

concentrations and regulates the plasma membrane levels of IRT1.

3.2.2 Introduction

The first-row transition metal iron is the most abundant and used metal in cells (Waldron et al.

2009). Iron is widely used as a cofactor, participating in oxidation-reduction reactions. In plants, iron
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is of great importance due to its involvement in respiration chains, chlorophyll synthesis and
photosynthesis (Briat et al. 1995). In nature, iron is often unavailable to organisms because it is found
as insoluble ferric compounds. Lack of this metal impacts deeply on plant growth and leads to chlorosis
(Briat et al. 1995). On the other hand, an excess of iron is detrimental to cells due to its redox properties
and participation in the Fenton reaction that leads to reactive oxygen species formation (Gratéo et al.
2005). For these reasons, living organisms including plants need to tightly control metal uptake.

Dicotyledonous plants, such as Arabidopsis thaliana, developed acquisition mechanisms based on
the solubilization and reduction of the soil ferric iron (Fe3*) insoluble oxides into ferrous iron (Fe?*).
This is mediated by the AHA2 proton pump, involved in soil acidification together with the FRO2 ferric
chelate reductase, which reduces Fe?* to Fe** (Robinson et al. 1999; Connolly et al. 2003; Wu et al. 2005;
Santi and Schmidt 2009). In Arabidopsis, the main transporter involved in the uptake of ferrous iron is
the Iron Regulated Transporter 1 (IRT1) (Vert et al. 2002), one of the founding members of the family
of ZIP transporters, widely distributed across all kingdoms of life (Guerinot 2000). The Arabidopsis
IRT1 has a broad substrate range as it was shown to transport other essential divalent heavy-metals than
ferrous iron, such as zinc, cobalt and manganese (Eide et al. 1996; Korshunova et al. 1999; Rogers, Eide,
and Guerinot 2000; Vert, Briat, and Curie 2001; Vert et al. 2002; Barberon et al. 2011). The irt1-1
knockout mutant plants are highly chlorotic and show growth impairment, a phenotype that can be
reversed by the addition of high amounts of iron in watering solutions (Vert et al. 2002). IRT1 localizes
to the plasma membrane and is strongly expressed in iron-deficient root epidermal cells (Vert et al.
2002; Barberon et al. 2011). This clearly points to the major role of IRT1 in soil iron acquisition. The
chlorosis of irt1 mutants is however not complemented by the other divalent metal substrates of IRT1,
indicating that these constitute secondary substrates aspecifically transported by IRT1.

In recent years, the molecular mechanisms of the regulation of IRT1 expression by its metal
substrates was uncovered. Transcriptional regulation of IRT1 involves a cascade of bHLHS transcription
factors, where the major iron response regulator FIT heterodimerizes with other Ib bHLH transcription
factors, and binds to the IRT1 promoter upon iron deficiency (Colangelo and Guerinot 2004; Yuan et
al. 2008; Sivitz et al. 2012; Selote et al. 2015; Zhang et al. 2015; Li et al. 2016; Liang et al. 2017). More
recently, a post-translational regulation of IRT1 by its non-iron metal substrates Zn, Mn and Co has
been reported. Non-iron metal availability indeed regulates the subcellular localization of IRT1. In the
absence of non-iron metals, IRT1 sits at the cell surface to take up low available iron. Increasing non-
iron metals levels leads to partial IRT1 internalization in early endosomes as a result of its
multimonoubiquitination on lysine residues K154 and K179 by a yet to be characterized E3 ubiquitin
ligase (Barberon et al. 2011). Higher non-iron metal levels trigger IRT1 phosphorylation by the CIPK23
kinase and the recruitment of the E3 ubiquitin ligase IDF1 (Dubeaux et al. 2018). IDF1 elongates
monoubiquitin moieties into K63 polyUbiquitin chains, thus leading to IRT1 targeting to the vacuole
for degradation. Fe availability has however no influence on IRT1 protein localization (Barberon et al.

2011; Dubeaux et al. 2018).
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The cytosolic loop of IRT1 located between transmembrane domains 4 and 5 has been shown to
bind metals in vitro (Dubeaux et al. 2018). A remarkable characteristic of IRT1 and related transporters
is the presence of a PHGHGHGHGP motif at the center of such loop. Inductively coupled plasma mass
spectrometry (ICP-MS) confirmed the ability of these H residues to bind Zn and Mn in vitro (Dubeaux
et al. 2018). Such repetition of H has also been shown to be required for the non-iron metal dependent
endocytosis of IRT1 as an IRT1,44 mutant version fails to be degraded upon metal excess (Dubeaux et
al. 2018). Metal binding to H residues was shown to drive the recruitment of CIPK23 and IRT1
endocytosis (Dubeaux et al. 2018).

To obtain mechanistic insight into how IRT1 binds and senses non-iron metals and how does that
mediate the recruitment of CIPK23, we biochemically characterized the metal binding and structure of
IRT1 intracellular loop. We provide further evidence that this loop binds Zn and Cd in vitro using the
four H residues while affinities towards Mn and Co were not possible to measure. Furthermore, we
provide evidence that the loop of IRT1 is a disordered domain, both in absence and presence of metals
with the presence of a rigid turn involving an AVGI motif. We also characterized the possible
contribution of residue D173 to metal coordination. Overall, our work provides additional biochemical

and structural insight into the ZIP family of metal transporters.

3.2.3 Results

3.2.3.1 The regulatoryloop of IRT1 is disordered

To have a first glance at the structural characteristics of the IRT1 loop, we decided to perform far-
UV circular dichroism (CD) on a chemically synthesized peptide corresponding to the intracellular loop
located between TM4 and TM5 of IRT1. The
DSMATSLYTSKNAVGIMPHGHGHGHGPANDVTLPIKEDDSSN!86 peptide sequence
encompasses all important residues required for phosphorylation, ubiquitination and contains the four
H residues that have been previously associated to metal binding and sensing (Dubeaux et al. 2018).
Typical tridimensional structures as beta sheet and alfa helixes give positive ellipticity signals at around
190 and 200 nm respectively, and negative signals at 210-220 nm. Here, spectra recorded from 190 to
240 nm in pH 6.7 at room temperature showed a spectrum typical of a peptide in a random coil

conformation, with a single negative peak at 198 nm (Figure 3-18A).
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Figure 3-18 IRT1loopWT is a disordered peptide A) Far-UV circular dichroism spectra of the IRT1loop at 25uM in 10mM Tris pH 7
from 190 to 240 nm. Corrections of the final peptide concentrations were done with each addition of Zn. B) 1D 'H spectra of the IRT1
loop peptide recorded at pH 6.7, 5°C, on a 800 MHz spectrometer. Only the amide and the aromatic proton are shown.

To obtain deeper insight into the structure of the IRT1 loop, we turned to NMR spectroscopy, which
allow us to obtain atomic resolution data unlike CD. One dimension (1D) 'H NMR spectra were
recorded at pH 6.7 in the absence of metals. In accordance with the CD data obtained, 1D '"H NMR
spectra were poorly dispersed, a characteristic of peptides in random coil conformations (Figure 3-18
B). Furthermore, two dimension (2D) H*-H* NOESY spectra of the IRT1 loop, showed that despite our
previous observations of the peptide adopting a rather unstructured conformation, medium-range
NOEs observed here, indicate the presence of a turn involving the *>AVGI'® hydrophobic residues
(a156/HN159, a157/HN159) (Figure 3-19 A). Also, we observed that the cross peak intensities of the
histidine-rich domain of the IRT1 loop decreased relative to the other signals of the peptide, resulting
probably from chemical exchange (Figure 3-19 B).

Despite the lack of clear secondary structure, we generated structures using the NOE-derived
distance restraints with the program CYANA. As expected, except for the SAVGI'® turn (Figure 3-19

C), no secondary structure was observed.
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Figure 3-19 Residues AVGI make a turn in the loop of IRT1. A) Select region of the NOESY spectra recorded on 500 uM of IRT1
loop at pH 6.7, 5°C, 150mM NaCl at 800MHz. The labels in black indicate the HN(i),Ha(i) correlations, and in blue those
corresponding to the HN(i),Ha(i-2) and HN(i),Ha(i-3) of Ile159, the latter indicated in the red circle B) Selected regions of the
NOESY spectra recorded on the wild-type IRT1 loop peptide. The green circle indicates histidine resonances. The spectra was
recorded from 500 pM of the peptides in buffer at pH 6.7 and 150mM NaCl, at 5°C on an 800 MHz spectrometer. C)
Superimposition of the structures of the IRT1 loop calculated by the program CYANA (green). The turn involving the three
hydrophobic residues: Ala13, Val14 and Ile16 in licorice representation.

We observed that the histidine-rich domain can exist as loops or more extended conformations with
several possible orientations of the histidine residues relative to each other (Figure 3-19 C and Figure
3-20). Moreover, in several structures, D173 is located at the proximity of the histidines (Figure 3-20).
Interestingly, the C-terminal end of the loop appears to be more mobile than the N-terminus. This
might, however, not be of biological relevance, given that the loop is constrained by its adjacent

transmembrane domains.
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Figure 3-20 Structures of the histidine-rich domain showing the many possible orientations of the histidine residues relative to each

other. Histidines are represented in yellow, prolines in blue and aspartic acid 30 in pink.

3.2.3.2 Impact of metal binding on the structure of IRT1 loop

In order to determine whether the structural properties of the loop were impacted by interaction

with the secondary metal substrates of IRT'1, we performed a titration by sequential equimolar additions

of Zn?** on the peptide followed by recording of CD spectra (Figure 3-21 A). With each addition of Zn*,

the final concentration of the peptide was corrected to avoid dilution effects. We observed a saturable

increase in ellipticity with each addition of the substrate but the overall shape of the spectra remained

the same. In particular, no evidence of typical structures such as alfa-helixes or beta sheets appeared.

Opverall, binding of Zn?* did not seem to impact on the secondary structure of the IRT1 loop as visualized

by CD. Similarly, 1D H* NMR spectra in presence of Zn** showed a similar dispersion of the signals to

the spectra recorded in absence of the metal, again suggesting that even in presence of Zn?**, the peptide

remains disordered (Figure 3-21 B).

To obtain a deeper understanding of the molecular interaction of the IRT1 loop with its substrates,

H!-H' NOESY spectra of the IRT1 peptide were recorded at pH 6.7 in the absence of metal substrates

and in the presence of 2 equimolar Zn?*. Superimposition of these spectra indicated that the histidine-
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Figure 3-21 IRT1loopWT is a disordered peptide in presence and absence of Zn. A) Far-UV circular dichroism spectra of the IRT 1loop
from 190 to 240 nm. Additions of 0 to 40 equivalents of Zn were added to a 25uM solution of the peptide in 10mM Tris pH 7.
Corrections of the final peptide concentrations were done with each addition of Zn. B) 1D 'H spectra of the IRT1 loop peptide
recorded in absence (blue) and presence (red) of Zn at pH 6.7, 5°C, on a 800 MHz spectrometer. Only the amide and the aromatic

proton are shown.

rich fragment of the IRT1 loop is implicated in binding of Zn?*, since all the proton resonances of this
motif (162H, 164H, 166H and 168H) disappeared upon addition of Zn** (Figure 3-22 A). Further
analyzes of our data indicated that signals corresponding to an aspartic acid residue (D173) located to
the right of the histidine stretch behaved in a similar manner to the histidines (Figure 3-22 A),
disappearing after addition of Zn**, suggesting a possible implication in metal coordination.

To better characterize the role of individual histidine residues and the mentioned aspartic acid
(D173) present in the wild type loop, we decided to also record H!-H! NOESY spectra of different
mutants. We designed three mutants on the PHGHGHGHGP motif where histidines were replaced with
phenylalanine, threonine or asparagine, in order to remove the charges on this sites and maintain the
structure of the residue; and a mutant where aspartic acid 173 was replaced by asparagine, as illustrated
in Figure 3-22. We observed that in presence of Zn**, the line width for all the peptides increased
drastically (Figure 3-22 A, B, C, E) except for the mutant peptide with four mutated histidines (Figure
3-22 D). Broadening of the signals indicate that the metal-bound loop undergoes dynamic interchange
among different metal-bound states. Interestingly, the mutants with only the two first or two last

histidines of the stretch mutated to uncharged residues, are still able to complex Zn?*. Conversely, when
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the four histidines are mutated, the peptide no longer has the ability to complex Zn?**. These results
suggest that either the histidines constitute a single binding site where at least two histidines are required
for metal binding or that there are two binding sites formed by residues 162H/164H and 166H/168H
respectively. The latter is rather improbable given that complexing of Zn** normally requires four amino
acid ligands (Laitaoja, Valjakka, and Jénis 2013). Furthermore, when replacing the aspartic acid in
position 173 with the uncharged amino acid asparagine, the signal no longer responded to addition of

Zn** (Figure 3-22 E), suggesting that aspartic acid 173 is indeed involved in metal binding.
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Finally, we analyzed the chemical shift variations in the absence and in the presence of 2 equimolar
Zn** of each residue. Here, we found that the residues located to the left of the histidine-rich fragment
are very little affected by Zn?* binding, whereas those located on the right undergo significant chemical
shift variations (Figure 3-23 A). The same behaviour is observed for the peptides with mutations on two
histidines and for the aspartic acid mutant (Figure 3-23 B, D, E), although less intense than for the wild-
type peptide. As expected, the peptide with the four histidines mutated presented no chemical shift
variation (Figure 3-23 C). These results are in line with the structural models calculated with the
software CYANA, where residues to the right of the histidines are more mobile that the rest of the loop

in solution. Whether this property is present in the full length protein remains unanswered.
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Figure 3-23 Chemical shift variations in presence and absence of two molar equivalent of Zn of WT and mutants. Sequences of the
peptides are indicated on the top of each graph. A) Chemical shift variation of the WT, B) to E) Superimposition of chemical shift
variations of mutant (black) and WT (red) peptides.

