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Abstract

Iron is an essential constituent of many important proteins involved in a number of
metabolic processes. Its ability to change its redox state is an important aspect of its
function. The IRON-REGULATED TRANSPORTER1 (IRT1) a member of an
evolutionarily ancient ZIP family of divalent metal zinc and iron permeases, controls the
entry of iron into roots of the model plant Arabidopsis (Arabidopsis thaliana). Monitoring
of the activity of IRT1 is critically important for the prevention of oxidative stress for plant
survival. Here, we present the characterization of the IRT1-interacting peripheral
membrane protein ENHANCED BENDING1 (EHB1). Using different approaches, we
show that EHB1 interacts via its signature domain with specific helices in the cytosolic
variable region of IRT1. We demonstrate the cytoplasmic localization of EHB1 and its
colocalization with plasma membrane markers. In addition, we could show that EHB1
also colocalized with IRT1. Furthermore, we report that EHB1 binds membrane
phospholipids. Plants with loss of EHB1 function, show elevated responses to iron
deficiency and enhanced acquisition and storage of iron. These data show that EHB1
suppresses the import of apoplastic iron and seed iron content of the plant. EHB1
loss-of-function changes the expression pattern of iron deficiency-related genes. All
these observations strongly suggest that EHB1 plays a role in negatively regulating
IRT1-mediated iron acquisition. EHB1 may achieve this by direct and specific inhibition
of IRT1 capacity to import iron into the cell. Inhibition of IRT1-mediated iron import is
important because overaccumulation of iron can cause significant damage to the plant

cell.
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Zusammenfassung

Eisen ist ein essentieller Bestandteil vieler wichtiger Proteine, die in unterschiedlichen
Stoffwechselprozessen involviert sind. Die Fahigkeit von Eisen, seinen Redoxstatus zu
andern, ist eine seiner wichtigsten Eigenschaften. Die Metal/Zink Permease IRON-
REGULATED TRANSPORTER1 (IRT1), ein Mitglied der ZIP Familie, kontrolliert die
Aufnahme von Eisen in die Wurzel der Modellpflanze Arabidopsis (Arabidopsis
thaliana).

Die Kontrolle der Transporteraktivitat von IRT1 ist wichtig, um die Pflanze vor
oxidativem Stress zu schutzen. In dieser Arbeit wird das mit IRT1 interagierende
periphere Membranprotein ENHANCED BENDING1 (EHB1) vorgestellt und untersucht.
Unter Anwendung verschiedener Methoden konnte gezeigt werden, dass die
Signaturdomane von EHB1 mit bestimmten Bestandteilen der variablen Region von
IRT1 interagiert. Wir zeigen die ztoplasmatische Lokalisation von EHB1 und dessen
Kolokalisation mit Plasmamembran-Markern. Zusatzlich konnte gezeigt werden, dass
EHB1 mit IRT1 kolokalisiert und Membranphospholipide bindet.

Pflanzen mit EHB1 Funktionsverlust zeigen eine starke Antwort auf Eisenmangel und
speichern mehr Eisen als Pflanzen mit intaktem EHB1. Der Verlust der Funktion von
EHB1 fuhrt zu veranderter Expression von Genen, die an der Eisenmangelantwort
beteiligt sind. Aullerdem zeigen einige Daten, dass funktionales EHB1 die Aufnahme
von Eisen aus dem Apoplasten und die Einlagerung von Eisen in den Samen
verhindert.

Dies weist darauf hin, dass EHB1 als negativer Regulator eine wichtige Rolle in der
Eisenaufnahme von IRT1 spielt. Dies kdnnte durch direkte und spezifische Hemmung
des Eisentransports durch IRT1 geschehen. Die Regulation des Eisentransports durch
IRT1 ist essentiell fur die Pflanze, da eine zu hohe Konzentration von Eisen toxisch ist

und die Pflanzenzelle schadigen kénnte.
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1. Introduction

1. Introduction
1.1 Physiological Importance of iron for living beings

It is of vital importance that living organisms get enough nutrients in the diets for
survival and to remain healthy. According to the definition, nutrients are chemicals
that are required by living organisms to pursue their survival (Holst and Williamson,
2008). Different foods that humans eat in their daily routine contain different nutrients
which provide minerals and vitamins to perform the daily tasks properly. Animals rely
on different sources to obtain the major nutrients like carbohydrates, proteins, lipids,

minerals, and vitamins (Holst and Williamson, 2008; Gropper and Smith, 2012).

Lack of essential nutrients in the human diets leads to many health-related issues,
therefore, a balanced nutrition is very important. The condition in which the intake of
essential nutrients is non-proper or completely lacking is called undernourishment
(Naranjo-Arcos and Bauer, 2016). Undernourishment (Malnutrition and micronutrient
deficiencies) continues to be a major problem regarding public health in the third
world or developing countries. The daily diets in these countries are very often
deficient in macro- and micronutrients which is a risk factor for illness and death
globally. The major malnutrition in these countries are deficiencies in iodine, Zn, Fe,
and vitamin A. These deficiencies cause impaired physical and brain development
particularly in pregnant women, infants and young children (Muller and Krawinkel,
2005).

According to the WHO 2010 figures, around 104 million young children globally are
underweight due to malnutrition (WHO, www.who.int/nutrition/challenges/en/). 13
million children are born prematurely or with low birth weight due to maternal
undernourishment and other related factors which are very common in many
developing countries. Maternal undernourishment is also a primal cause of poor fetal
development and of many other complications during pregnancy (De Onis et al.,
2012). As of 2012 WHO figures an estimated 162 million children under age 5 were
stunted. Lack of indispensable vitamins and minerals in the diet largely affect
immunity and healthy development and it can lead to irreversible mental and
physical damage (Hoddinott et al., 2008). So, undernourishment in every form,

causing significant threats concerning human health.
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1. Introduction

Currently, around 795 million people or 1 out of 9 in the world do not have enough
food to live an active and healthy life. Out of these 795 million, 98% (525.6 million)
people belong to developing countries of Asia, and they are facing the worst hunger
condition, 214 million in Sub-Saharan Africa and 37 million people in Latin America

and the Caribbean are also suffering from hunger (FAO).

Hunger sets poverty traps, the victims of poverty do not have the opportunities to
enhance their lives because they are affected physically and psychologically. They
find themselves trapped in a vicious cycle of hunger-poverty-hunger. People living in
poverty live on less than $1.90 USD per day struggle to afford a healthy food to feed
themselves (Ferreira et al., 2015). Majority of the poor people are farmers who
entirely depend on cereal crops (rice or maize) which are poor sources of key
mineral nutrients (Zhu et al., 2007). This cycle of hunger and poverty needs to be
broken to improve the economic status of the poor people of the world. Ultimately
which will help them to improve their living standards and they will get rid of the food

insecurity (malnutrition) and with this, the society can become healthy.

1.1.1 Impact of iron malnutrition

According to world health organization, Iron-deficiency is one of the most frequent
nutritional disorders in humans threatening health worldwide (Benoist et al., 2008).
Anaemia, one of the fatal disease for humans is caused due to lack of iron. It is one
of the central factors causing disability (in all age groups) and death globally. In total,
over 1.6 billion people (24.8% of the world’s population) are affected by iron-
deficiency. The highest prevalence has been observed in preschool-age children and
the lowest prevalence has been found in men (Organization, 2015). The risk of iron
deficiency is very high especially in the poor countries of the world where it leads to
significant health issues like poor pregnancy outcome and due to the poor health
condition of the population, it also causes severe economic problems (Zimmermann
and Hurrell, 2007).

There are three main strategies to tackle malnutrition: increase in diversity of food
intake, food supplementation and biofortification of food crops (Gémez-Galera et al.,
2010). The easy way to control malnutrition will be to increase the diversity in food
intake i.e. to give people access to have diverse food in their diet. But unfortunately,
this is impractical in many developing countries due to the bad economic status of

the societies. Secondly, food supplementation is also not an ideal approach because
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1. Introduction

it has certain limitations, such as it needs a fast and robust distribution infrastructure.
and the in-country resources available to develop the infrastructure which can help
deliver the supplemented food to the consumers living in the remote areas in the

developing countries are not enough (Hotz and Brown, 2004).