3.2.3.3 Metal binding affinities of IRT1 variable loop

To quantify the binding affinity of metals transported and sensed by IRT1, a binding curve for Zn?*
was first obtained by plotting changes in ellipticity at 198 nm from CD experiments against the
concentration of ligand (Figure 3-24 A), as done before for other proteins (Hussain and Siligardi 2016).
The measured values were fitted to a one-site binding model with GraphPad Prism. A value of Kd of
15.91 + 7.3 uM was obtained in this way. However, this value may be statistically irrelevant since only
one data set was recorded in CD at that stage.

In order to precisely quantify the interaction between the IRT1 loop and non-iron metals, and

further confirm observations from CD experiments and from ICP-MS previously reported (Dubeaux et
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al. 2018), we performed microscale thermophoresis (MST) experiments using the technology from
Nanotemper. Here, fluorescently labelled molecules are subjected to increased concentrations of a
ligand, and their thermophoresis properties are measured while a temperature gradient is applied over
time. Recombinant fusion proteins harboring an MBP affinity tag at the N-terminus of the loop of IRT1
(MBP-IRT1loop) and a mutant version of this protein carrying substitutions of the four central histidine
residues to alanine (MBP-IRT1loop4HA) were overexpressed in Escherichia coli. The proteins were
purified by affinity to an amylose resin, washed with an EDTA-containing buffer in order to remove
putative bound metals, and eluted in HEPES 10mM pH 7, NaCl 150mM buffer that is compatible with
MST assays. The MBP-IRT 1loop fusions were fluorescently labelled with an NH2 binding probe in the
MBP domain, in order to avoid interference of the probe with the metal ligand. We first used Zn as
substrate, as it was shown to bind to IRT1 peptide and its excess drives IRT1 endocytosis. As suggested
by Nanotemper, a constant concentration of the peptide was titrated with a one in half serial dilution of
the ligand, ZnCl, in this case, and thermophoresis was measured. The binding affinity of the MBP-
IRT1loop protein was determined at 15 + 5.8 uM when fitted to the Kd model (Figure 3-24 B), assuming
a 1:1 stoichiometry of reaction. Data was obtained from three independent protein labelling reactions
with at least two technical replicates each time. The value obtained here was almost identical to that
obtained from the CD data. Binding tests performed with mutant peptide for the four H residues (MBP-
IRT1loop4HA) indicated no binding. Despite this, mutant data points were recorded and revealed that
they did not fit to a binding curve, demonstrating that the histidines in this stretch are absolutely

essential for metal binding (Figure 3-24 ).
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Furthermore, we decided to test binding of the non-iron metals Co, Mn and Cd, previously reported
to being transported by IRT1 (Eide et al. 1996; Korshunova et al. 1999; Rogers, Eide, and Guerinot 2000;
Vert, Briat, and Curie 2001; Vert et al. 2002; Barberon et al. 2011) (Figure 3-25). Binding of such metals
to the PHGHGHGHP motif had already been previously assessed by isothermal titration calorimetry
(ITC) (Grossoehme et al. 2006). Our MST approach however failed to measure binding affinities of the

IRT1 loop to Co and Mn consistently, since data points obtained for both metals failed to fit to a binding
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Figure 3-24 Binding affinity of IRT1 for Zn. A) Change in ellipticity from CD data. Titration on 20uM IRT1 synthetic peptide in

Tris pH 7 at 25°C. Data was fitted to a one site binding model with Graphpad prism. Calculated parameter of the fit are shown at

the bottom of the graph. B) Microscale thermophoresis of IRT11oopW T (green) and IRT1loop4HA (red). Dots represent the average

dose response of biological duplicates with technical duplicates each.
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model. However, measures for Cd did fit to a Kd model, with a 1:1 stoichiometry, as previously done
for Zn. The Kd for Cd was determined at 4.44 + 1.47 mM. These results are in accordance with affinities
measured by ITC, where it was determined that the histidine stretch of IRT1 was able to bind several
metals with relative stabilities in accordance to the Irving-Williams series (Grossoehme et al. 2006).
Furthermore, the MBP-IRT1loop4HA mutant peptide failed in binding Cd, indicating that the observed

binding is indeed related to the histidine stretch (data not shown).
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Figure 3-25 Binding affinity of IRT1 for different non-iron metals determined by Microscale thermophoresis. The affinity of the
IRT1loopWT for Zn (green), Cd (brown), Mn (pink) and Co (orange) was measured and fitted to a Kd model. Dots represent the

average dose response of biological replicates with technical duplicates each.

3.2.3.4 Analysis of the role of aspartic acid 173

Having established the affinity of the loop for the substrate metals of IRT1, we decided to investigate
whether residue D173 contributes to metal coordination and to responses to metal excess. In particular,
because of the potential implication of aspartic acid 173 (D173) in metal binding revealed by NMR, and
the particular position it is predicted to adopt with respect to the histidine stretch, we wondered the
importance of this amino acid in the context of the full-length protein in planta. To analyze this, we

took advantage of the previously reported fluorescently tagged version of IRT1, here called
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IRT1mCitrine, which has been demonstrated to complement the irt1-1 knockout Arabidopsis plants
and a yeast mutant defective in high and low-affinity iron uptake, Afet3Afet4. A point mutation was
therefore introduced in the loop of IRT1 to replace aspartic acid 173 with asparagine. This mutant
protein, called IRT1p,,3x, was expressed in the irt1-1 Arabidopsis knockout line under control of the
endogenous pIRT1 promoter (pIRT1:IRT1p,,5;ymCitrine). The obtained homozygous plants showed a
chlorotic and growth impaired phenotype similar to irt1 mutants, as seen by the measured chlorophyll
content and root length (Figure 3-26). RNA and protein levels were assessed in order to determine
whether the lack of complementation came from compromised IRT1 expression. For Arabidopsis lines,
here called 6.4 and 13.8, both RNA and IRT1p,,;wmCitrine protein levels were comparable to the
previously reported IRT1mCitrine complemented line (Figure 3-27). The chlorotic phenotype of
IRT1p,,;ymCitrine-expressing plants could be reversed by addition of Fe excess to the watering solution
(data not shown). All these observations were signs of a lack of complementation by the mutant protein,

although being expressed to wild-type levels.
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Figure 3-26 IRT1mCitrineD173N is unable to complement the irt1-1 Arabidopsis knockout line. Mutant plants were transformed
by floral dipping and selected by screening according to antibiotic resistance. A) Homozygous plants were grown in soil in parallel
to wild type plants (WS), a complemented line expressing IRT1mCitrine and the irt1-1 mutant. Chlorophyll content was measured
from soil grown plants. B) Chlorophyll content was measured from aerial tissue recovered from plants grown for 12 days in square
plates on MS/2 media lacking iron. Statistical analyses was done from biological duplicates with n=2. C) Root length was measured
from scanned plates grown for 12 days in square plates on MS/2 media lacking iron. Statistical analyses was done from biological

duplicates with n=30.

To decipher if the lack of complementation arose from improper subcellular localization of
IRT1p,3y, confocal imaging of 15-day old plant roots vertically grown in square plates in iron-deficient
media was carried out. These experiments revealed that the localization of the IRT1p,,5y protein was
different from wild-type IRT1. IRT1p,,;y indeed localized to intracellular structures resembling the
endoplasmic reticulum (ER) while wild-type IRT1 was observed at the plasma membrane and

endosomes as previously reported (Barberon et al., 2011 ; Dubeaux et al., 2018) (Figure 3-28). Co-
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localization with an appropriate ER marker will have to be performed to corroborate this observation.
We, therefore, reasoned that lack of complementation was due to the mislocalization of the IRT 1,53y

protein.
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Figure 3-27 IRT1mCitrineD173N is expressed to similar levels of the complemented line. A) RNA was extracted from roots of 12
day old plants grown in MS/2 media vertically grown in square plates. RT-PCR was performed on these samples to amplify sequences
on the irtl and elongation factor 1 (EF1) as a housekeeping control. Quantifications were done relative to the housekeeping gene.
Error bars represent duplicates. For line 6.4 a single value was measured. B) Total protein was extracted from roots of plants vertically
grown for 12 days in MS/2 media. Total protein samples were run on SDS-PAGE and immunoblotted n PVDF membranes with GFP
antibodies recognizing mCitrine and anti-FBPase antibody recognizing the constitutively expressed FBPase as a control.
Quantifications were done relative to the IRT 1mCitrine complemented line.

To further determine whether the D173N mutation renders the protein functional or not, we
expressed the IRT1p,,,y mutant protein under control of a constitutive promoter in the yeast Afet34fet4
mutant, deleted for the high and low iron affinity uptake mechanisms. Yeast cells transformed with the
empty vector as a negative control, the wild type IRT1 as positive control and the IRT1p,,;y mutant,
were grown for 3 days in selective media containing 0, 25 or 50 uM Fe-EDTA to prove protein
functionality (Figure 3-29). Yeast expressing the IRT1p,,5y protein grew to the same extent as yeast
carrying the wild type IRT1 protein in low iron media, meaning that IRT1p,,5y is actually functional for

metal transport. We speculated that this discrepancy between the observed complementation of yeast

but not of plants could be due to the fact that the IRT1p,,5y expression in yeast was carried under a
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constitutive promoter, and that the overexpressed protein escapes the ER quality control to localize to

the plasma membrane and mediate metal transport.

Irt1-1/pIRT1:IRT1mCitrine Irt1-1/pIRT1:IRT1mCitrineD173N

Figure 3-28 Confocal imaging of roots of 15 day old plants vertically grown in MS/2 in absence of iron showing the subcellular

localization of the fluorescently tagged proteins.

IRT1 DLL ;[

IRT1D173N LJL
|

Figure 3-29 Complementation of the Afet34fet4 yeast strain deficient in iron uptake, by the IRT1 wild type and
the IRT1D173N proteins. Yeast transformed with the empty vector were plated as a negative control. Three

independent colonies of each were plated in this conditions. The figure shows representative colonies.

To inquire about the role of the D173 residue, we finally generated and purified a recombinant
protein fusion of the loop with aspartic acid 173 replaced by asparagine, with the same methodology
described above for the wild type and histidine mutant loops. As done previously for the wild type and
four histidine mutant peptides, the MBP-IRT 1p,,;y mutant loop fusion was labelled with a fluorescent
probe on the NH2 end, and subjected to microscale thermophoresis. The IRT1loop wild type peptide
was used as a control. Binding curves for Zn** were determined in the same concentration range as the

previous experiments and fitted to the Kd model, considering a stoichiometry of 1:1. Superimposition
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of the binding curves obtained for the mutant and the wild type peptides as a function of the ligand-
bound fraction demonstrate they behave in the same manner (Figure 3-30). The Kd value determined
for the IRT1loopp;;sy was 21 uM £ 6.29 uM, which considering the error of the measure is not

significantly different to that of the wild type peptide although being reproducibly lower.
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Figure 3-30 Microscale Thermophoresis of IRT110opWT (green) and IRT1loopD173N (blue). Dots represent the average dose
response of biological duplicates with technical duplicates each.

3.2.4 Discussion

To cope with the changing nutrient availability and nutrient demand, plants developed strategies
that allow them to control the surface expression of nutrient transporters. This is the case for the
Arabidopsis IRT1 iron transporter that is controlled by various metal substrates at different levels, i.e
transcription is regulated by low Fe and post-translation by Zn, Mn and Co. The post-translational
regulation of IRT1 at the plasma membrane consists in phosphorylation by the CIPK23 kinase followed
by K63 polyubiquitin labelling by the IDF1 E3 ligase on the large intracellular loop, upon direct binding
of non-iron metals on a histidine-stretch located in this portion of the protein.

Here we show that the regulatory loop of IRT1 is a disordered peptide which can adopt various

conformations. This characteristic appears to be conserved among ZIPs, such as is the case of the human
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ZIP4 zinc transporter (Bafaro et al. 2015; 2019). This is however not reserved to ZIP transporters only.
Other families of transporters, like the Arabidopsis MTP1 vacuolar zinc transporter, also possess
disordered intracellular loops with metal binding motifs (Tanaka et al. 2013). Previously, it has been
proposed that metal binding on the histidines of the IRT1 loop might trigger structuration (Cointry and
Vert 2019), which would consequently trigger protein-protein interactions with regulator proteins. We
demonstrate here that even in the presence of Zn?*, the IRT1 loop remains unstructured, suggesting that
the molecular mechanism intervening in the recruitment of downstream factors such as CIPK23 are
unrelated to structural changes. However, because the histidines resonances disappear upon addition
of Zn**, we are not able to determine whether this particular stretch adopts a particular conformation
in such conditions. Moreover, we observed that despite adopting random coil conformations, a motif
formed by AVGI residues forms a turn. We hypothesize that a turn of these characteristics, in the
portion of the protein less influenced by metal binding, might have a role in exposing the histidine
stretch located to its right. This is also supported by the presence of two proline residues flanking the
metal binding site. Disruption of this AVGI turn or of the two prolines by point mutations would allow
us to better understand the role of such a structure in an otherwise mainly disordered peptide.