Finally, biofortification of food crops with metals can be performed, which are able to
accumulate additional nutrients (Zhu et al., 2007). Biofortification of plants can be
achieved by increasing the level of nutrients in fertilizers. This approach has been
successfully practicing to augment the availability of Zn and Se (Lyons et al., 2003).
Unfortunately, this strategy is not suitable to fortify iron in plants, because it depends
on the mobility of the metal in soil and iron tends to be present in the soil in
immobilized form (Gémez-Galera et al., 2012; Zhu et al., 2013). Conventional plant
breeding can be used to obtain such a traits which might have elevated level of
metals or other important organic nutrients (vitamins and essential amino acids) but
the problem with conventional plant breeding is it needs a lot of time and it would
take many generations to introgress these traits into the local varieties (Welch and
Graham, 2005; Pérez-Massot et al., 2013).

An alternative and the most suitable approach to fortify organic nutrients of plants is
genetic engineering (GE) technology. GE can be used to introduce genes from any
other source to generate either transgenic (the introduced gene comes from another
species) or cisgenic plants (the introduced gene comes from the same species)
(Schouten et al., 2006; Pérez-Massot et al., 2013). Transgenic strategies to improve
the mineral content of crop plants are mainly used for fortification of Fe and Zn which
are considered to be the most prominent and frequently occurring deficiencies in
human diets. In transgenic biofortification of iron and other minerals, it is important to
not only improve the efficiency of uptake and transport to edible plant parts but to
enhance the amounts of bioavailable minerals for assimilation in humans (Zhu et al.,
2007; Naranjo-Arcos and Bauer, 2016).

Iron-deficiency symptoms can normally be treated and reversed easily by medical
iron supplement and by consuming iron-rich solid foods, such as red meat and
legumes (European Food Information Council, www.eufic.org). However, in poor
countries, people with low income cannot afford such a diet. For them plants are the

main source for fulfilling their nutritional requirements of iron, In this context, using
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1. Introduction

biofortification to increase the iron content of crops is a helpful strategy to facilitate
supply of adequate amount of this micronutrient to people in the developing world
(Meenakshi et al., 2010; Schuler et al., 2012).

The primary crops which are currently being biofortified for iron and other minerals
include some very important staple crops in the developing countries: rice (Oryza
sativa) (Qu et al., 2005; Masuda et al., 2013), wheat (Triticum) (Borrill et al., 2014)
and cassava (Manihot esculenta) (Ihemere et al., 2012). To date, rice is the main
focus for biofortification with iron. Rice has been engineered to express genes which
are involved in iron accumulation or with genes which encodes iron storage protein,
ferritin. This results in a many-fold increase in iron accumulation and storage
(Vasconcelos et al., 2003; Qu et al., 2005; Masuda et al., 2013). Another important
crop, which is subjected to biofortification is cassava. After rice and maize, cassava
is the third largest source of calories for more than 800 million people worldwide and
it serves as a staple crop for 300 million people in sub-Saharan Africa (Moser, 1989;
Sayre et al., 2011). The iron content in cassava storage root has been increased
from 10 to 36 ppm by introducing an iron assimilatory gene (FEAT) from green algae
to cassava. This amount is sufficient to cover the minimum daily requirement of iron

in 500 g meal (Ihemere et al., 2012).

It is known that both, deficiency and overexposure to certain elements, have
noticeable effects on living organisms (humans, plants, and microorganisms). As iron
can produce reactive radicals (reactive oxygen species, ROS), its concentration in
tissues must be tightly regulated because the excessive amount can lead to tissue
damage (Abbaspour et al., 2014). ROS can damage DNA, lipids (degradation of
unsaturated lipid components) and proteins which leads to the damage of

membranes and various cellular organelles (Peterson, 1991; Brewer, 2009).

1.1.2 Effects of iron-deficiency in plants

The majority of iron that plants acquire comes from the rhizosphere. Besides the fact
that iron is the fourth most abundant metal in the earth’s crust it is not readily
available for the plant to be taken up (Connolly and Guerinot, 1998). Iron availability
is controlled by the redox potential and pH of the soil. Soil having high pH oxidizes
the iron easily and convert it to the insoluble ferric oxides. When the pH decreases,

ferric iron is liberated from the oxide and it becomes available and reduced (ferrous)
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1. Introduction

for the plant roots to be taken up (Morrissey and Guerinot, 2009). Increasing the pH
by a single unit can lower the iron solubility by 1000 times (Lindsay, 1995).

Iron is considered a very important element for almost every living being. In plants, it
is present in many enzymatic systems essential for metabolism (Martinez-Cuenca et
al., 2017). These include cytochrome complex, involved in the transport of energy in
the redox system of chloroplasts and mitochondria (Marschner, 1995), ferredoxin an
electron acceptor in photosynthesis and nitrate reduction (Marschner, 1995; Lawlor,
2004) and many others. Apart from this, iron is also important for DNA synthesis,

photosynthesis, and respiration (Rout and Sahoo, 2015).

Iron deficiency can affect plants in many ways such as it can induce morphological
and cytological changes in both shoot and roots. In non-graminaceous plants, iron
starvation leads to increased root hair formation and thickness of the root cortex
(Kramer et al., 1980; Landsberg, 1986). Electron microscopy showed that following
24-48 h of iron-deficiency, the rhizodermal cells of Helianthus annuus were
differentiated into transfer cells, which are characterized by a dense cytoplasm
(having many mitochondria, extensive rough endoplasmic reticulum, and large
leucoplast) and a protruded mazy cell wall. Transfer cells are capable of promoting
mineral absorption because of having a high internal plasmalemma surface (Kramer
et al., 1980). Transfer cells are not present in graminaceous plants (Réomheld and
Kramer, 1983).

In shoots, the obvious symptoms of iron deficiency are yellowing of younger leaves,
also known as leaf chlorosis. Chlorosis of leaves occurs due to the impaired
formation of chloroplast pigments (Gruber and Kosegarten, 2002). Structural studies
suggest that the chloroplast becomes disorganized because the number of grana
and stroma decreases (Spiller and Terry, 1980; Yamaguchi-lwai et al., 1995). Due to
Iron starvation, the structure of mitochondria also becomes disorganized. Sycamore
(Acer pseudoplatan s L) cells grown for 10 days in iron-deficiency condition showed
disorganized mitochondria (Pascal and Douce, 1993). Such a phenomenon of
mitochondrial disorganization was also observed for maize plantlets (Briat et al.,
1995).

Limited iron conditions affect plants biochemically and physiologically by altering its

metabolism. The change in metabolic activity could be due to low Fe but also, the
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1. Introduction

increased concentration of other minerals like Zn, Mn and Cu in roots and shoots.
The increase in the concentration of these metals could either be due to increase in
their uptake by metal-transporter or could be due to the low biomass production of
plants (Welch et al., 1993; von Wirén et al., 1994). It has been shown that the
exudation of organic compounds by roots is enhanced during iron-limited conditions
(Marschner, 2011). Among these, phenolics are the most prominent compounds
secreted by non-graminaceous dicots and monocots (Dakora and Phillips, 2002;
Neumann and Romheld, 2007). It has been speculated that these compounds could
contribute to iron reduction because they exhibit the ability of chelation and reduction

(Rodriguez-Celma et al., 2013a).