The importance of the histidines stretch of the IRT1 loop in its post-translational regulation has been
previously established by direct mutagenesis and homologous expression in Arabidopsis. Confocal
microscopy demonstrated that plants harboring a protein mutated for the four histidines fail to show
IRT1 phosphorylation and degradation upon non-iron metal excess (Dubeaux et al. 2018). We show
here further evidence of the histidine stretch being of absolute importance for Zn?* coordination. Both
NMR and MST experiments demonstrated intense perturbations upon mutation of all four histidines,
completely abolishing metal binding. Also, we inquired in the effect of double mutants of proximal
histidines in Zn binding. We observed that two histidines are still able to coordinate metals. This
behaviour may be due to all four histidines, and putatively aspartic acid 173, forming a single binding
site in which Zn?* can still be coordinated by the remaining residues when two of these are mutated.
Such mutant, with only two histidines mutated might bind Zn?* with lower affinity than the wild type,
although this hypothesis is yet to be tested. Another possibility is the formation of two distinct metal-
binding sites formed by H162/H164 and H166/H168 respectively, however, this is rather improbable
given that binding of Zn?* usually requires at least four coordinating amino acids (Laitaoja, Valjakka,
and Janis 2013). Furthermore, previous isothermal calorimetry experiments on a synthetic peptide
mimicking only the PHGHGHGHGP stretch of the IRT1 loop demonstrated a stoichiometry of 1:1 for
metal binding (Grossoehme et al. 2006). Interestingly, the intracellular loop of the human ZIP4 was
shown by atomic absorption spectroscopy together with site-directed mutagenesis to possess two
binding sites. It is worth noting that the loop of the human ZIP4 contains six histidine residues plus a
cysteine, forming two binding sites with a yet unknown bridging amino acid, in accordance with stable
Zn** coordination by four ligands. In the case of the IRT1loop, evidence suggests that a single binding
site is present in this position formed by the four histidines and possibly aspartic acid 173, however,

additional unidentified binding residues might be involved.
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We report here the binding affinity of the IRT1 loop to Zn** at 15 * 5.85 uM as measured by MST.

This result was further supported by determination of the Kd from CD experiments which gave a value
of 15.91 + 7.3 uM. This is close to the 25 uM Kd obtained for the binding affinity of the intracellular
loop of the MTP1 vacuolar Zn transporter determined by isothermal titration calorimetry (Tanaka et
al. 2013). Micromolar intracellular concentrations of free Zn>* are far from the experimentally
determined nanomolar concentrations in plants grown in excess conditions (Lanquar et al. 2014).
However, the determined affinity in vitro may not resemble the real Kd in vivo since interactions of the
loop with the lipidic membrane and the hydrophobic domains of IRT1 are not taken into account in
these assays. Nonetheless, we shall not discard that micromolar concentrations of metals might occur
in specific regions of the cell such as in the proximal region of the membrane, upon translocation of
metals into the cytosol. Development of ratiometric zinc sensors would allow us to study the
concentration and distribution of Zn inside plant cells and would help us look for possible
microenvironment close to the plasma membrane where higher concentrations of Zn would be found.
Interestingly, measures of the kinetic parameters of Zn transport by IRT1 from yeast based assays
determined that the apparent Km value in this condition was of 2.8 + 0.6 uM (Korshunova et al. 1999),
further supporting that IRT1 works at micromolar concentration ranges.

We were also able to determine a millimolar Kd value of 4.44 + 1.47 mM for Cd. This is in
accordance with the ability of the histidine stretch of IRT1 to bind metals with a relative stability
consistent with the Irving-Williams series as stablished by Grossoehme et al. 2006, where affinity
towards Cd was lower than for Zn but higher than for Mn and Co. Consistently, for the latter two, we
failed to measure a binding affinity by MST. This is possibly explained by the concentrations used in
this assay that never reached higher than millimolar concentrations. To date Cd has been reported to be
transported by IRT1 (Vert et al. 2002), however, whether it takes a part in the post-translational
regulation remains elusive. Unpublished observation done by Julien Spielmann in our team indicate
that growing plants in absence of Fe, Zn, Co and Mn, but with 50 uM Cd, induces internalization of
IRT1 into endosomes, suggesting a possible implication in the regulation of IRT1. Such condition is
however mildly toxic to plants. Furthermore, it was observed that subjecting the plants to a two-fold
concentration, 100 uM Cd, is detrimental and plants die within 24 hours. Taking this into account, our
determined millimolar affinity constant would then be biologically irrelevant. On the other hand, post-
translational regulation of IRT1 by Cd may involve a different mechanism than regulation by the other
non-iron metals. A different domain of the protein than the second intracellular loop may be involved
in such regulation, where binding sites may have a higher affinity for Cd. This hypothesis could be tested
by analyzing whether the IRT1,5,mCitrine mutant responds to Cd in the same manner as the wild-type
protein.

Our MST experimental approach allows us to determine the impact of specific mutation on the
binding affinity of the IRT1 loop. We found that a single mutation on aspartic acid 173 does not impact
much on the binding affinity of the loop for Zn?". Despite not showing significant binding affinity

differences to the wild type, we cannot discard the hypothesis of aspartic acid 173 contributing to the
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metal coordination in the loop. In this mutant, Zn** binding might be stabilized by the remaining
histidine stretch. A similar behaviour has been observed when single point mutations were introduced
in the equivalent loop of the human ZIP4 and did not impact on the overall determined Kd, except for
three particular residues (Bafaro et al. 2015). Interestingly, the single mutation on aspartic acid 173 to
asparagine had a great impact on proper protein localization in planta. This effect could be due to
misfolding of the protein and ER retention due to the ER quality control machinery. We were surprised
by this behaviour since single and multiple mutants on this region of IRT1 have been previously shown
to properly localize to the plasma membrane and complement the irt1-1 knockout line (Barberon et al.
2011; Dubeaux et al. 2018). We speculate that aspartic acid 173 may play an important role in trafficking
of IRT1, by being part or in proximity of an ER exit signal. We found no conserved ER exit signals in
this region of the protein, however we may not discard that unknown exit signal motifs implicated in
this pathway may be present. Interestingly, residue 173 is adjacent to a V residue and in close proximity
to an L, both hydrophobic residues that are often involved in signaling proteins out of the ER (Mancias
and Goldberg 2005). Surprisingly, overexpression of IRT1p,,5y in yeast complemented the iron-
deficient phenotype of the yeast host. We believe that overexpression of the mutant protein in yeast may
help by-pass protein quality controls in the ER, whereas low expression in plants might not be sufficient
to generate the same response. Regardless, this proves that IRT1p,5,y is functional for metal transport,
although retained at the ER when expressed in plants. Whether mutation of aspartic acid 173 to
asparagine impacts on the post-translational regulation of IRT'1 remains to be determined, however the
protein needs to be targeted to the plasma membrane. An approach to do so, would be to generate
Arabidopsis plants expressing IRT1p,,;ymCitrine in an ER quality control mutant background. In the
past, approaches of this nature allowed to target the usually ER-retained BRI1-5 brassinolide receptor
kinase to the plasma membrane (Hong et al. 2008). With these approaches, BRI1-5 localized at the
plasma membrane complemented the dwarf phenotype generated by the bri1-5 knockout mutation. A
similar approach would allow us to direct IRT1p,,;nymCitrine to the plasma membrane and finally
determine whether it complements the irt1-1 mutant background and to assess if it elicits a non-iron

metal excess endocytosis response.

3.2.5 Materials and methods

3.2.5.1 Circular dichroism

Circular dichroism (CD) spectra were recorded on a Jasco J-815 spectropolarimeter equipped with
a temperature controller operating at room temperature. CD spectra ranging from 190 to 240 nm were
recorded in a 1-mm path length cuvette. Sample concentrations were at 25 uM, in 10mM Tris, pH 7.0,

and the data presented are an average of 3 scans.
3.2.5.2 Sample preparation and NMR experiments

The peptide IRT1loop WT and the four peptide mutants were first dissolved at pH 3.5 at a final

concentration around 500 UM in the presence of 150 mM NaCl. The pH was then adjusted to 6.7. In a
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second time two equivalents of ZnCl2 with respect to the peptide concentrations were added and the
pH was again adjusted to 6.7. Two-dimensional phase-sensitive 1H Clean-TOCSY (Griesinger et al.
1988) with 60 ms spin lock, and NOESY experiments (Kumar, Ernst, and Wiithrich 1980) with 200 ms
mixing time were recorded at 5 and 20°C on an AVANCE Bruker 800.13 MHz spectrometer, with a
spectral width of 8013 Hz, without sample spinning, with 2k real points in t2 and 512 t1-increments.
Pulsed-field gradient-based WATERGATE was used for water suppression (Piotto, Saudek, and Sklenaf
1992). The data were processed using TopSpin 3.6 software (Bruker). /3 and m/6 phase-shifted sine

bell window function were applied prior to Fourier transformation in both dimensions (t1 and t2).
3.2.5.3 NMR structure of IRT1loopWT

Interproton distance restraints were derived from the two-dimensional 'H NOESY (with a 200 ms
mixing time and at 5°C) using CcpNmr 2.4 (Vranken et al. 2005) and used to generate IRT1 loop
structures with the program CYANA version 3.98.5 (Gintert, Mumenthaler, and Wiithrich 1997). We
used the standard CYANA protocol of seven iterative cycles of NOE assignment and structure
calculation, followed by a final structure calculation. In each cycle, the structure calculation started from
200 randomized conformers, and the standard CYANA simulated annealing schedule was used with
10,000 torsion angle dynamics steps per conformer. Graphic representations were prepared with

PyMOL (Schrodinger n.d.).

3.2.5.4 Cloning expression and purification of proteins for

Microscale thermophoresis

IRT1loop and IRT 1loop4HA from pDNR221 vectors already available in our laboratory were cloned
in the pMal vector, containing an MBP tag on the N-terminal from the MCS. The IRT1loopD173N was
introduced on the pMal-IRT1loop vector by the SPRINP method as described in Edelheit, Hanukoglu,
and Hanukoglu 2009. Vectors were transformed into BL21 DE3 E. coli. In general, 1 L of LB
supplemented with glucose at 0.2% final concentration and ampicillin was inoculated with 10 ml of an
overnight high density culture of cells containing the fusion plasmids pMal containing IRT1loopWT,
IRT1loop4HA or IRT1loopD173N. Cultures were grown at 37°C. When OD600 reached 0.5, expression
was induces by addition of IPTG to a final concentration of 0.3 mM. Cell cultures were incubated at
20°C overnight. Pellets were recovered by centrifugation at 10000g for 40 minutes at 4°C, then
suspended in HEPES 10mM pH 7, NaCl 150mM in 30ml/L culture. Suspended cells were stored until
further processing at -80°C.

Affinity purification of the MBP-IRT1loop variants was performed in batch. Frozen cell suspensions
were thawed. Lysozyme was added for cell wall disruption and then the suspensions were sonicated with
8 pulses of 45 seconds while kept in ice. Clarification of the lysate was performed at 20000g for 30
minutes. The supernatant (crude extract) was recovered and stored in ice. Separately, 500 pl amylose
resin (NEB) was washed according to providers specifications. Washed amylose resin was incubated

into the crude extract in rotation at 4°C for 1h30. The resin was then pelleted at 500 g, and flow through
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was discarded. 2 washing steps were performed with HEPES 10mM pH 7, NaCl 150mM, 1mM EDTA
followed by a two more washes in the same buffer without EDTA. Three consecutive elutions were

carried with HEPES 10mM pH 7, NaCl 150mM, Maltose 10mM.
3.2.5.5 Microscale thermophoresis

Binding experiments were performed by microscale thermophoresis with a Monolith NT.115
(NanoTemper Technologies, Munich, Germany). MBP-IRT1loop variants were labelled with the
Monolith NT™ Protein Labeling Kit RED according to the instructions provided by the manufacturer,
using a 1:3 protein:dye molar ratio. For Zn binding experiments, the labelled protein (20 nM) was
incubated with a range of titrant concentrations made by serial dilutions (1:1), in 50 mM Tris buffer pH
7.4, 10 mM MgCl,, 150 mM NaCl, 0.05% Tween 20, in PCR tubes, at room temperature for 10 min.
Premium treated capillaries (NanoTemper Technologies) were loaded and the measurements were
performed at 25°C, 40% LED power and 40% microscale thermophoresis power, 20 s laser-on time, 1 s
laser-off time. All the experiments were repeated at least twice with two independent protein labelling
reactions. Binding data were analyzed using MO.AFFINITY ANALYSIS software (NanoTemper

Technologies).

3.2.5.6 Constructions and generation of Arabidopsis

IRT1mCitrineD173N transgenic lines

To assay the effect of the IRT1D173N point mutation, the SPRINP (single-primer reactions in
parallel) method was performed as described in Edelheit, Hanukoglu, and Hanukoglu 2009 in a
pDNR221 containing the IRT1mCitrine sequence. Final destination vectors for expression in plants
were obtained by multisite Gateway® recombination using the entry vector described above, an
entry vector containing the IRT1 promoter sequence and the pGBKT7 GW (gentamycin resistance
in plants) destination plasmid. After verification by sequencing, the final constructions were
introduced in Agrobacterium tumefaciens strain AGLO. Arabidopsis thaliana was then transformed

following the floral dip protocol described in Clough and Bent 1998.
3.2.5.7 Plant material and growth conditions

Arabidopsis thaliana wild type plants (WS), the previously described irt1-1/pIRT1:IRT1-mCitrine
(Dubeaux et al. 2018), and the transgenic lines irt1-1/IRT1:IRT1D173N-mCitrine 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 physiological concentrations (25uM) of non-Fe IRT1 metal substrates (Zn, Mn,
Co). Plants were grown in absence of iron to induce the iron-deficiency response (-Fe +Metals).