1.2 Fe uptake strategies of plants

To date, at least two iron uptake strategies exist in the plant kingdom which helps
them in iron mobilization in the rhizosphere and uptake (Marschner et al., 1986).
1.2.1 Reduction-based strategy (Strategy 1)

All dicots and monocots except grasses have adopted Strategy | for iron mobilization
and uptake from the immediate rhizosphere. In the model plant Arabidopsis thaliana
the acquisition of iron takes place through Strategy | (Fig. 1.1 left.). Arabidopsis is a
small flowering plant belonging to Brassicaceae family and is used as a model
system in the field of plant biology. It has a small genome size, fully sequenced
genome, short life cycle and it produces a large number of seeds. Beside these, it
can be transformed easily and a large number of mutant lines are available
commercially (TAIR, www.arabidopsis.org). Strategy | in Arabidopsis is a three-step
process and is based on the activity of plasma membrane proteins in root epidermis
cells. In the first step, the iron in soil has to be solubilized. This happens via proton
extrusion by the plasma membrane (PM) localized Arabidopsis H*-ATPase (AHA2)
which leads to the acidification of the local rhizosphere (Santi and Schmidt, 2009;
Brumbarova et al., 2015). AHAZ2 belongs to the multigene family encoding an H*-
ATPase. In Arabidopsis, this family consists of 12 genes (Palmgren, 2001). It has
been reported that with each unit of increase in the pH the solubility of iron
decreases up to 1000-fold (Lindsay, 1995). Thus the acidification of the root vicinity
by AHAZ2 can have a substantial effect on iron solubility (Santi and Schmidt, 2009).
The solubilized iron is present in the ferric state (Fe3*). To be imported into the plant
by IRON-REGULATED TRANSPORTER 1 (IRT1), it has to be reduced to ferrous
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iron (Fe?*). This reaction is catalyzed by the FERRIC REDUCTASE OXIDASE (FRO)
family protein FRO2. The mutant (frd7) which lacks FROZ2 activity has the ability to
acidify the rhizosphere but it does not have the ability to reduce Fe3* during iron
deficiency (Yi and Guerinot, 1996; Robinson et al., 1999). In Arabidopsis, the FRO
family of genes consists of 8 members (Mukherjee et al., 2006). This step of iron
acquisition is assumed to be the rate-limiting one (Robinson et al., 1999). The import
of reduced iron is performed by a member of the ZIP (Zinc-regulated transporter,
Iron-regulated transporter-like Protein) family of metal transporters, (IRT1) (Eide et
al., 1996; Vert et al., 2002).

The two steps of iron reduction and its import are greatly facilitated when Fe exists in
a chelated form. Chelators are released by the roots to achieve this state. The type
of chelator is species-specific. Arabidopsis mainly uses phenolic compounds like
scopoletin which are exported by the ABC family transporter ABCG37 (Rodriguez-
Celma et al., 2013a; Fourcroy et al., 2014; Schmid et al., 2014).
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Figure 1.1. Iron uptake strategies in plants. On the left is Strategy | in non-graminaceous plants
and on the right, is Strategy Il in graminaceous plants. Different shapes represent different genes,
transporters, and enzymes which plays important roles in these strategies. Abbreviations; PM,
Plasma membrane; AHA2, Arabidopsis H*-ATPase 2; FRO2, FERRIC CHELATE REDUCTASE
OXIDASE; IRT1, IRON-REGULATED TRANSPORTER 1; YS1/YSL, YELLOW STRIPE 1/YELLOW
STRIPE 1-like; TOM1, transporter of mugineic acid 1; MAs, mugineic acid (Eide et al., 1996;
Kobayashi and Nishizawa, 2012; Fourcroy et al., 2014; Brumbarova et al., 2015).
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1.2.2 Chelation-based strategy (Strategy Il)

Members of the Poacea family employ a chelation-based strategy, named Strategy
Il. For chelation of ferric iron, the plants synthesize and secrete small metabolites
called Phytosiderophores (PS). The chelator makes a complex with Fe3* and this
complex is then transported into the cell via a specific plasma membrane-localized
transporter (Fig. 1.1 right.). The PS are synthesized from methionine and usually
belong to the mugineic acid family (MAs) (Mori and Nishizawa, 1987). 9 types of
MAs have been identified until now, all of which are synthesized from S-adenosyl-L-
methionine (Shojima et al., 1990; Bashir et al., 2006). The MAs are transported to
the rhizosphere through transporter of mugineic acid family phytosiderophores 1
(TOM1) (Nozoye et al., 2011). The MAs in the rhizosphere solubilize Fe3* by making
complexes with them (chelation). These MAs-Fe3* complexes are transported into
the root epidermal cells via the plasma membrane-localized YELLOW STRIPE 1
(YS1) in maize and by YELLOW STRIPE 1 LIKE (YSL) in barley (Fig. 1.1 right.)
(Curie et al., 2001; Murata et al., 2006).

Despite being a Strategy |l plant, rice also has the ability to take up Fe?* because it
also possesses the OsIRT1 transporter. The ferric chelate reductase activity in rice is
very low compared to Strategy | plants suggesting that it can only transport the
already reduced Fe?* which is present in large quantity in aerobic and submerged
conditions (Ishimaru et al., 2006).

Since our research was based on the model plant Arabidopsis thaliana, we focused
on the regulation of iron homeostasis in Strategy | plants.

1.3 Long-distance transport of iron

Following the initial uptake into the root epidermal cells, iron must be transported to
the shoots through the xylem (Conte and Walker, 2011). To prevent precipitation of
iron in vascular tissues and to hinder it from taking part in the generation of hydroxyl
radicals, it is believed that iron forms complexes with various chelators in the root
vasculature (Kim and Guerinot, 2007; Morrissey and Guerinot, 2009). The binding of
the chelator with iron is dependent on its surrounding environment, in the xylem at
pH 5.5-6 iron binds with citrate and in the phloem, at pH 7.5 it binds nicotianamine
(NA) (Kim and Guerinot, 2007; Curie et al., 2009).

In root epidermal cells, Fe?* forms complexes with the chelator NA. This Fe?*-NA
complex then moves towards the xylem symplastically through intercellular

connections in root cells due to a concentration gradient (Stephan et al., 1996;
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Marschner, 2011). Once it reaches the pericycle, Fe?* is effluxed into the xylem. The
mechanism of Fe efflux to the xylem is still not clearly understood (Kim and Guerinot,
2007). Upon entering the xylem, Fe is oxidized to Fe3* and then this oxidized form
(Fe®*) is chelated by citrate (Tiffin, 1966). The transfer of iron from NA to citrate
occurs at pH 5.5-6 resulting in the formation of iron-citrate transport species (Lopez-
Millan et al., 2000). From the xylem iron moves towards the shoot along the

transpiration stream (Morrissey and Guerinot, 2009).

Citrate appears to be transported into the xylem by FRD3 (Ferric chelate Reductase
Defective 3), which belongs to the Multidrug And Toxic compound Extrusion (MATE)
transporter family that is involved in the transport of small molecules (Rogers and
Guerinot, 2002; Durrett et al., 2007). The expression of FRD3 occurs in the pericycle
and vascular cylinder of the root, which is an indication of its possible role in the
efflux of citrate into the xylem vessels (Green and Rogers, 2004). The loss-of-
function mutant frd3 shows constitutive iron deficiency responses and severe
chlorosis. It has been shown that the shoot Fe content of frd3 mutants is lower than
in wild type and Fe remains in the root vasculature due to impaired translocation
(Rogers and Guerinot, 2002; Lahner et al., 2003; Durrett et al., 2007).

1.3.1 Sub-cellular storage of iron

To cope with scarcity or toxicity of iron, it is crucial for plants to properly manage iron
storage and buffering at sub-cellular level. So, it is important to immediately
compartmentalize the arrived iron in the cell for the sake of storage, otherwise it can
cause extensive cellular damage due to its propensity to form free hydroxyl radicals
(Kim et al., 2006; Briat et al., 2007).