For microscopy analysis, transgenic lines expressing IRT1mCitrineD173N under the control of

IRT1 promoter, were first grown 15 days on a -Fe +Metals medium to ensure protein expression.
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For phenotypic analysis, plants were grown during 12 days in absence of iron 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 IRT1mCitrineD173N functionality test, irt1-1/IRT1:IRT1-mCitrineD173N transgenic lines,
irt1-1/IRT1:IRT1-mCitrine mutant, irt1-1 and WS plants were grown during 12 days in absence of iron
(no addition to MS media) with physiological concentrations (25 uM) of non-iron metals.

For plant cultures in soil, plants were grown at 21°C under long day conditions.
3.2.5.8 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). Immunodetection of mCitrine fusion proteins was performed using an anti-GFP antibody
conjugated to horseradish peroxidase (HRP) (Miltenyi Biotec 130-091-833, 1/5,000). Loading controls
were obtained by using rabbit anti-FBPase (1/5,000, Agrisera). The anti-rabbit IgG (Bio-Rad 170-6515)
secondary antibody coupled to HRP and diluted 1/20,000 were used for the loading control. Detection
of HRP chemiluminescence was performed using SuperSignal West Dura Extended Duration Substrate

(Thermo Scientific) in a Chemidoc Touch Imaging system (Bio-Rad).
3.2.5.9 RNA extractions and RT-PCR

RNA extractions were performed using the Nucleospin RNA extraction kit (Macherey-Nagel) as
indicated by the manufacturer. DNA was removed from all RNA samples using rDNase treatment. RNA
integrity was then verified by agarose gel electrophoresis. Reverse transcription was performed on 0.25
pug of total RNA with M-MLV Reverse Transcriptase (Promega) and oligo(dT):s according to
specifications of the manufacturer.

The resulting cDNA was used for RT-PCR. 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 30

sec, 63°C 30 sec, 72°C 30 sec). EDF1x gene was used as reference gene to normalize the results.
3.2.5.10 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/).
3.2.5.11 Chlorophyll content

In order to determine the chlorophyll content, 30-100mg of leaves were weighted and placed in a

1.5ml Eppendorf tube. 1ml of 96% Ethanol (VWR) was added. The samples were incubated 48h at RT

84


http://fiji.sc/

Results

covered in aluminum foil and placed in a rotation wheel. After this incubation, the solution was diluted
in 96% ethanol (VWR). This dilution (between 3 and 10 times) varies according to the concentration of
chlorophyll (determined visually according to the color). This was done so that the absorbance at 649nm
and 665nm does not exceed 0.6. The chlorophyll content of each sample was determined using the
equation below (Wintermans and De Mots 1965):

Chly, = (6.1 x (A665) + 20.4 x (A649)) x dilution / fresh weight

3.2.5.12 Yeast complementation assay

Iron uptake assays were performed using the pDR195 vector harboring the constitutive expression
of IRT1 (already available in our laboratory), IR-T1D173N (point mutation generated by SPRINP,
single-primer reactions in parallel, method as described in Edelheit, Hanukoglu, and Hanukoglu 2009
in the pDR195-IRT1 vector) or empty vector in Afet34fet4 Saccharomyces cerevisiae. FeCl3 was used

for a final iron concentration of 25 uM.
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4 Materials and methods

4.1 Cloning, expression and membrane fractionation of heterologous
proteins for purification from yeast

The IRT1 and IRT1mCitrine were amplified from pDNR221 entry vectors available in our
laboratory and the biotin acceptor domain was amplified from a yeast expression vector kindly provided
by the laboratory of Dr. Guillaume Lenoir. Restriction sites were introduced during the PCR
amplification for restriction digestion cloning on the final PYEDP60 expression vector.

The vector was transformed in the W303.B Apep4 strain and grown in SD-agar media for 3 days.
Colonies were picked and inoculated into 5 ml of warm SD medium supplemented with 2 % dextrose
and -Ura aminoacid dropout mix just before inoculation (pre-culture PC1) and incubated for 24 hours
at 28 °C. Next, 1 ml of PC1 was inoculated into 50 ml of pre-warmed SD medium supplemented with
dextrose 2% and dropout mix (PC2). After 24 hours, 8 fernbach flasks containing 500 ml YPGE2X
medium (2% yeast extract, 2% bactopeptone, 1 % dextrose and 2.7 % ethanol) each, were inoculated
with PC2 so that ODg, is about 0.5, and the culture was incubated at 28 °C and 130 rpm for 36 hours.
For induction, the cultures were transferred into a water/ice bath for 10 min to allow cooling. Expression
was then induced by addition of 2 % galactose directly into the Fernbach flasks, before being incubated
at 18 °C and 130 rpm for 13 hours. Finally, a second induction was performed by adding 2 % (w/v)
galactose and incubation at 18°C was continued for 5 more hours.

Posterior steps for yeast harvesting and subsequent membrane fractionation were carried out at 4°C.
To begin, cultures were poured into 1 liter polycarbonate bottles and centrifuged at 4000 g for 9 min
(4000 rpm in a Beckman JLA8.1000 rotor), at 4°C. Supernatants were discarded and cold sterile water
was then used to resuspend pellets (250 mL for 0.5 L culture). After resuspension, yeasts were
centrifuged at 4000 g for 10 min at 4°C (~ 4600 rpm in a Beckman JLA 10.500 rotor). The mass of pellets
(w,,) was weighed at this step (usually w;, . 65 g) and then resuspended with a volume equivalent to 2 w,
of TEKS buffer (50 mM Tris-HCl pH 7,5, 1 mM EDTA, 0,1 M KCl, 0,6 M Sorbitol) and incubated for
about 15 min at 4°C. Cells resuspended in TEKS were centrifuged under the same low-speed conditions
as above (4,000 g, 9 min, and 4°C, in tabletop Eppendorf 5430 centrifuge). Supernatants were discarded
and the pellets stored at -80°C after freezing in bags or falcon tubes in liquid N, until further processing.

For membrane fractionation, pellets were thawed and then resuspended in 1 volume of TES buffer
(50 mM Tris-HCl pH 7.5, 1 mM EDTA, and 0.6 M sorbitol) in an agate pot. Then, 2 tablets of PIC were
added, as well as PMSF to a final concentration of 1mM. A volume equal to 1.5 volume of the
resuspension volume of 0.5 mm glass beads were added. Yeast cells were then broken with a
Pulverisette 6 planetary mill (Fritsch), by shaking them with the beads for 3 min at 450 rpm first,
followed by a 30 sec pause and additional shaking for 3 min at 450 rpm in the reverse direction. The
broken cells were recovered by pipetting and beads were rinsed with a volume equivalent to 1.5 w;, of

TES buffer. The suspension was first centrifuged at low speed (1000 g) for 20 min at 4 °C, to give pellet
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P1 and supernatant S1. S1 was then centrifuged at 20 000g for 20 min at 4 °C, to give pellet P2 and
supernatant S2. P2 were resuspended in the remaining buffer and stored at -80°C after flash freezing in
liquid N,,. Lastly, S2 was centrifuged at 100 000 g for 1 h at 10 °C, to give pellet P3 and supernatant S3.
The P3 membrane fraction was finally resuspended in a volume equivalent to 0.2 w,, with HS buffer (20
mM Hepes-Tris pH 7.4, 0.3 M sucrose, 0.1 mM CaCl,). P3 membrane fractions are frozen in liquid N,

and stored at -80 °C.
4.2 Protein assay

The protein content of P2 and P3 membrane fractions was measured using the ‘BCA’ method. The
assay mixture consists in 10 pl of a diluted sample (diluted 10 times), 2 % SDS (w/v), in a total volume
of 25 pl (adjusted with MilliQ water). For the standard curve, 0 to 80 pg of BSA (0-8 ul from a 10 mg/mL
stock solution from New England Biolabs) was mixed with 2 % SDS (w/v) and 10 ul of a either TES or
HS buffer, and again adjusted with water to 25 pl. 200 pl of a 50:1 (v:v) BCA:Cu** mix (BCA =
Bicinchoninic acid stock solution, #B9643 Sigma Aldrich which contains 0.95 % sodium carbonate, 2 %
sodium bicarbonate, 1 % bicinchoninic acid sodium salt and 0.16 % sodium tartrate in 0.1 M sodium
hydroxide (Smith et al Anal Biochem (1985))), 3,2 mM CuSO, (from a 4 % (w/v), i.e. 160 mM, stock
solution) was added into every tube and incubated for at least 30 minutes at 37 °C. 100 or 200 ul aliquots
were placed in a 96 well plate. Absorbance at 562 nm was measured on an Epoch microplate

spectrophotometer (Biotek).
4.3 Solubilization assays

P2 or P3 membranes were diluted to a final total protein concentration of 2 mg/ml in SSR buffer
supplemented with 1 mM PMSF and an EDTA-free 1x antiproteases cocktail (MOPS-Tris 50mM pH 7,
KCI 100mM, MgCl2 5mM and Glycerol 20% w/v) independently of the solubilization volume, which
was of 200 pl for solubilization optimization trials, and of 60 ml for purification purposes. Detergents
(stock 200 mg/ml in Tris-Cl 200 mM pH 8) or DDM+CHS mixture (stock 100 mg/ml DDM, 20 mg/ml
CHS in Tris-Cl 200 mM pH8) were added to a final concentration of 2 mg/ml, 6 mg/ml or 10 mg/ml
depending on the detergent: protein ratio assayed, 1:1, 3:1 or 5:1 respectively. Mix was done in a rotation
wheel in centrifuge tubes for 15 minutes, 1 hour or overnight. The samples were then centrifuged at

100 000 g for 1 hour at 4°C. Supernatants were recovered for WB analyze or purification.
4.4 Purification on Streptavidin Sepharose resin (SSR)

For 60 mL of solubilized membranes at 2 mg/mL we used 1 ml of Streptavidin Sepharose Resin. For
equilibration, the resin was first centrifuged for 3 minutes at 500 g (SW4400 rotor in a Allegra X30
Beckman centrifuge) to remove ethanol, then resuspended in 3 volumes of SSR buffer containing 0,5
mg/ml DDV, washed for 5 minutes, before centrifugation for 3 minutes at 500 g again and supernatant
withdrawal. This washing step was repeated two times. The pre-equilibrated resin was mixed with the

supernatant and incubated in rotation for 2 hours at 4°C to allow binding. The tubes were then
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centrifuged at 500 g (SW4400 rotor in an Allegra X30 Beckman centrifuge,) for 3 min, and followed by
removal of the flow-through (FT). Unbound material was removed by 4 consecutive washing steps
consisting of adding 3 volumes of SSR supplemented with detergent, incubating in rotation for 10
minutes and removal by centrifugation at 500 g for 2 minutes.

IRT1mCitrine was released from the resin by overnight TEV cleavage of the Bad tag. Per 60 ml of
initial solubilized material, 250 pg of TEV were added and incubated on rotation overnight in the cold
room, typically 250 pl of a 1 mg/ml stock solution, together with one volume resin (1ml) of SSR+DDM
buffer. At the end of the overnight incubation, one additional volume of SSR+DDM buffer was added
to the resuspended and overnight-treated resin, and incubated on the wheel for 5 more minutes at 4 °C.
Next, the resin was sedimented by centrifugation and the supernatant, i.e. the first “eluted” fraction,
was collected (E1). The resin was again resuspended with 2 volumes of SSR+DDM bulffer, left on the
wheel for 5 min, and centrifuged for recovery of a second “eluted” fraction (E2). Elution samples were

flash frozen in N2 and stored at -80°C.
4.5 Purification of bGFPd, GFP and mCitrine

For expression and purification of soluble proteins, GFP, mCitrine and bGFPd, BL21 (DE3) cells
were transformed with pET-15b-mCitrine-Hisx6 vector cloned by restriction in our lab, pTTQ18-GFP-
Hisx10 or pQE80L-bGFPd-TwinStrep kindly gifted by Dr. Jose Luis Vazquez-Ibar and Dr. Philippe
Minard respectively. Cells were grown at 37°C in LB containing the appropriate antibiotic to an ODy,
of 0.6. Protein expressions were induced by addition of 0.5 mM IPTG and incubated overnight at 37°C
for GFP and bGFPd and at 20°C for mCitrine. Cells were harvested by centrifugation and resuspended
in corresponding lysis buffers, then frozen in liquid N2 until further processing. Thawed cells were

sonicated and purification proceeded as described here:

v" For purification of GFP through a 1ml HisTrap FF column previously washed and equilibrated in
lysis buffer (20 mM Tris, pH 7.5, 200 mM NaCl) with 5 mM Imidazole, sample was loaded with a
syringe and the appropriate adapter. Then, washed by sequential steps of 20 ml of lysis buffer 5 mM
Imidazole, followed by 20 ml lysis buffer with 20 mM Imidazole. Next, by 20 ml lysis buffer with 30
mM Imidazole. GFP was eluted with 5 ml lysis Buffer containing 150 mM Imidazole (E1) and 5 mL
lysis Buffer with 300 mM Imidazole (E2).

v" For purification of mCitrine through a HisTrap FF Crude column containing 5 mL of Ni-NTA resin
connected to an AKTA purifier system, equilibrated with 5 column volumes (CV) of buffer A (Tris-
Cl 50 mM pH?7.5, NaCl 300 mM, glycerol 10% (v/v) and 25 mM Imidazole), followed by 5 CV of
buffer B (Tris-Cl 50 mM pH7.5, NaCl 300 mM, glycerol 10% (v/v) and 500 mM Imidazole) and
finally with 10 more CV of buffer A at flow 5 mL/min. Sample was then loaded on the column at 2
mL/min from a superloop. Next, 25 CV of buffer A were applied at 2 mL/min (until reaching
A280nm~0). Fractions of 10 mL were collected. For the elution fractions of 5 mL were collected by

applying a gradient from 5 to 100% of buffer B in 20 CV.
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v For bGFPdTwinstrep, the StrepTactin Superflow High capacity resin was washed and equilibrated

by pelleting at low velocity at 4°C (1000g). The resin was equilibrated with 3 ml of W buffer (30ml

of Tris 20mM, NaCl 200mM pH 7.5 and PIC) for 5 min in a rotation wheel twice. The equilibrated

resin was added on the cell lysate and placed in the rotation wheel at 4°C for 1 hour. The

flowthrough was then removed, and the unbound protein washed out by addition of 3 ml W buffer

and centrifugation. Elution was achieved by 3 sequential additions of 1 ml of Buffer E (100 mM

Tris/HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin) obtaining 3 eluate fractions
(E1, E2 and E3).