Apart from storage in the apoplast, organelles like vacuoles and plastids are
considered to play a key role in the intracellular compartmentalization of iron (Briat et
al., 2007). Leaves are considered to be the major sink of iron in plants (Briat et al.,
2005). In leaf cells, more than 90% of the iron is localized to chloroplasts (bound to
ferritin), where it is needed for the maintenance of the structural and functional
integrity of thylakoid membranes (Terry and Abadia, 1986; Marschner, 1995). In
plastids, ferritins can store a considerable amount of cellular iron. During
development and under iron limitation, ferritins play a key role in iron homeostasis

through iron storage (Briat et al., 2006).
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Currently, some membrane proteins which are involved in the transport of Fe into
various cell organelles have been characterized. In Arabidopsis efflux of iron from
mitochondria occurs through ABC-type transporter STARIK 1 (STA1) proteins which
is @ homolog of the yeast ATM1p (ABC Transporter Mitochondria 1 Protein) localized
to the inner mitochondrial membrane. ATM1p is required for the assembly of Fe-S
cluster in cytosolic proteins and is thought to export clusters from mitochondrial
matrix to the cytoplasm (Lill and Kispal, 2000; Kushnir et al., 2001).

Seeds also contain stored iron where it supports embryogenesis. Iron is moved to
the seeds partially using the phloem. The newly developing seeds receive iron from
the senescing leaves and roots (Grusak, 1994; Stacey et al., 2008). In Arabidopsis
seeds, only 5% of the total seed iron is associated with ferritin and around 50% of
the seed iron is concentrated in the vacuoles of the surrounding cells of the
vasculature (Kim et al.,, 2006; Ravet et al., 2009; Mary et al., 2015). For the
development of young germinating seedlings, it is really important to mobilize the
pools of stored iron in seeds. Recent advances have made it possible to identify the
transporters that are involved in iron influx and efflux in the vacuole (Briat et al.,
2007). Efflux of iron from vacuole to cytosol requires the activity of NATURAL
RESISTANCE-ASSOCIATED MACROPHAGE PROTEIN 3 (AtNRAMP3) and
AtNRAMP4 transporters. This mobilization of vacuolar iron pools is needed for
proper germination. nramp3, nramp4 double mutants lack the ability of iron retrieval
from the vacuoles and therefore its germination is arrested under low iron nutrition
(Lanquar et al., 2005; Mary et al., 2015). For iron influx into the vacuole, the activity
of VACUOLAR IRON TRANSPORT 1 (VIT1) transporter is needed. VAT1 is an
Arabidopsis ortholog of yeast CCC1p which transfer iron into the vacuole. vit1

mutants lead to the mislocalization of iron (Kim et al., 2006).

1.4 The ZIP family

Metal ions are required for certain physiological processes like plant
growth/development, nutrition and signal transduction (Eng et al., 1998b). Since
trace elements are present in the natural environment in exceedingly low amounts or
in inaccessible forms, plants need to use high-affinity transport systems to acquire
these elements (Guerinot, 2000). Arabidopsis has devoted 5% of its genome for
encoding membrane transport proteins which are involved in metal transport (Maser

et al.,, 2001). In plants, a novel metal transporter ZIP gene family was identified,
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different members of which are capable of transporting various cations like Fe, Mn,
Zn, Cu and Cd (Guerinot, 2000; Hall and Guerinot, 2006). Functional
complementation of mutant yeast defective in many metal uptake showed that
member of the ZIP family transporters can complement the defective yeast
(Schachtman and Schroeder, 1994; Kampfenkel et al., 1995; Eide et al., 1996). The
family was named after its founding members ZRT1, ZRT2 and IRT1 [ZRT, IRT-like
Protein (ZIP)-family] (Maser et al., 2001). To date, more than 100 members of this
family have been identified in many different organisms (Hall and Guerinot, 2006)
including bacteria, fungi, protozoa, plants, insects, and animals (Maser et al., 2001).
The member genes of the family have been divided into four main subfamilies based
on amino acid sequence similarity: Subfamily I, Subfamily Il, LIV-1 subfamily of ZIP
zinc Transporters (LZT) and Gene of Unknown Function A (gufA) (Gaither and Eide,
2001; Taylor and Nicholson, 2003).

ZIP family proteins are predicted to be integral membrane proteins by having eight
transmembrane domains (TMDs) and the same membrane topology: Amino and
carboxy-terminal ends of the protein are located on the extra-cytoplasmic face of the
membrane. The protein is consisting of 309-476 amino acids depending on the
length between TMDs Il and IV which is known as variable cytoplasmic loop region
(Eng et al., 1998b; Guerinot, 2000; Eide, 2006; Nishida et al., 2008).

There are 18 predicted ZIP genes in Arabidopsis which belong to Subfamily | (Maser
et al., 2001; lvanov and Bauer, 2017). One obvious question which arises is why
does Arabidopsis have so many ZIP transporters? It is known that metals have to be
taken up from the soil into the roots, and then to distribute it throughout the plant it
should cross cellular and organellar membranes. Thus, it might be expected that
different ZIP transporters might be functioning in various tissues and at different
membranes. Besides, some of the ZIP transporters have different substrate
specificity and affinities for metals: high-affinity transporters are activated in metals
starved situations and low-affinity transporters perform its function when metals are
present in abundance (Guerinot, 2000; Hall and Guerinot, 2006). In Arabidopsis, ZIP
genes are upregulated in response to the depletion of specific metals. A{IRT1 is
induced in roots of iron-starved plants and the AtZIP transporter genes are induced
during zinc deficient conditions (Eide et al., 1996; Zhao and Eide, 1996)
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At the moment, a fair amount of details for understanding the function and role of
only three Arabidopsis ZIP transporters (AtIRT1, AtIRT2, and AtIRT3) is available.
Among which AtIRT1 has been studied extensively over the last 2 decades based on
its role in iron uptake from the rhizosphere (Eide et al., 1996; Varotto et al., 2002;
Vert et al., 2002; Lin et al., 2009; Vert et al., 2009).

1.4.1 IRT1

Eide et al (1996) performed functional complementation of Saccharomyces
cerevisiae to identify a probable candidate gene for Fe?* uptake. For this reason,
they expressed Arabidopsis cDNA library in fet3fet4 double mutant yeast strain
which is sensitive to Fe deficiency. fet3fet4 is incapable of iron import due to the lack
of functional multicopper oxidase FET3 and a bivalent iron transporter FET4. They
have successfully isolated an Arabidopsis gene designated as IRON-REGULATED
TRANSPORTER 1 (IRT1), which complemented the defective yeast strain for iron
uptake (Eide et al., 1996).

IRT1 is the major Fe transporter in Arabidopsis roots and exhibits high affinity for
Fe?*, in addition to this IRT1 is also capable of transporting Zn, Mn, and Cd (Eide et
al., 1996; Korshunova et al., 1999; Rogers et al., 2000; Lin et al., 2009; Pedas et al.,
2009; Greco et al., 2012).

Based on upregulation in response to iron deficiency and sequence homology to
AtIRT1, orthologs of IRT1 have been identified in other organisms as well: tomato
(Solanum lycopersicum), rice (Oryza sativa), pea (Pisum sativum), apple (Malus
xiaojinensis), Chlamydomonas (Chlamydomonas reinhardtii) and others (Cohen et
al., 1998; Eckhardt et al., 2001; Ishimaru et al., 2006; Li et al., 2006; Urzica et al.,
2012; lvanov and Bauer, 2017).

1.4.1.2 irt1 mutants

When plants are grown under iron-limited conditions Af{IRT1 expression is
upregulated in roots, suggesting its role in iron uptake. This has been demonstrated
by characterizing irt7 knock-out mutants (Eide et al., 1996; Connolly et al., 2002; Vert
et al., 2002). The irt1 mutant plants have a chlorotic phenotype and showed severe
growth defects, which leads to death before producing the seeds. The irt7 mutation
is lethal and no other ZIP family member can compensate for its loss. Exogenous
supply of iron can rescue this defect. In addition, irt7 mutant loses the ability to take

up other cation like Zn, Mn, Cd, and Co when grown under iron deficient condition,
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this is in agreement with the suggestion that in addition to Fe IRT1 can also take up
other divalent cations (Korshunova et al., 1999; Vert et al., 2002). The fact that
AtIRT1 is the major iron transporter at the root surface is supported by the outcomes
from the characterization of irt7 mutant and by the plasma membrane localization of
IRT1 in root epidermal cells (Vert et al., 2002). The in planta function of IRT1 has
also been confirmed by characterizing two other independently obtained irt7 mutant
lines (Henriques et al., 2002; Varotto et al., 2002). Henriques et al (2002) observed a
reduced number of chloroplast thylakoids stacking into grana, less vascular bundles
in stems and abnormal endodermal and cortex cells in the roots (Henriques et al.,
2002). The photosynthetic efficiency of irt7 mutants is drastically decreased due to
the reason that the proteins which are needed in abundance in photosynthetic
apparatus and in chlorophyll decrease remarkably (Varotto et al., 2002).

1.4.1.3 Predicted structure of IRT1

The IRT1 protein is 347 amino acids in length (36.7 kDa) and like other ZIP family
members, IRT1 also consists of eight TMDs which span the entirety of plasma
membrane (Fig. 1.2.). It contains a large cytoplasmic loop, referred to as the variable
region between TMD IIl and IV. The region contains a probable metal binding motif
which is rich in histidine residues. The IRT1 histidine motif is HGHGHGH (Fig. 1.2).
This proposed metal binding site is not conserved in all ZIP family members but in
some (Eng et al., 1998b; Guerinot, 2000). The function of this particular region in the
transport of metals is ambiguous because IRT7 with mutated histidines was able to
complement the irt1 loss-of-function in Arabidopsis and the iron uptake-deficient
yeast strain fet3fet4 (Kerkeb et al., 2008). The variable region contains potential
regulatory sites. Therefore it has been hypothesized that it might play an important
role in the regulation of IRT1 activity (lvanov and Bauer, 2017).

Other potential metal binding sites are also reported, the loop between TMD Il and IlI
located towards the extracellular space is shown to coordinate with Zn2*, mutation in
this loop leads to change in the substrate specificity of the transporter (Rogers et al.,
2000; Potocki et al., 2013). A conserved histidyl residue is found on the hydrophobic
side of TMD |V that together with the adjacent polar residues could function as a site

for an intramembranous metal binding site (Eng et al., 1998b).
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Figure 1.2. Overview of the predicted structure of IRT1. The eight predicted transmembrane
domains (TMDs) numbered I-VIII spanning the plasma membrane are shown in the green, the large
cytoplasmic loop (Variable region) between TMD Ill and IV is shown below. The grey box in the
variable region represents the Histidine-rich region: a probable site for metals binding. PM: Plasma
membrane, outside: the extra-cytoplasmic face of the membrane, inside: cytoplasmically exposed
side (Guerinot, 2000; Kerkeb et al., 2008; Potocki et al., 2013).

1.4.1.4 Mechanism of transport

Recently the crystal structure of a prokaryotic ZIP from Bordetella bronchiseptica
(BbZIP) gram-negative bacterium has been resolved (Zhang et al.,, 2017). They
showed that it contains eight transmembrane helices (TMs). The structural analysis
reveals that the eight TMs are arranged in such a way that they form a tight helix
bundle. TMs 2, 4, 5, and 7 make an inner bundle which is surrounded by the rest of
the TMs. They reported that the transporter contains potential binuclear metal
centers (M1-M4) with conserved amino acid residues. The authors proposed a metal
transport pathway, according to them, there are two negatively charged cavities in
the transporter an entrance cavity on the outer extracellular surface and an exit
cavity towards the cytoplasm. The metals enter through the entrance cavity and bind
to the conserved binuclear metal center (M1 and M2). This binding stabilizes the
inward-open bundle conformation and finally, the metals are released to the
cytoplasm by the exit cavity through a chain of conserved metal chelating residues.
There are multiple weak metal binding sites at the exit cavity that make a metal sink
which largely facilitates the release of metals from the binuclear center to the
cytoplasm. They demonstrate that two conserved aspartic acid metal chelating
residues (D113 and D305) in the entrance cavity might play a crucial role in the
recruitment of metals. An invariable serine (S106) which is located at the bottom of
the entrance cavity is important for guiding metals into the transport pathway (Zhang
et al., 2017).
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After further inspection of the structure, they suggest that, four TMs namely TM1,
TM4, TM5, and TM6 associate closely and forms a tight helix bundle. This bundle of
4-TMs associates weakly with the rest of the 4-TMs. The metal-bound binuclear
metal center (M1 and M2) is held on the 4-TMs bundle. A slight rocking-like
movement of this helix and the coordinating movement of the other TMs helps to
expose the metals alternatingly to the extracellular space and to the cytoplasm
(Antala et al., 2015; Zhang et al., 2017).

1.5 Iron uptake regulation

The balance should be strictly maintained between low bioavailability of iron, which
can lead to iron deficiency in the plant and high amount of iron uptake, which can
cause iron toxicity that can affect physiological processes of the plant. The regulation
of Fe uptake is important for the proper development and growth of plant (Connolly
and Guerinot, 2002; Walker and Connolly, 2008). Plants have evolved regulatory
mechanisms for induction and repression of genes at both transcriptional and
translational level to cope with fluctuating environmental changes.

1.5.1 Transcriptional regulation

The genes which encode for the essential Strategy | iron acquiring proteins are
upregulated during iron-limited condition, meaning that transcription is a key step in
the regulation of corresponding genes (Brumbarova et al., 2015). Many transcription
factors are involved in the transcriptional regulation of iron uptake in Arabidopsis but,
the basic Helix Loop Helix (bHLH) transcription factor (TF) FIT (FER-Like Iron
Deficiency Induced Transcription Factor) is the central transcriptional regulator. FIT
is an ortholog of the tomato FER gene, the expression of which is repressed under
iron sufficient situation in roots at the post-transcriptional level (Ling et al., 2002;
Colangelo and Guerinot, 2004; Brumbarova and Bauer, 2005).

Under limited iron condition, FIT plays an essential role in the induction of the key
iron uptake genes AHA2, FROZ2 and IRT1 (Colangelo and Guerinot, 2004; lvanov et
al., 2012). Under iron sufficiency, Constitutive overexpression of FIT is not enough to
induce the downstream genes (Colangelo and Guerinot, 2004; Jakoby et al., 2004;
Wang et al.,, 2013) this suggests that FIT needs an iron deficiency-induced
interacting partner. So, to exert its proper function in transcription, FIT interact with
the proteins of bHLH subgroup-lb and forms heterodimers with one of the four
members (Yuan et al., 2008; Wang et al., 2013) (Fig. 1.3.). In Arabidopsis, the bHLH
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subgroup-lb TF consists of four bHLH genes, namely bHLH38, bHLH39, bHLH100
and bHLH101 (Pires and Dolan, 2010). These four bHLH’s share a partially
redundant function in iron homeostasis (Wang et al., 2007). Analysis of the
overexpressing lines showed that FIT interacts with at least bHLH38 or bHLH39.
This heterodimerization is effective in the upregulation of FRO2 and IRT1 which

ultimately results in higher iron content in shoots (Yuan et al., 2008).

FIT regulates a large number of iron-deficiency related genes, the prime examples
are FROZ2 and IRT1. MTPA2, CYP82C4 and KELCH REPEAT PROTEIN are among
others (Jakoby et al., 2004; Bauer and Blondet, 2011; Schuler et al., 2011; Maurer et
al., 2014). On the contrary, the four bHLH’s are not regulated by FIT but they are
rather upregulated by limited iron supply (Wang et al., 2007). They are co-regulated
together with the other known genes (BTS, PYE, NAS4 and NRAMP4) which are
involved in iron homeostasis in FIT independent manner (Buckhout et al., 2009;

lvanov et al., 2012).