Protein concentrations were determined by spectroscopic properties (A514, A280), with extinction

coefficients obtained from ProtParam Expasy of each particular protein on a nanodrop.
4.6 Purification of IRT1 with bGFPd

The bGFPd used in this assay has a twin strep tag that allows binding to a StrepTactin Superflow
High capacity resin. The StrepTactin Superflow High capacity resin was first washed and equilibrated
by three consecutive additions of SSR buffer (MOPS-Tris 50mM pH 7, KCl 100mM, MgCl2 5mM and
Glycerol 20% w/v) containing DDM+CHS 0.5 mg/ml (SSRppp-crs) (DDM+CHS stock solution is 100
mg/ml DDM with 20 mg/ml CHS). Next, 15.2 nmol of bGFPd were diluted in 1 ml of SSRpp,cnus. The
resin was then resuspended with the bGFPd dilution and incubated in a cold room for 2 hours. 3
washing steps followed for removal of unbound bGFPd with SSRppy,cns- Next, 2.5 ml of solubilized P3
IRT1mCitrine at 5 mg/ml in 15 mg/ml DDM+CHS in SSR supplemented with PIC and PMSF (see
section 2.3 for solubilization details) were incubated with the bGFPd bound resin during an overnight
incubation at 4°C. Washing of the resin was carried 3 times with SSRppy,cns. Elutions were carried by
addition of 100 ul of GFP at 8 mg/ml (296 uM) 29.6 nmol in this case, supplemented with DDM+CHS
to 0.5 mg/ml, and incubated ON. After incubation, the mix was centrifuged and the supernatant
recovered (E1). A second elution consisted in addition of 100 yl of buffer, incubated for 10 minutes in
the rotation wheel and centrifuged for recovery of the supernatant as E2. Another elution strategy was
the addition of 100ul of BXT buffer containing biotin in a similar manner to the previously described

GFP elution.
4.7 Proteoliposome reconstitution

In a round bottom flask 160 pl of DOPC in chloroform at 100 mg/ml and 8 ul POPE in chloroform
at 100mg/ml with 6 mg cholesterol (added in powder) were mixed. The flask was placed in the rotavap
to dry with vacuum in rotation for 20 minutes. The flask was then incubated in a vacuum bell overnight.
The resulting lipidic film was resuspended with 2 ml of buffer Mops-Tris 50mM pH 7, KCl 100mM by
vigorous pipetting. The flask was placed at 37°C for 20 min for better resuspension. The solubilized
lipids were sonicated for 5 minutes at 37°C. After sonication, the liposomes were extruded with a hand

extruder, first through a membrane of 0.2 um, then through a 0.1 um one. Rsat (saturation
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concentration) and Rsol (solubilization concentration) were determined by diluting the liposomes to
7.5 ml with buffer and destabilizing 100yl of this dilution with 0-9 pug of DDM at 25°C while shaking for
3 hours. In this work reconstitution was carried at Rsat.

For reconstitution 3ml of the liposome preparation were destabilized with 60 pl of DDM at 10 mg/ml
and incubated in a rotating wheel for 3 hours. 500 pl of IRT1mCit, corresponding to approximately 100
ug was added to the destabilized liposomes and incubated in a rotation wheel at room temperature for
1h. 20x mass detergent of bio-beads (BioRad) were added (6 mg x20 = 120 mg) and incubation
proceeded for 1h in rotation. Additional 40x mass (240 mg) of biobeads were added and kept at room
temp. The last addition of bio beads was of 40x (240 mg) in a new tube and kept overnight in the cold
in rotation.

For determining the reconstitution rate, half of the volume of liposomes were placed in an
ultracentrifuge tube and centrifuged at 200 000g for 1h at 4°C for concentration. The pelleted liposomes
were resuspended in 300 pl of buffer for running in a sucrose gradient. The sucrose gradient was set up
by sequential additions of 560 ul of a 30%, 20%, 10% and 5% sucrose solution in 10mM HEPES/NaOH
pH 7.4, 100mM NaCl and 10% DDM. This was followed by a final layer of buffer lacking sucrose. The
30% sucrose solution was prepared by a 1:1 mixture of a 60% sucrose solution and the liposome
preparation. Gradient tubes were then loaded into a rotor and centrifuged at 100 000 g, for 1 hour, at
4°C with acceleration and deceleration set at 9. To determine the presence of protein in the gradient, 3
fractions (bottom, middle and top) were withdrawn for a dot blot. Also, the liposomes were checked for
fluorescence.

For a dotblot followed by immunoblotting a standard curve was prepared by mixing 10 pl of pure
IRT1mCitrine protein with 70 pl of 10 mM HEPES/NaOH pH 7.4, 100 mM NaCl and 10% DDM bulffer.
Dilutions were made (1/2, 1/5, 1/10, 1/20, 1/40). Next 4 ul of each dilution was deposited in a PVDF
membrane previously incubated in methanol and washed in transfer buffer. 4ul of each fraction (top,
middle and bottom) from the gradient were also loaded. The same was repeated in presence of Triton.
For this, 8l of each of the above mentioned fractions were mixed with 1pl of Triton 10%. Again 4l of
each sample was deposited in the membrane. Immunoblotting was followed as per usual, by blocking
in a 5% milk solution, followed by incubation with an HRP coupled anti-GFP antibody, three washing
steps of TBS-T buffer and then revealed by addition of BioRad chemiluminescent peroxidase substrate.

Quantification of the blots was done by Quantity One software.
4.8 CryoEM sample preparation and image recording

3.5 ul of IRT1mCitrine sample were deposited on a glow-discharged (25 mA, 50 s) Quantifoil
copper-rhodium R 1.2/1.3 grid, blotted at 8°C for 10 s at force 0 using a Mark IV Vitrobot and plunge-

frozen in liquid ethane.
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Test datasets were recorded on a Glacios electron microscope at the IBS. Movies (40 frames) were
acquired with SerialEM on a Gatan K2 Summit camera. Raw movies were aligned and summed with
MotionCor2, within Relion. CTF estimation for non dose-weighted sums was calculated using GCTF.

Particles were picked with Cryolo. All subsequent steps were carried out in Cryosparc.
4.9 Size exclusion chromatography

IRT1mCitrine an P3 solubilized membranes, SEC was run on a Superdex 200 Increase 10/300
column on an AKTA purifier system at 4°C in SSR without glycerol and 0.03 mg ml™* DDM. For
preparative purposes, the peak fractions were pooled and concentrated using a centrifugal concentrator

with a cut-off of 50 kDa, and stored at —80°C for later use.
4.10 Analytical ultracentrifugation

All experiments were conducted at 4°C. Sedimentation velocity (SV) experiments were performed
on a Beckman Coulter XL-I analytical ultracentrifuge with a rotor Anti-50 at a speed of 42,000 rpm. We
used Al-Epon double sector 1.2 cm optical path centerpieces equipped with sapphire windows filled
with, 150 pl, 45 ul or 4.5 pl of sample plus 300 ul, 405 ul and 445.5 yl of buffer respectively. The buffer
used was MOPS-Tris 50 mM pH?7.0, 100 mM KCl, 20% Glycerol, supplemented with 0.5 mg/ml or 6
mg/ml DDM for concentrated and diluted samples respectively). Sedimentation profiles were acquired
overnight using fluorescence at 527 nm. SV Analysis Analyses were typically made considering a total
of 16 h sedimentation. The programs used for data analysis, SEDFIT, v 16.1c and Gussi 1.4.2 (freely
available at http:// www.analyticalultracentrifugation.com) are described in detail on the web site. s20w,
for protein-detergent complex, was calculated using a mean vbar value, corresponding to 1g/g of bound

detergent.
4.11 Cadmium and iron transport tests in yeast

Cadmium uptake assays were performed in the expression strain Saccharomyces cerevisiae W303.b
Apep4. Vectors pYEDP60 harboring the expression of the different fusion proteins were transformed
by the lithium acetate method. Transformed yeast were grown in SGF-Ura media, complemented with
galactose to induce the expression of the mentioned proteins and 50uM CdCl2. Growth control was

grown in SGF-Ura with galactose in absence of CdCI2.
4.12 Plant material and growth conditions

Arabidopsis thaliana wild type plants (Col-0), the previously described irt1-1/pIRT1:IRT1-
mCitrine and Col0/35S:IRT1-mCitrine lines (Dubeaux et al. 2018) and the irt1-1/pIRT1:IRT1-
mCitrine/IRT1:IRT1-mScarlet previously generated in our laboratory 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 physiological

concentrations (25uM) of non-Fe IRT1 metal substrates (Zn, Mn, Co). Depending on the experiment,
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plants were grown in absence of iron to induce the iron-deficiency response and in presence of
physiological concentrations of IRT1 secondary substrates Zn, Mn and Co (-Fe +Metals).

For immunoprecipitation, irt1-1/IRT1:IRT1-mCitrine, irt1-1/ IRT1:IRT1-mCitrine/IRT1::IRT1-
mScarlet, Colo/35S:IRT1-mCitrine transgenic lines and Col-0 wild-type plants, used as a negative
control, were initially grown during 8 days on MS/2 medium containing 50 UM Fe-EDTA, then
transferred during 4 days onto a -Fe +Metals medium to induce IRT1-mCitrine and IRT1-mScarlet

expression.
4.13 Immunopurifications

Immunopurification (IP) were performed on approximatively 500 mg of Arabidopsis roots, mostly
as previously described (Dubeaux et al. 2018). Briefly, for co-IP analysis between IRT1mCitrine and
endogenous IRT1, as well as for coIP analysis between IRT1mCitrine and IRT 1mScarlet, roots grinded
in liquid nitrogen were resuspended in IRT1 solubilization buffer (50 mM Tris-HCl pH 7.4, 150 mM
NaCl, 5 mM EDTA, 1% n-Dodecyl -D-maltoside (DDM) and plant specific protease inhibitors
(Sigma-Aldrich)), using 300 pl of buffer per 100 mg of tissue. After two successive centrifugations at 3
800 g for 10 min at 4 °C, the resulting supernatants were collected and solubilization of membrane
proteins was continued for 1h 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. mCitrine fusion proteins were immunopurified using GFP-Trap®_MA magnetic
beads (Chromotek), following the instructions of the manufacturers. Before elution, extensive washes

were performed with IRT1 solubilization buffer.
4.14 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). Immunodetection of mCitrine fusion proteins was performed using an anti-GFP antibody
conjugated to horseradish peroxidase (HRP) (Miltenyi Biotec 130-091-833, 1/5,000). mScarlet fusion
proteins were monitored with a mouse anti-RFP antibody (Chromotek, 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). Depending on the primary antibody, the anti-rabbit IgG (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).
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4.15 Confocal microscopy

For BiFC constructs, both halves of mCitrine (N-terminal: 1-154 and C-terminal: 155-238) were
amplified by PCR, then cloned into the p2rp3 vector by BP reaction. Infiltrated tobacco leaves with the
corresponding vectors were pierced to obtain leaf discs. They were mounted in water viewed on a Leica
TCS SP8 confocal laser scanning microscope (www.leica-microsystems.com/home/). Excitation of
mCitrine used the 514 nm laser line. Laser intensity and detection settings were kept constant when

required. Before imaging, care was taken to always be below saturation levels.
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5 Discussion and perspectives

Organisms require Fe and other divalent metals to accomplish basic life functions. The ZIP family
of transporters is a major family of proteins involved in the primary uptake as well as in the distribution
of divalent metals, mainly Fe and Zn, but also Mn and Co, across all kingdoms of life. The Arabidopsis
IRT1 protein, the founding member of the ZIP family, has been vastly characterized since its discovery
and still serves as a model for the ZIP transporters. Because metal nutrition needs to be tightly regulated
in order to prevent malnutrition or toxicity, research has recently been focused on the mechanisms
regulating ZIPs in animals and plants. Particularly, in our laboratory, the post-translational regulation
of IRT1 has been widely investigated, turning IRT1 into a model protein for the understanding of the
endocytic machinery in Arabidopsis. However, a major gap still exists when it comes to the metal
transport mechanism itself, the structural and topological characteristics of the protein and the basic
molecular mechanisms driving the regulation of IRT1 protein. For these reasons, my PhD work has
focused in narrowing these gaps by implementing for the first time technical approaches needed for
structural and mechanistic characterization of the IRT1 protein. Such approaches allowed us to gather
some structural and biophysical information on IRT1, which complements what has been recently
reported for the human ZIP4 zinc transporter or for the distantly related bacterial ZIP transporter from

Bordetella bronchiseptica.

5.1 Development of technical approaches for the study of the IRT1
transporter

To date, from a total of more than 170,000 tridimensional structures of proteins reported in the
literature, only 1,209 of those correspond to  single membrane  proteins
(https://blanco.biomol.uci.edu/mpstruc). This gap is partly due to the challenges presented by the
purification of membrane proteins. Their hydrophobic nature makes them prone to aggregation in
vitro. Usage of detergents can solve this problem, however, addition of surfactants often negatively
affects the functioning and folding of proteins. Thorough optimization is therefore required in the
design of these strategies. During my PhD work, I established a detailed protocol for the production and
purification of a functional fluorescently-tagged version of IRT1 expressed in yeast. This protocol
consists in the expression of the IRT1 protein in the heterologous yeast host W303.B Apep4 in rich
media at high OD, followed by differential fractionation of membranes and purification through the
high affinity and specific interaction between a biotin acceptor domain (BAD) affinity tag and avidin.
Yields of purification for our IRT 1mCitrine fusion were around 0.2 mg/L culture. The yield of binding
of the affinity tag to the avidin resin was however low and hampered our ability to improve recovery.
Attempts to further biotinylate the affinity BAD tag failed to increase further the binding yield. This
may be due to a saturation of the epitopes of the avidin resin in the volume of sample we worked.

Adjusting the crude extract:resin ratio may help us optimize the parameters in order to achieve a
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purification strategy in which solubilized IRT 1mCitrine is not lost during the resin-binding step. Such
strategy would allow us to increase the overall yield of purification per liter of culture. In the eventuality
where we find an optimal crude extract:resin ratio, we may also assay the purification with protein
solubilized by FC16. The significantly higher solubilization yield of this detergent may indeed increase
even more the yield of purification but we would still face a problem of determining whether the
structure and function of IRT1 in this condition are affected. Furthermore, we believe changing the type
of affinity tag and resin may not be of help at that stage given that the avidin-biotin affinity is one of the
higher affinities described, which allows us to obtain a fairly pure sample in only one step of purification.
It is worth noting that purification yields in the range of 1-10 mg/L culture are considered “high” for
membrane proteins (Mohanty and Wiener 2004; Su et al. 2013; Feroz et al. 2018). We believe that with
the strategies mentioned above, our purification system may be optimized to achieve yields close to this
range. Nonetheless, a similar strategy to the one described in my PhD work has been used for the
purification of the rabbit sarco/endoplasmic reticulum Ca?*-ATPase with a yield of 0.3 mg/L culture,
which finally lead to the successful crystallization of this protein (Jidenko et al. 2005; 2006).

We were able to establish a protocol for the characterization of the transport parameters of IRT1 by
integrating our pure IRT1-mCitrine protein into proteoliposomes. Analyzes by immunoblotting of
proteoliposomal fractions treated with triton, allowed us to estimate the orientation of the incorporated
protein. Preliminary results suggested that the “mCitrine out” orientation is the favored one, given that
the amount of protein quantified in samples with and without triton is similar. In the case the protein
would adopt both orientations equally, we would expect to observe twice as much signal in the triton-
treated sample, because of the disruption of the lipidic film exposing the internal mCitrine protein.
Further reconstitution assays will allow us to determine if these observations are reproducible.
Furthermore, we may adopt an additional strategy for determining the orientation of our protein, such
as protease accessibility to cleave the mCitrine, followed by ultracentrifugation and immunoblotting of
the supernatant to detect the mCitrine protein. In the future we hope to use IRT 1mCitrine reconstituted
proteoliposome to investigate the transport mechanism of IRT'1. We favor the use of a fluorescent probe
that can be incorporated in liposomes during preparation and that is quenched by divalent metals in the
interior of the liposomes, if the orientation of the IRT 1mCitrine protein is indeed “mCitrine out”. This
orientation of IRT'1 will allow us to search for the optimal kinetic assay conditions by easily exchanging
the extra liposomal buffer, given that the transport would be carried from the extra liposomal space to
the interior. Considering that mCitrine is present in our system, a fluorophore such as Calcein deep red
needs to be used as a reporter in the interior of the liposomes. The excitation and emission spectra of
Calcein deep red does not overlap with that of mCitrine, given that it has excitation and emission peaks
at 648 and 658 nm respectively, while mCitrine excitation and emission peaks are at 516 and 529 nm.
Alternatively, we may turn to the use of radioisotopes, but such experiments would need to be
performed in an institute where Fe, Zn, Mn, Co and Cd isotopes can be used.

Because there is conflicting evidence regarding the mechanism of transport of ZIPs, we need to

design experiments that allow us to screen varied transport conditions. Given that HCO™ has been
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proposed as a co-transported molecule by other ZIPs such as the mouse ZIP8 and ZIP14 (Liu et al. 2008;
Girijashanker et al. 2008), we believe it is needed to investigate its effect on metal transport by IRT1 by
adding it in the extra liposomal buffer. Furthermore, varied pH conditions between intra- and
extraliposomal solutions might result in efficient transport. A problem to be faced in such an approach
might be the instability of Fe?* in solution. Addition of a reducing agent such as ascorbate to testing
buffers has been previously used as a solution to this problem in yeast based uptake assays (D. R. Dix et
al. 1994; Eide et al. 1996). Also, we propose the study of the transport of the secondary substrates besides
the principal substrate Fe?*. Kinetic parameters indicating the affinity to the substrate and the speed of
the transport have been previously reported from cell-based assays for the uptake of Fe, Zn and Mn. It
was determined that apparent Km and Vmax, for all three substrates were in the low micromolar range
when IRT1 was expressed in yeasts (Eide et al. 1996; Korshunova et al. 1999). Knowing the previously
measured velocity and affinity parameters will allow us to determine the concentrations in which we
should set our experiments. Although the mentioned values obtained in yeast constitute an apparent
approximation of the kinetics of transport by IRT1, measures of this kind are usually influenced by other
metal transporters present in the cell. Proteoliposomes constitute an adequate environment for the
study of transport of substrate across lipidic membranes without the interference of additional proteins.
Furthermore, the lipidic composition of the liposomes can be adjusted to match that of the plasma
membrane of plant root cells.

The purified protein harbors mCitrine, which we think may be an advantage. First, previous work
in our laboratory evidenced that the addition of a fluorescent tag in amino acid position 42, on the first
extracellular loop, does not affect IRT1 function in planta (Dubeaux et al. 2018). Second, the presence
of mCitrine increased the IRT1 expression and purification from the yeast host. Not only mCitrine likely
stabilizes IRT1 protein, but often, the addition of soluble domains to highly hydrophobic proteins
increases the overall solubility and stability, such as the case of Maltose Binding Protein (MBP) fusions
(Kapust and Waugh 1999). Third, the presence of mCitrine on the protein allowed us to analyze the
behaviour of the protein in vitro through fluorescence coupled techniques such as F-SEC and AUC.
Finally, the presence of mCitrine may turn out to be a major advantage during structural analyses
regarding the molecular weight of the sample. Our purification strategy reported here has proven to
generate an IRT1-mCitrine protein sample that was suitable for preliminary CryoEM trials. We hope in
the future to enlarge the amount of sample in this assay in order to obtain sufficient data for modelling
of the tridimensional structure of IRT1. Besides, the molecular weight of our protein (36.7 kDa for IRT1)
would be too small to solve the structure by CryoEM. With the addition of mCitrine (64.6 kDa for the
IRT1mCitrine fusion), the purified protein now resides close to the limit of detection for this technique,
of about 50 kDa, which constitutes one of the main limitations for deciphering the structure through
CryoEM. The fact that IRT1 forms oligomers will also help reach a sufficient molecular weight suitable
for structure determination. For the latter, highly concentrated samples should be analyzed, in order to
favor the formation of dimer as seen by F-SEC. Besides, a strategy that may be of use to improve

structure determination of IRT1mCitrine is the reconstitution in nanodiscs. Nanodiscs are lipidic
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bilayer discs surrounded by a protein scaffold that keeps the disc intact and membrane proteins can be
inserted in the lipidic bilayer (Denisov and Sligar 2016). This strategy creates larger particles, an
advantage for CryoEM approaches, that are stable in solution, and gives the advantage of having
proteins in an environment similar to the original. Strategies of this nature have been successfully used
for determination of the structures of several transmembrane transporters in recent years (Roh et al.
2018; Reid, Kern, and Brohawn 2020; Arkhipova, Guskov, and Slotboom 2020).

The structure of the only ZIP described until today, the Bordetella bronchiseptica ZIP, has been
achieved through lipidic cubic phase crystallography (T. Zhang et al. 2017). This approach requires
protein amounts at least 10 times larger than CryoEM. In the case of the Bordetella ZIP, such a protein
quantity is easier to achieve since prokaryotic expression hosts are characterized for yielding high
expression levels. In the case of Arabidopsis IRT1, a eukaryotic heterologous host is more suitable for
its expression because it may perform all the post-translational modifications needed for proper folding,
but presents often lower expression yields than prokaryotic ones. The yield of purification by the SSR
method reported in this thesis remains too low for crystallography applications and further

optimization of this method would be required.
5.2 Determination of the oligomeric status of IRT1

As part of the structural characterization of IRT1, we deciphered whether oligomerization, a trait
seen before in some ZIPs ( Bin et al. 2011; Zhang, Sui, and Hu 2016), especially in the LIV1-subfamily,
was also shared by IRT1. Analyses of our pure IRT 1mCitrine protein on FSEC allowed us to observe the
presence of two different molecular size particles that correlate with the estimated values expected for a
monomer and for a dimer with bound detergent. These in vitro experiments demonstrated the
predominance of the monomer specie over the putative dimer. We hoped that increasing the
concentration of the protein might favor oligomerization, and the dimer peak would be the major form
in this condition. Indeed, we found after deconvolution of our chromatogram that increasing the
concentration favored the formation of putative dimers. Besides the in vitro analyses, we have observed
the oligomeric state of IRT1 in planta. By BiFC and co-immunoprecipitation, we were indeed able to
determine self-interactions of IRT1. It is important to note that in the case of BiFC i) proper negative
controls were missing in order to determine whether the interaction seen was of biological relevance,
and that ii) topological issues of IRT1 render this approach poorly conclusive because of the orientation
of the tags. We believe that co-immunoprecipitation itself is sufficient to conclude on the ability of IRT1
to oligomerize in vivo. It is worth noticing that the role of the oligomerization of other ZIPs has not
been described yet. Analyses of the oligomerization in varied metal conditions would help us
understand if the oligomerization plays a part in the regulation of the transporter as a response to metal
overload or deficit. Importantly, the interaction of IRT1 with the AHA2 H+-ATPase and the FRO2
reductase has been shown to be disrupted upon metal excess, and triggered by IRT1 phosphorylation
by CIPK23 (Martin-Barranco et al. 2020). Whether phosphorylation of IRT1 and the ability to sense

metals also controls oligomeric status would also have to be tested by taking advantage of mutant
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versions of IRT1 with point mutations affecting both parameters (IRT 15144, IRT15/1p and IRT144).
Another possible role for oligomerization could be its direct participation in transport, as it is the case
for YiiP transporters that requires dimerization for the formation of a metal translocation pore (Lu and
Fu 2007). This hypothesis is however weak, given that the structure of the Bordetella ZIPB demonstrated
an intrinsic metal translocation path within the monomeric protein (T. Zhang et al. 2017), and even
though sequence alignments demonstrate low identity among ZIPs, the specific residues involved in
metal translocation appear to be conserved (Krishna et al. 2020). The function of oligomerization in
regulation is very well exemplified by the Arabidopsis NRT'1 transporter, where dimerization lowers the
affinity of the protein toward the substrate nitrate in comparison to the monomer with a high affinity
(Sun et al. 2014). Interestingly, this oligomerization event is inhibited by phosphorylation. A further
example of dimerization intervening in nutrient uptake are the AMT ammonium transporters. AMT1
has been demonstrated to participate in homo- and hetero-dimerization. The roles of such behaviour
remain elusive, but is has been proposed that the heterodimerization of AMT1.1 with the AMT1.2
paralog, might form a heteromeric protein in which distinct paralogs reconstitute a single functional
transporter (Ludewig et al. 2003). Similar implications for the IRT1 transporter need to be studied. This
thesis reports on the homodimerization of the transporter. Similar experiments as the ones described
here, like immunoprecipitation, can be performed between IRT1 and its close iron transporter
homologue, IRT2. Sucrose transporters SUT are a known examples for forming such structures. Three
SUT paralogs with different substrate binding affinities, SUT1, SUT2 and SUT4 were found to interact
with each other (Reinders et al. 2002). Heterodimeric complexes may present different affinities than
homodimers or monomeric species. The proteoliposome reconstitution of IRT1 reported in this thesis
presents a unique tool for the study of transport kinetics of IRT1 in varied homooligomeric forms if
known (if affected by phosphorylation for example), or for heterodimers. Further research on the events
triggering oligomerization is therefore required. A constitutive oligomerized form of IRT1 would
greatly enrich our knowledge in this subject. Evidently, resolution of the structure of IRT1 would be
highly informative on the mechanisms and interface of oligomerization. Interestingly, in LIV-1 ZIP
members, oligomerization occurs through a PAL motif in an ectodomain located in the N-terminal
region of the ZIP, which is missing in IRT1 (Zhang et al. 2019; Pocanschi et al. 2013; Bin, Seo, and Kim
2018).