The FIT regulatory network is not the only network involved in the regulation of iron
acquisition genes. Apart from FIT regulatory network, another set of transcriptional
changes occurs in the root vasculature due to iron deficiency which might represent
another transcriptional network (Hindt and Guerinot, 2012) (Fig. 1.3.). Recently, two
genes from this additional network have been identified and studied in more detail,
one of which is the bHLH transcription factor bHLH047 named POPEYE (PYE) and
the other one is BRUTUS (BTS), an E3-ubiquitin ligase. Both of these genes are
induced in the root pericycle of iron-starved plants (Long et al., 2010). Both PYE and
BTS are involved in iron homeostasis as they are upregulated in response to iron
deficiency and are co-regulated. However, they appear to perform opposite
functions. PYE positively regulates the iron status of the plant while BTS might affect
negatively the PYE network (Long et al., 2010; Ivanov et al., 2012; Selote et al.,
2015; Matthiadis and Long, 2016) (Fig. 1.3.). PYE plays a critical role in root growth
under iron starvation, in addition, to be chlorotic, pye mutants displayed altered root
architecture characterized by short and swollen primary and lateral roots due to
decreased elongation of cortical and epidermal cells. PYE is involved in the
regulation of FRO3, NAS4, and ZIF1 which are known to encode proteins that play a

role in iron transport (Long et al., 2010).
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BTS belongs to the RING E3 ligases. The BTS protein has the capability to bind Zn
and Fe owing to its hemerythrin domain (Kobayashi et al., 2013). The partial loss-of-
function bts-1 mutant exhibits increased root length and high rhizosphere
acidification activity compared to wild-type during iron-deficient conditions. This
suggests that BTS might negatively regulate the iron deficiency response (Long et
al., 2010). Yeast two-hybrid experiments suggested that both BTS and PYE interact
with PYE-like (PYEL) proteins including ILR3 (bHLH105), bHLH104 and bHLH115,
they belong to the bHLH TF subgroup IVc (Fig. 1.3.). The interaction of BTS and
PYE with PYELs demonstrated that PYELs plays an important role in iron
homeostasis regulation (Long et al., 2010; Zhang et al., 2015) pyel mutants showed
altered responses during iron deficiency and showed more sensitivity to iron
starvation (Zhang et al., 2015; Matthiadis and Long, 2016).

Additionally, MYB72 and MYB10 are among the other important transcription factors
which are critical regulators of the iron uptake. They are members of myeloblastosis
(MYB) family of transcription factors, both genes are upregulated during low iron
conditions and work redundantly (Palmer et al., 2013b). MYB72 is a direct target of
FIT and is involved in the regulation of NAS4 suggesting that it plays a role in iron
redistribution (Fig. 1.3.). Double mutant myb10myb72 was unable to induce
transcription of NAS4 and showed seedling lethality at iron deficiency (Sivitz et al.,
2012; Palmer et al.,, 2013b). A p-glucosidase encoding gene BGLU42 which is
involved in the production and export of phenolics is also regulated by MYB72 (Van
der Ent et al., 2008; Zamioudis et al., 2014) (Fig. 1.3.). Phenolic compounds are
excreted by the roots which help in the mobilization of insoluble rhizospheric iron
(Rodriguez-Celma et al.,, 2013a). This demonstrates the role of MYB72 in iron
uptake on one hand and on the other hand in iron redistribution (Zamioudis et al.,
2014; Brumbarova et al., 2015).
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Figure 1.3. Iron uptake regulatory network in A. thaliana. Target genes are represented as filled
rectangles; proteins are depicted as filled rounded corners rectangles; filled ovals represents the
transcription factors. Upstream signaling molecules are shown in empty circles. Green arrows show
direct induction, broken red and green arrows represents indirect negative and positive regulation
respectively. Red lines with blunt end show direct repression.

The mediator (MED) complex plays a critical role in transcription regulation, it serves
as a bridge by connecting transcription factors with RNA polymerase |l during
transcription initiation (Chadick and Asturias, 2005). Recently the role of, MED has
been shown in the regulation of iron-dependent gene expression. The YID1 gene
which encodes the MED16 protein has been investigated, plants with MED16 loss of
function showed hypersensitivity to iron deficiency and low level of expression of iron
deficiency response marker genes; FIT, IRT1, and FRO2. MED16 interact with
MED25, the heterodimer then interacts with the FIT regulators EIN3/EIL1. MED16
has also been shown to directly interact with FIT to enhance the recruitment of FIT-
bHLH complex to the promoters of FROZ2 and IRT1 (Yang et al., 2014; Zhang et al.,
2014). RNA POL Il C-TERMINAL DOMAIN-LIKE PHOSPHATASE 1 (CPL1) which a
subunit of RNA polymerase Il complex has been shown to negatively regulate iron
homeostasis by acting upstream of FIT (Aksoy et al., 2013). It has been reported that
CPL1 interact with REGULATOR OF CBF GENE EXPRESSION 3 (RCF3) and affect
the mRNA availability of FIT and Ib bHLHs (Aksoy et al., 2013; Jeong et al., 2013)
(Fig. 1.3.).
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The role of SHK1-BINDING PROTEIN1 (SKB1) has been shown in iron
homeostasis. The SKB1 enzyme is involved in the symmetrical dimethylation of
histone H4 arginine 3 (H4Rsme2). With chromatin immunoprecipitation, it has been
shown that under sufficient iron supply H4Rsme2 binds to the promoters of all bHLH
Ib genes which leads to their repression. skb1 mutant plants showed increased
tolerance to iron deficiency due to upregulation of bHLH |Ib genes. This shows that
epigenetic chromatin modifications also plays an essential role in the regulation of

iron homeostasis (Fan et al., 2014) (Fig. 1.3.).

1.5.2 Post-transcriptional regulation of iron-uptake

In addition to transcriptional level control, genes that are involved in the uptake of
iron are regulated at post-transcriptional level too. The central transcriptional
regulator of iron uptake FIT and the principal iron importer IRT1 are subjected to
post-transcriptional regulation to properly modulate iron homeostasis.

It is known that phytohormones such as auxin (IAA), ethylene (ET), gibberellic acid
(GA) and the signal molecule nitric oxide (NO) are responsible to modulate certain
environmental and developmental influences including iron homeostasis (Garcia et
al., 2010; Williams, 2010). The central regulator of iron uptake FIT, activity is affected
by NO and ethylene (Fig. 1.3.). It is reported that treatment with NO and ethylene
enhances the expression of many genes involved in iron homeostasis including FIT
and its tomato homolog FER (Graziano and Lamattina, 2007; Garcia et al., 2011,
Meiser et al., 2011). NO is shown to help in the stability of the FIT protein by
preventing its proteasome-mediated degradation (Meiser et al., 2011; Sivitz et al.,
2011). Meiser et al (2011) showed that NO acts as a signal which promotes the
activation of FIT and its protein stability. The active state of FIT could be obtained
through the modification of FIT protein either by addition or removal of covalent
modifications or due to the interaction with bHLH38 and bHLH39 which is induced at
iron-starved condition (Yuan et al., 2008; Meiser et al., 2011). Additionally, NO also
regulates the expression of GENERAL REGULATORY FACTOR 11 (GRF11) which
acts downstream of NO. GRF11 encodes a 14-3-3 protein which is involved in the
promotion of FIT transcription and in turn, FIT directly binds to the E-box motif of
GRF11 to regulate its transcription, so they work in a reciprocal manner (Yang et al.,
2013). It has been shown that auxin affects iron deficiency responses positivity by

acting upstream of NO and regulating its signaling. Exogenous application of auxin
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to plants enhances the level of NO which in turns triggers the upregulation of FRO2
as well as FIT (Chen et al., 2010) (Fig. 1.3.).

In addition to this, FIT also interacts with the ethylene-responsive genes ETHYLENE
INSENSITIVE 3 (EIN3) and EIN3-LIKE1 (EIL1) (Fig. 1.3.). This interaction promotes
iron uptake, because of this interaction degradation of FIT is reduced and FIT
remains in its active state. Reduced FIT levels were observed when wild-type plants
were treated with ethylene inhibitor AVG and also in the ein3 eil1 double mutant
(Lingam et al., 2011). NO and ethylene are interconnected with each other by
feedforward mechanism meaning that both influences each other biosynthesis
(Garcia et al.,, 2011). Both NO and ethylene have a positive effect on FIT
transcription, this may be needed because FIT is required for promoting its own gene

transcription (Wang et al., 2007; Garcia et al., 2010; Lingam et al., 2011).

Gene expression analysis of GA-deficient mutants showed that GA has a positive
effect on the transcript abundance of iron uptake marker genes; bHLH38, bHLH39,
FROZ2 and IRT1 (Matsuoka et al., 2014). It has been shown that DELLA protein
physically interacts with FIT, bHLH38, and bHLH39 to inhibit its transcriptional
activity by not allowing them to bind with its target promoters. Limited iron availability
and high content of GA antagonizes this situation by degradation of DELLA protein
which allows the transcription of FROZ2 and IRT1 (Wild et al., 2016) (Fig. 1.3.).

1.5.2.1 Post-transcriptional regulation of IRT1

For the maintenance of nutrient homeostasis in plants, it is important to tightly
regulate the plasma membrane-localized transporters. IRT1, the principal importer of
iron in the root is also strictly regulated for the homeostasis of iron (Zelazny et al.,
2011). Transgenic plants, overexpressing /IRT1 showed a high level of transcript both
in roots and shoots during iron sufficiency as well as during iron deficiency.
Interestingly, IRT1 proteins accumulate in iron-starved roots only, suggesting that
post-transcriptional regulation plays role in controlling the IRT1 protein abundance
(Connolly et al., 2002). Different post-transcriptional events are required to regulate
the prominent iron uptake genes activity, localization, and stability (Jakoby et al.,
2004; Yuan et al., 2008). The subcellular localization of IRT1 plays a critical role in
regulating its activity, Despite being a transmembrane protein, IRT1 was found to

localize also to intracellular compartments (Early endosome; EE/Trans Golgi

31



1. Introduction

network; TGN) (Barberon et al., 2011; Ivanov et al., 2014) suggesting that IRT1
cycles between EE/TGN and plasma membrane (Zelazny et al., 2011).
Internalization of IRT1 from the plasma membrane to the cytoplasm is achieved
through ubiquitin-dependent clathrin-mediated endocytosis (CME) (Barberon et al.,
2011). Ubiquitination is a post-translational modification in which a small (8 kDa; 76
amino acids) conserved protein, Ubiquitin is attached to the lysine residue of the
targeted protein for signal initiation of endocytosis (Mazzucotelli et al., 2006). It is a
well-known process in yeast that helps to mediate the internalization and sorting into
the endosomal compartments for the degradation of plasma membrane-localized
proteins, like transporters and receptors (Bonifacino and Weissman, 1998). Two
lysine residues (K154 and K179) in the variable region of IRT1 are
monoubiquitinated. Replacing the two lysine residues in the variable region of IRT1
by arginine (IRT1k1s4k179Rr) leads to the impairment in ubiquitination, which ultimately
results in stabilization of IRT1 at the plasma membrane, this demonstrates the
importance of ubiquitination for IRT1 dynamics in the cell (Kerkeb et al., 2008;
Barberon et al., 2011). IRT1 DEGRADATION FACTOR 1 (IDF1) a RING-type E3
ligase has been shown to mediated IRT1 ubiquitination. /df1 mutant showed
overaccumulation of IRT1 and was tolerant to iron-deficiency because of the delayed
degradation of IRT1. Monoubiquitination is a prerequisite for CME-dependant
endocytosis of IRT1 (Barberon et al., 2011; Shin et al., 2013). Once ubiquitinated
IRT1 is then subjected to the endocytic pathway and it has been proposed that after
endocytosis IRT1 has two possible fates: at EE/TGN, IRT1 is either sent to the
vacuole for degradation or it is retrieved from the degradation pathway and sent back
to the plasma membrane for another round of activity. The cargo protein (IRT1) can
be retrieved from the late steps of endocytosis by the retromer complex. In the
retromer complex, the protein is deubiquitinated and then is sorted for sending back
to the plasma membrane. Along with Vacuolar Protein Sorting (VPS26, VPS29, and
VPS35) proteins two other proteins are thus far known to play a critical role in the
sorting step, a dimer of SORTING NEXINS (SNX) which is involved in stress
response trafficking regulation and a plant-specific ESCRT complex sub-unit FYVE1
(Zelazny et al., 2013; Barberon et al., 2014; Zelazny and Vert, 2014; Brumbarova et
al., 2015; Heucken and Ivanov, 2018). It has been shown that FYVE1 is involved in

the recycling of IRT1 from the endosomal compartments back to the plasma
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membrane (Barberon et al., 2014). Both, ubiquitination and endocytic cycling of IRT1
is important to calibrate the amount of IRT1 protein at the plasma membrane.
Although, iron concentration does not affect the plasma membrane localization of
IRT1 (Barberon et al., 2011), the presence of non-iron metal substrates (Zn?*, Mn?*,
and Co?*) dynamically controls the localization of IRT1 between EE/TGN and the
outer surface of the cell. To avoid non-iron metal toxicity IRT1 changes its
localization from the plasma membrane to the cytoplasm (EE/TGN) while in the
absence of these metals IRT1 is localized predominantly to the extra-cytoplasmic
face of the plasma membrane (Barberon et al., 2014). Minimizing the pool of IRT1 at
the plasma membrane seems to be a protective mechanism because IRT1 can also
import the aforementioned non-iron available heavy metals (Zelazny et al., 2011;
Barberon et al., 2014).

To maintain a balanced amount of iron in the plant it is important that plant responds
to the ever-changing conditions. Thus, the regulation of principle iron-importer IRT1
is extremely important because as a fact that iron is essential for life, it is also toxic.
Constitutive uncontrolled iron acquisition can lead to extensive oxidative damage
(Reyt et al., 2015). Until now very limited information is available regarding the post-

transcriptional regulation of iron homeostasis.

1.6 Peripheral membrane proteins

For many cellular functions like signaling and trafficking, an association of proteins
with the surface of membranes is required (Lemmon, 2008). There are three types of
membrane binding proteins, namely integral, anchored and peripheral. Most of the
integral membrane proteins span the entire lipid bilayer and remain embedded in the
bilayer. Proteins that are involved in signal transduction and those that serve as ion
channels are integral membrane proteins. Those proteins which bind to the
membrane surface through lipid molecules are called anchored proteins. They bind
covalently to certain lipids like fatty acids (myristic acid and palmitic acid) and
glycosylphosphatidylinositol (GPI). The third type, peripheral membrane proteins, are
bound to the membrane surface reversibly via non-covalent bonds like hydrogen
bonds and ionic bonds (Taiz and Zeiger, 2002). They can be dissociated from the
membrane surface by mild treatments like increasing the ionic strength of the

medium or by addition of a chelating agent. Furthermore, in the dissociated state
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they tend to solubilize in neutral aqueous buffers (Singer and Nicolson, 1972; Fujiki
et al., 1982).

During cell signaling and membrane trafficking events, many cytosolic proteins are
transiently recruited to different membranes to exert their function in protein-protein
or protein-lipid interactions (Cho and Stahelin, 2005; Lemmon, 2008). Many
enzymes that are involved in the metabolism of phospholipids are cytosolic, for
example, phospholipases are normally cytosolic or extracellular proteins but for their

catalytic activity they are transiently docked to the membrane (Goni, 2002).