We have obtained contrasting data regarding oligomerization of IRT1 from AUC analyzes. The
evidence suggested that at 3, 1 and 0.3 pM, purified IRT 1mCitrine is present as a monomer in solution
and that a dimer would be possible only if no detergent is bound. The latter is very unlikely given the
hydrophobic nature of IRT1 and the detergent concentration in the assay buffer. Surprisingly, the
sedimentation profile of a highly diluted IRT1mCitrine sample, at 0.03 uM, pointed to putative
dissociation events, which would be impossible if the sample is monomeric at higher concentrations. A
similar behaviour was observed for AUC analyzes of solubilized P3 membranes in DDM+CHS, where
the mean s-value decreased together with the concentration (1, 0.33 and 0.1uM), suggesting the

dissociation of the larger species. Again, at 0.01 uM, the distribution of peaks from solubilized
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membranes shifted to lower sedimentation coefficients. Although the overall AUC data suggests that
monomeric IRT1 is the predominant form, the sedimentation profiles at low concentrations point to
possible minor oligomerization events. F-SEC data has shown that indeed, the monomeric form of
IRT1mCitrine was the predominant in those experiments, however a putative dimeric species is present
as well. A detailed analyses of IRT1mCitrine in higher resolution AUC chambers or at higher

concentration of proteins could help us understand this behaviour.

5.3 Molecular mechanisms driving the post-translational regulation of

IRT1

Regulators of IRT1 protein have been described in recent years, such as the IDF1 E3 ligase and the
CIPK23 kinase (Shin et al. 2013; Dubeaux et al. 2018). The latter has been established to phosphorylate
residues on the second intracellular loop of IRT1 triggering the recruitment of the IDF1 E3 ligase which
decorates K residues K154 and K179 present in the same loop with K63 polyubiquitin chains. The
tagging of IRT'1 with K63 linked Ub triggers its endocytosis and targeting to the vacuole. This process
is controlled by the intracellular metal concentration (Dubeaux et al. 2018). When metals other than Fe
reach elevated intracellular levels due to high transport activity by IRT1, they bind to the loop of IRT1
which in turn recruits the CIPK23 to this site. In this work, we determined that the binding affinity of
one of these non-iron metals, Zn?* is in the micromolar range. Specifically, binding affinity was of 15
UM as determined by two independent techniques, microscale thermophoresis and circular dichroism.
Previously, by using fluorescent probes, it was determined that intracellular concentrations of Zn** in
plant roots are in the nanomolar range, specifically, 0.4 nM was determined for plants in normal growth
conditions and 2 nM for metal excess conditions (Lanquar et al. 2014). The approach to determine such
concentrations gives the mean concentration in the cytoplasm. Concentrations of metals may be
transiently higher in specific regions of the cells, for instance in the plasma membrane proximal area
upon metal translocation. Therefore, ratiometric fluorescent sensors allowing to determine the spatial
distribution of Zn across the cell, and more importantly at the vicinity of the plasma membrane are
required. Besides Zn, affinity measures to Cd fell in the millimolar range, although such concentrations
of Cd are improbable to accumulate in plants cells because of the toxicity of this metal. As mentioned
in section 3.2, preliminary results from other members of our laboratory indicate that Cd may also drive
the endocytosis of IRT1 upon excess. We propose that additional binding sites with higher affinities for
Cd may therefore be present in other intracellular regions of IRT1 or that Cd sensing is achieved by
other sensors in plant cells. Determining whether the histidine mutant IRT1 44 responds in the same
manner as the wild-type protein to Cd remains to be determined. Previous research demonstrated that
mutation of aspartic acid 144 to alanine, at the interface between TM4 and the second intracellular loop,
eliminated transport of Cd in yeast, indicating a putative binding site for Cd involving this aminoacid
(Rogers, Eide, and Guerinot 2000). Mutation of this residue and analyzes of its response to Cd may shed

light on whether it is involved in regulation by Cd.
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Besides Zn, we were not able to measure binding affinities for Co and Mn. It is important to note
that the concentrations used in this assay were never higher than 100 millimolar, which may be the
reason for this. Microscale thermophoresis experiments at higher concentrations could be initiated with
the goal to determine binding affinities for this metals, however the biological relevance of metal binding
in such elevated concentrations would be difficult to reconcile with the fact that Mn excess of 500 uM
triggers the depletion of IRT1 from the plasma membrane (Dubeaux et al. 2018). Nonetheless, it is
important to note that our in vitro assay does not take into account potentially important interactions
of the loop with other regions of IRT1 and thus, the parameters described for the loop of IRT1 are
apparent.

During this work we provide evidence for the possible involvement of an additional residue in metal
binding in the intracellular loop of IRT1. We hypothesize that residue D173 acts together with the
histidine stretch in metal coordination as seen by NMR. On the other hand, microscale thermophoresis
failed in demonstrating its role in Zn binding. Possibly, in this case, the metal ligand is still able to bind
to the remaining histidine residues. In line with this, mutants on two of the four histidines do appear to
still complex Zn?*, as seen by NMR. In the future, it would be interesting to determine the binding
affinity of double histidine mutants to gather further evidence of the remaining two histidines and
aspartic acid residues still being able to complex Zn?**. Moreover, measures of binding affinity on triple
mutants of two histidines (162H/164H or 166H/168H) plus D173N may reveal an ability to complex
Zn?** with significantly lower affinity if not at all. Experiments of this nature would allow us to better
determine if D173 indeed takes part in metal complexing together with the histidine stretch. In addition,
we found that mutation of D173 to asparagine had no impact in protein transport function in vivo, as
demonstrated by yeast complementation assays. Opposite to this, in plants, the D173N mutation of
IRT1 impacted deeply in protein localization. Instead of being delivered to the plasma membrane,
IRT1mCitrinep,,;y was indeed retained at the endoplasmic reticulum (ER). We do not know at that
stage if the mutant protein is misfolded although not impacting metal transport per se, or if D173 may
be involved or indirectly affect an ER exit signal. In order to study whether D173N impacts in the post-
translational regulation of IRT1, we propose to generate plants expressing the mutant
IRT1mCitrinep, 3y in a line with deficient ER quality control. For instance in an Arabidopsis line where
the Hsp70 chaperone BiP, involved in binding to hydrophobic exposed regions of misfolded proteins in
the ER, is silenced. Such approach has previously been used for targeting the ER-retained allele of the
BRI1 receptor kinase, bril-5, to the plasma membrane where it complemented the mutant phenotype
(Hong et al. 2008). BRI1 is a leucine-rich-repeat receptor-like kinase that functions as a cell surface
receptor for brassinosteroids, which loss-of function mutations lead to dwarf plants. The bril-5 allele
contains a C69Y mutation at the receptor domain which leads to retention of the protein at the ER,
however this mutation does not impair its function, as seen in BiP silenced plants which allow bri1-5 to
reach the plasma membrane and reverse the dwarf phenotype. Importantly, we would first need to
determine whether the BiP is involved in the retention of IRT1mCitrinep,,;n, Dby co-

immunoprecipitation for instance, with IRT 1mCitrine as a control. Another option for an approach of
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this kind may be the crossing of our irt1-1/pirt1:IRT1p,,;mCitrine line with the ER quality control
double mutant hrdia hrd1b. This line is defective in two HRD1 ubiquitin ligase homologs, which are
involved in tagging misfolded proteins at the ER for degradation. Like the BiP silenced line, usage of the
hrdia hrd1b double mutant allowed for the complementation of the bri1-9 mutant, containing a S662F
mutation, by eliminating the ER-associated degradation of this protein (Su et al. 2011). Alternately, we
may also analyze whether overexpression of the IRT1mCitrinep, 3y, under the constitutively active 35S
promoter of the cauliflower mosaic virus behaves as in yeast, forcing the location of the protein to the
plasma membrane.

During this work we also investigated the molecular mechanisms that trigger the recruitment of the
CIPK23 kinase upon metal binding. We had hypothesized that metal binding might trigger
structuration of the loop (Cointry and Vert 2019). We have now collected structural data of the loop by
CD and NMR that indicated that it remains unstructured even when metal is bound. We therefore
speculate that a different molecular mechanism may be involved in recruiting the CIPK23. A possibility
is that the metals may function as a “glue” between these two proteins. Metal ligands found in protein-
protein interfaces are often overlooked. An analyses of oligomeric structures determined that 4-5% of
non-redundant oligomeric proteins present biologically relevant first row transition metals at their
interface. Moreover, Zn constitutes 40% of the metal ligand involved in those interfaces (Song et al.
2014). Metals in protein-protein interfaces can help stabilize such interaction, but they can also be
implicated in transient protein-protein complexes. An example of the latter is the interaction between
the lymphocyte-specific protein tyrosine kinase (Lck) to the T cell co-receptors CD4 and CDS8, to
phosphorylate them. This interaction is triggered by binding of Zn in two cysteine residues of the Lck
kinase and two cysteines in the receptors, both located in unstructured tails of these proteins (P. W. Kim
etal. 2003). We think a similar mechanisms might occur between CIPK23 and the IRT1loop. Therefore,
we now need to determine whether CIPK23 has metal binding properties. I expressed and purified
CIPK23 from E. coli and performed preliminary MST experiments. These indicate that indeed, the
CIPK23 kinase is able to bind metal ions, although biological replicates are needed for sufficient
statistically relevant results (data not shown) and controls are required. One such control may be
CIPK9, a close homologue to CIPK23 that does not interact with IRT1, as seen by yeast two hybrid
(Dubeaux et al. 2018). Analyses of the readily available 3D structure of CIPK23 together with directed
mutagenesis will hopefully allow us to determine metal binding sites and thus, allow us to decipher
whether direct metal binding on CIPK23 is equally important as direct metal binding on the IRT1 loop
for the interaction of these two. Moreover, deciphering the tridimensional structure of the IRT1loop-
CIPK23 complex would shed light in this event. This may however be complex to achieve given the

mobile nature of the IRT 1loop.
5.4 Perspectives

Achieving the tridimensional structure of IRT1 would make a strong impact in the research on ZIP

transporters, and on plant membrane proteins in general. Structures of plant proteins, and especially of
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membrane proteins are underrepresented in the literature. Furthermore, knowing the tridimensional
structure of IRT1 would open the doors to the possibility of using it as a biotechnological tool. Specific
amino acids involved in recruiting metals from the soil, in translocation and in regulatory mechanisms
can be identified from the structure. Kinetic measures of IRT1 together with information we may collect
from its 3D structure constitute a major starting point in utilizing efficient and specific IRT1 based
phytoremediation and/or biofortification strategies. Usage of IRT1 as a biofortification tool has been
reported for two different crops of agricultural interest, rice and cassava (Boonyaves et al. 2017;
Narayanan et al. 2019). Overexpression of the Arabidopsis IRT1 transporter together with the chelator
protein ferritin, for increased metal tolerance, and the Arabidopsis nicotianamine synthase, for elevated
metal reduction capacities, in rice plants increased iron content in grain by 3.8 fold compared to the
wild type (Boonyaves et al. 2017). Furthermore, for the staple crop cassava the approach used was based
in expressing the stabilized mutant version of IRT1, mutated in residues K154 and K179, which prevents
the internalization of IRT1 from the plasma membrane upon metal overload by its inability of being
ubiquitinated, combined with the expression of the Arabidopsis ferritin 1 (FER1) protein, which creates
a tolerance to intracellular metal overload by sequestration (Narayanan et al. 2019). This approach led
to plants that were able to take up and storage 7 to 18 more times iron and 3 to 10 more times zinc than
the wild type, making it an attractive crop for agricultural purposes with the caveat that other noxious
metals such as Cd may also overaccumulate. By gathering biochemical and structural data on IRT1, we
may combine the mentioned approaches with modification of specific residues to change the specificity
of the whole protein. Direct mutagenesis of conserved, putative metal-binding residues of IRT1 has been
previously reported to change the specificity of transport (Rogers, Eide, and Guerinot 2000). In this
work, mutants with increased affinity towards iron, manganese and cadmium and towards zinc and
cadmium were reported. Furthermore, the lack of specific data on the role of individual residues in
metal selectivity at the time of this publication, impeded the specific manipulation of IRT1 for
generating a transporter with increased affinity towards only one metal. Particularly, increasing the
affinity of IRT1 to Cd is of greater interest in phytoremediation approaches.

From an agronomical point of view, biofortification approaches mentioned above, where the iron
accumulation is more than 10 times elevated, may be of concern. High accumulating plants may harm
soils by depleting their iron content and causing agricultural erosion. Generating plants with mild
accumulation levels of metals, would be a compromise between fortification of the crop and soil
conservation. We propose the generation of variants of IRT1 with modified affinity towards the
regulating, non-iron metals. For instance, a mutant with lower affinity towards the non-iron metals but
that still has a post-translational response, would in theory allow a higher metal accumulation than wild-
type plants. The IRT 1loop with two histidines mutated reported in this work, would be a candidate for
an approach of this type. Moreover, we first need to assess whether impairment of the metal complexing
site of the loop of IRT1 by mutating two histidines indeed lowers the binding affinity. Next, we need to
generate plants to determine whether the regulation of IRT1 still takes place in these conditions.

Likewise, generating IRT1 mutants that are downregulated at lower concentrations of metals than the
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wild-type, would be of interest for agricultural applications in heavy-metal contaminated soils that are
normally inadequate for food production. By increasing the affinity of IRT1 to the non-iron metals and
maintaining its post-translational regulation, we may obtain plants that are resistant to heavy-metal
polluted soils. One such mutant may be achieved by addition of metal binding residues in the proximity
of the histidine stretch, or by substituting histidine residues with other metal binding residues that may
increase the affinity, like cysteines for example (Cao et al. 2017). In either case, specifically modulating
the affinity towards metals by modifying the IRT1loop is a promising tool for designing engineered
plants adequate to different types of soil.

The structure of IRT1, may in the future be used as a model for other eukaryotic ZIPs, allowing an
accurate recognition of specific residues involved in metal uptake, sensing and regulation, based on
structural analysis. Furthermore, the expression and purification protocols, plus the proteoliposome
reconstitution approach reported in this thesis can be adapted for other eukaryotic ZIPs. Of particular
interest would be to develop such approaches for ZIP proteins of medical relevance. The human ZIP4
and ZIP13 are classical examples of ZIPs involved in health issues by their loss of function mutant alleles.
The loss of function mutation of the ZIP4 protein is implicated in Acrodermatitis Enterophatica, a
genetic disorder in which malfunctioning of the ZIP4 leads to poor dietary Zn uptake (Dufner-Beattie
et al. 2003). Similarly, the Ehler-Danlos syndrome is caused by a G64D mutation on the ZIP13 which
leads to misfolding of the transporter and its subsequent degradation, and thus a poor Zn distribution
in connective tissues (Bin et al. 2014). Development of in vitro techniques that allow the biochemical
characterization of these transporters are much needed. Biochemical and structural characterization of
these ZIPs may allow the development of specific drugs that block the degradation of these transporters,
by preventing their cellular internalization and thus, increasing Zn uptake by being retained at the
plasma membrane. An approach of these characteristics was assayed in in vitro cell cultures expressing
a mutant ZIP13 carrying the G64D mutation responsible for Ehler-Danlos syndrome, and consisted in
pharmacological treatment with Bortezomib, a proteasome inhibitor, which indeed helped restabilizing
protein levels and consequently the intracellular Zn concentration (Bin et al. 2014). Furthermore, such
therapeutic approach may give rise to a number of side-effects given that this drug inhibits
approximately 30% of proteasome-mediated protein degradation, thus affecting normal cell
functions (Thibaudeau and Smith 2019). By determining the structure of these transporters, specific

drugs with minimal side-effects may be developed.

Conclusions

To summarize, the experiments carried out during my thesis allowed us to begin the structural and
detailed functional characterization of the main iron transporter of Arabidopsis thaliana. In the future,
we hope that additional structural and functional information gathered from IRT1 will allow a better
understanding of plant metal homeostasis and the manipulation of metal transport/sensitivity at will.

Of particular interest are the development of biofortification and phytoremediation strategies and the
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development of homologous strategies for the study of other eukaryotic ZIPs including in humans. We
demonstrated that the IRT1 transporter, as other ZIPs, forms oligomers. The biological relevance of this
particularity needs to be studied in the near future. We speculate that oligomerization may play a role
in the regulation of IRT1 transport and metal sensing to fine tune metal homeostasis. During this work
we also focused on studying the molecular mechanisms that drive the metal related post-transcriptional
mechanisms of IRT'1. We established that the mechanisms of recruitment of regulator proteins may not
be structuration of the intracellular loop upon metal binding as initially thought. Further research with
a focus on the regulator protein CIPK23 needs to take place in order to examine the mechanism of
interaction. Finally, we were surprised to identify a putative metal binding residue in the second
intracellular loop of IRT1. Until now, it was believed that only the histidine stretch located at the center
of the IRT1 loop was implicated in metal binding and regulation. Further data needs to be gathered by

in vitro and in vivo approaches in order to determine the specific role of aspartic acid 173.

105



Synthése en frangais

7 Synthése en francais

Le fer, métal de transition, est un nutriment essentiel pour tous les organismes vivants. Il est
impliqué dans de nombreux processus cellulaires car il est principalement utilisé comme cofacteur par
une multitude de protéines. Bien qu'il soit 'un des éléments les plus abondants sur terre, le fer est
souvent indisponible car il précipite dans le sol, formant des complexes insolubles. Les plantes utilisent
une stratégie combinée pour absorber le fer du sol. Dans les cellules épidermiques de la racine, la pompe
a protons AHA2 déclenche l'acidification du sol, tandis que la réductase FRO2 réduit les composés
ferriques insolubles en ions ferreux solubles. Le fer ferreux est ensuite absorbé par la racine grice au
transporteur de fer IRT1, qui appartient a la famille des transporteurs ZIP, largement répandue. Outre
le fer, IRT1 peut également transporter des métaux non ferreux (Zn, Mn, Co et Cd), qui sont également
appelés substrats secondaires. Des rapports récents ont démontré qu'IRT1 détecte directement les
substrats secondaires par le biais d'un trongon riche en histidine dans la deuxiéme boucle intracellulaire
(Dubeaux et al., 2018). Dans des conditions d'excés des substrats non ferreux, ces métaux se lient aux
résidus histidine. La liaison métallique déclenche le recrutement de la kinase CIPK23, qui phosphoryle
certains résidus sur la boucle dTRT1. La phosphorylation, a son tour, permet le recrutement de la ligase
E3 IDF1 qui ubiquitine IRT1 et le cible pour la dégradation par la voie endocytique.

A cejour, les informations sur les caractéristiques structurelles dTRT1, ses mécanismes de transport,
la base de la sélectivité de transport dTRT1 et les mécanismes moléculaires conduisant les événements
de régulation tels que le recrutement de la kinase CIPK23 font défaut. Ce manque de connaissances
existe pour la plupart des membres de la famille ZIP. Ce travail décrit 'initiation d'étapes cruciales pour
réaliser la caractérisation biochimique de cette protéine. Ici, nous sommes les premiers a rapporter avoir
établi un protocole optimisé pour l'expression hétérologue, la solubilisation et la purification de la
protéine IRT'1 dans des cellules de levure. De plus, nous avons déterminé une procédure technique pour
l'étude du transporteur IRT1 dans des protéoliposomes, ce qui permettra 'étude de son mécanisme de
transport dans le futur. Les deux approches techniques rapportées ici posent les jalons pour I'avenir de
la caractérisation structurelle et mécanique d'IRT1, et pour les transporteurs ZIP en général.
L'échantillon généré par notre protocole a été d'une qualité suffisante pour permettre une
caractérisation préliminaire de la structure par microscopie électronique cryogénique avec nos
collaborateurs. D'autres collectes de données sont nécessaires pour obtenir une structure a haute
résolution dTRT1. Nous avons également examiné la capacité d'IRT1 a former des diméres a la fois in
vivo et in vitro, en soumettant l'échantillon pur & une chromatographie d'exclusion de taille couplée a la
fluorescence et a ultracentrifugation analytique, ainsi qu'a des techniques in vivo telles que la co-
immunoprécipitation et la complémentation bimoléculaire par fluorescence. La signification biologique
de la dimérisation d'IRT1 ainsi que le mécanisme moléculaire déclenchant cet événement restent a
déterminer.

De plus, nous avons étudié la nature du mécanisme moléculaire piloté par la liaison métallique sur

la boucle d'IRT1. Nous avons déterminé par dichroisme circulaire et RMN l'absence de structure
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tridimensionnelle sur ladite portion de la protéine, méme en présence des substrats secondaires qui
déclenchent la voie de régulation dTRT1. Nous fournissons ici des preuves supplémentaires de la liaison
métallique sur la boucle d’histidines, ainsi qu'une quantification de cette interaction in vitro. De plus,
nous avons déduit le role d'un résidu d'acide aspartique, positionné a proximité de I'histidine, qui semble

avoir un role dans la liaison métallique.
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Résumé : Le fer est un nutriment clé pour tous les
organismes vivants et il est impliqué dans de
nombreux processus cellulaires. Bien qu'il soit I'un
des éléments les plus abondants sur terre, le fer est
souvent indisponible car il précipite dans le sol,
formant des complexes insolubles. Les plantes
absorbent le fer du sol a travers les cellules
épidermiques de la racine en utilisant le transporteur
de fer IRTL qui appartient a la famille de
transporteurs ZIP largement répandue. Outre le fer,
I'IRT1 peut également transporter des métaux non
ferreux (Zn, Mn, Co et Cd), que nous appelons
également les substrats secondaires. Notre équipe a
récemment montré que I'RT1 agit comme un
transcepteur, détectant directement les métaux non
ferreux a I'aide d'un motif riche en histidine dans une
boucle intracellulaire non structurée (Dubeaux et al.
2018). Brievement, sous un exces de métal non
ferreux, les métaux se lient aux histidines recrutant la
kinase CIPK23. La phosphorylation, a son tour,
permet le recrutement de la ligase IDF1 E3 qui
ubiquitine IRT1 et la cible pour la dégradation par la
voie endocytique.

A ce jour, nous en savons encore trés peu sur les
caractéristiques  structurelles de I'IRT1, ses
mécanismes de transport, la base de la sélectivité de
transport de I'IRT1 et les mécanismes moléculaires a
I'origine des événements de régulation tels que le
recrutement de la kinase CIPK23. Un tel écart existe
pour toutes les ZIP eucaryotes. Au cours de ce travail,
nous avons initié des étapes cruciales pour réaliser la
caractérisation biochimique de cette protéine. Ici,
nous sommes les premiers a rapporter avoir établi un
protocole optimisé pour I'expression hétérologue, la
solubilisation et la purification d'une protéine
variante IRT1 dans les cellules de levure.

En outre, nous avons déterminé une procédure
technique pour I'étude du transporteur IRT1 dans
les protéoliposomes.

Les deux approches techniques rapportées ici ont
jeté les bases de l'avenir de la caractérisation
structurelle et mécanique de I'RT1 et des ZIP
eucaryotes en général. L'échantillon généré par
notre protocole a abouti a une qualité suffisante
pour la caractérisation préliminaire de la structure
par microscopie électronique cryogénique en
collaboration avec nos collaborateurs. De plus,
nous avons pu étudier les propriétés oligomeéres de
I'IRT1 in vitro, en soumettant I'échantillon pur a une
chromatographie d'exclusion de taille couplée par
fluorescence et a une ultracentrifugation
analytique, et par des techniques in vivo telles que
la co-immunoprécipitation et la complémentation
de fluorescence bimoléculaire.

En outre, nous avons étudié la nature du
mécanisme moléculaire induit par la liaison du
métal sur la boucle de I'IRT1. Nous avons déterminé
par dichroisme circulaire et RMN l'absence de
structure tridimensionnelle sur ladite partie de la
protéine, méme en présence des substrats
secondaires qui déclenchent la voie régulatrice de
IRTL. Nous fournissons ici, des preuves
supplémentaires de la liaison des métaux sur la
boucle de I'histidine, ainsi qu'une quantification de
cette interaction in vitro. De plus, nous avons
déduit le role d'un résidu d'acide aspartique,
également présent dans la boucle de régulation,
qui semble avoir un role dans la liaison directe des
métaux.

Université Paris-Saclay
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Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France
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Abstract: Iron is a key nutrient for all living organisms
and it is involved in many cellular processes. Despite
being one of the most abundant elements on earth,
iron often is unavailable because it precipitates in
soil, forming insoluble complexes. Plants take up iron
from the soil through the epidermic cells of the root
using the IRT1 iron transporter that belongs to the
widely distributed ZIP family of transporters. Aside
from iron, IRT1 can also transport non-iron metals
(Zn, Mn, Co and Cd), which we also refer to as the
secondary substrates. It was recently shown by our
team that IRT1 acts as a transceptor, directly sensing
non-iron metals using a histidine-rich stretch in an
unstructured intracellular loop (Dubeaux et al., 2018).
Shortly, under non-iron metal excess, metals bind to
the histidines recruiting the CIPK23 kinase.
Phosphorylation, in turn, allows the recruitment of
the IDF1 E3 ligase that ubiquitinates IRT1 and targets
it for degradation through the endocytic pathway.
To date, we still know very little about the structural
characteristics of IRT1, its transport mechanisms, the
basis of IRT1 transport selectivity and the molecular
mechanisms driving regulation events such as the
recruitment of the CIPK23 kinase. Such a gap exist for
all the eukaryotic ZIPs. During the course of this work,
we initiated crucial steps for achieving the
biochemical characterization of this protein. Here, we
are the first to report having established an
optimized protocol for the heterologous expression,
solubilization and purification of an IRT1 variant
protein in yeast cells.

Also, we determined a technical procedure for the
study of the IRT1 transporter in proteoliposomes.
Both technical approaches reported here set
ground in the future of the structural and
mechanical characterization of IRT1, and eukaryotic
ZIPs in general. The sample generated by our
protocol resulted in a quality enough for
preliminary characterization of the structure by
cryogenic electron microscopy together with our
collaborators. Additionally, we were able to
investigate the oligomeric properties of IRT1 in
vitro, by subjecting the pure sample to fluorescent
coupled size exclusion chromatography and
analytical ultracentrifugation, and by in vivo
techniques such as co-immunoprecipitation and
bimolecular fluorescence complementation.
Furthermore, we investigated the nature of the
molecular mechanism driven by metal binding on
the loop of IRT1. We determined by circular
dichroism and NMR the absence of tridimensional
structure on said portion of the protein, even in
presence of the secondary substrates that trigger
the regulatory path of IRT1. We provide here,
further evidence of metal binding on the histidine
loop, as well as a quantification of this interaction
in vitro. Additionally, we inferred on the role of an
aspartic acid residue, present in the regulatory loop
as well, which appears to have a role in metal
binding.
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