The liquid crystallographic analysis showed that the structure of lipid bilayer is highly
polarized consisting of the central hydrocarbon core region and the two flanking
interfacial regions (Wiener and White, 1992). Based on where they bind to the
membrane peripheral proteins can be divided into three categories; (1) S-type
proteins, which interact predominantly with the polar head groups and are localized
only at the membrane surface to the shallow interfacial region, (2) I-type proteins
which penetrate into the interfacial region and reach to the level of phosphate and (3)
H-type proteins can reach all the way to the hydrocarbon core region of the lipid
bilayer (Cho and Stahelin, 2005). Peripheral protein goes through conformational
change at the membrane interface in order to expose their buried hydrophobic
residues. Conformational changes, the effective concentration of protein and the
initial attachment to the membrane, all these factors contribute to facilitating the
penetration of protein into the interfacial and hydrocarbon core region of the bilayer.
Indeed, some proteins depend largely on partial membrane insertion to perform their
biological activities (Ford et al., 2002; Stahelin et al., 2002; Stahelin et al., 2003).

Membrane-bound organelles inside the cell contain specific lipids in their membrane
which serve as a recognition site for the intracellular trafficking machinery (Behnia
and Munro, 2005). Ceramide-activated protein phosphatases 1 and 2A and some
isozymes of protein kinase C are proposed to bind ceramides through their cysteine-
rich domains (Zhang et al., 1997; van Blitterswijk, 1998; Chalfant et al., 2001). Other
proteins are also reported that do not possess specific binding sites but are still able
to bind the cell membrane. Examples include ADP-ribosylation factor and small G-
protein Rho A which associate with the membrane in the presence of GTP (Brown et
al., 1993; Kahn et al., 1993).
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Many peripheral proteins contain one or more modular domains through which they
bind with lipids. Membrane targeting domain is another term for these structural
modules, some common domains are protein kinase C (PKC) conserved 1 (C1) (Cho
et al.,, 2001; Brose and Rosenmund, 2002; Yang and Kazanietz, 2003), PKC
conserved 2 (C2) (Nalefski and Falke, 1996; Rizo and Sudhof, 1998; Cho et al.,
2001), Pleckstrin homology (PH) (Ferguson et al., 2000; LEMMON and FERGUSON,
2000), FYVE (Stenmark et al., 2002) and Phox (PX) domain (Wishart et al., 2001;
Yue et al., 2001). Because in this study we are investigating a C2 domain-containing

protein (EHB1), the focus will only be on C2 domains.

1.6.1 C2 domain

1.6.1.1 Discovery and occurrence

C2 domain was originally identified as the Ca?* binding site in protein kinases C
(PKC) and it is named after the second homology region in conventional PKCs
(Nishizuka, 1988; Kikkawa et al., 1989). Initially, C2 domain was considered to be
Ca?* ion sensor only but after its discovery in other proteins which also bind lipids,
synaptotagmins and cytosolic phospholipase A2 (cPLA2a), it became clear that C2
domains are involved in lipid binding in a Ca?*-dependent manner (Perin et al., 1990;
Clark et al., 1991). The Ca?-dependent lipid binding ability of the C2 domain has
been confirmed by isolating C2 domains of synaptotagmin 1, cPLA2a. and rabphilin-
3A (Clark et al.,, 1991; Davletov and Sudhof, 1993; Yamaguchi et al., 1993;
Chapman and Jahn, 1994; Nalefski et al., 1994). However, it has been reported that
some C2 domains bind the membrane independently of Ca?* such as that of PTEN
which is involved in tumor suppression and plays a critical role in cell signalling and
regulation, whereas some others are known to be involved in protein-protein
interactions, examples are C2 domains of phospholipases-C 81 and §2 (Lee et al.,
1999; Wang et al., 1999; Das et al.,, 2003). It is now well established that C2
domains are independently folded modules of about 130 amino acid residues in
length which are found in many eukaryotic proteins (Nalefski and Falke, 1996; Cho
and Stahelin, 2006).

1.6.1.2 Structure and role of Ca?* ions in lipid binding
Structurally, C2 domains are composed of eight antiparallel S-sandwich strands
connected by surface loops which are also called variable loops, it has been known

that all C2 domains share this common fold. Topologically, C2 domains are either
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type | or type Il based on slight differences in their B-strand connectivity (Sutton et
al., 1995; Perisic et al., 1998; Sutton and Sprang, 1998). The surface loops have
variable amino acid sequence and conformation and play critical roles in lipid binding
specificity during membrane docking (Stahelin, 2009). The Ca?* binding sites are
formed by three Ca?* binding loops (CBL1-3), which are located on one side of the
domain. Amino acid side chains (mostly conserved Asp) and peptide backbone in
the CBLs are involved in multiple Ca?* ion coordination, most of the Ca?*-dependent
C2 domains bind two-three Ca?* ions. In Ca?*-independent C2 domains the amino
acid side chains which coordinate with Ca?* ions are absent (Sutton et al., 1995;
Essen et al., 1997; Perisic et al., 1998; Sutton and Sprang, 1998). Mutation in the
CBL region leads to the conversion of Ca?*-dependent C2 domains to Ca?'-
independent ones (Medkova and Cho, 1998; Ananthanarayanan et al., 2002).
Structural and functional studies reveal that both the integrity of CBLs and the
presence of conserved aspartic acid (Asp) residues in the loops are required for the
binding of C2 domains to membranes in vitro as well as to plasma membrane in cells
(Edwards and Newton, 1997; Johnson et al., 2000; Kohout et al., 2002). It has been
proposed that the presence of Ca?* ions in these loops serves as an “electrostatic
switch” which makes C2 domains able to bind anionic phospholipids. Mutation of the
conserved Asp residues neutralizes the acidic binding pocket but it does not bypass
the requirement of Ca?* to promote membrane binding of C2 domains (Edwards and
Newton, 1997).

In addition to the Ca?* binding loop region, which is involved in membrane binding, a
second basic patch, found in many C2 domains, is present in the concave face of -
sandwich (termed as cationic B-groove) it varies in size and electrostatics among
different C2 domains (Cho and Stahelin, 2006). The B-groove has been shown to be
involved in lipid (Ceramide-1-phosphate and phosphatidylinositols) binding,
suggesting that some C2 domain-containing proteins may engage different
membranes simultaneously by CBLs and cationic B-groove (Corbalan-Garcia et al.,
2003; Stahelin et al., 2007; Lemmon, 2008; Stahelin, 2009). Lipid selectivity is not
specific in the large C2 domain family because it lacks a well-defined lipid binding
pocket, that's why it shows a weak lipid specificity. Some Ca?*-dependent C2
domains like that of PKCs, bind phosphatidylserine preferentially while other C2
domains bind to all anionic phospholipids and still some others prefer to bind

zwitterionic phospholipids (Cho and Stahelin, 2005; Lemmon, 2008). Concentration
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of Ca?* ion can also affect the lipid selectivity of C2 domains. The relative
contribution of the two lipid binding sites in C2 domains (CBLs and B-groove) can be
different at different Ca?* concentration (Schiavo et al., 1996; Bai et al., 2004). Bound
Ca?* ions in the CBLs confer positive charge which switches the electrostatics of the
binding site due to which it attracts the negatively charged membranes (Murray and
Honig, 2002). The bound Ca?* ions also induce conformational changes in the
calcium binding regions and can also coordinate directly with lipids by forming
calcium bridges (Shao et al., 1998; Bittova et al., 1999; Verdaguer et al., 1999;
Kulkarni et al., 2002).

1.6.1.3 C2 domains in plants

There are numerous genes in higher plants encoding proteins with C2 domains. It
has been reported that there are at least 123 proteins in Arabidopsis thaliana which
contain C2 domains (Rodriguez et al., 2014). Like their animal counterparts, these
proteins are most likely involved in signal transduction pathways. Plant proteins with
C2 domains are classified into four groups and so far single C2 domain-containing
proteins are identified only in plants (Kopka et al.,, 1998; Yang et al., 2008). The
activity of phospholipase A2 (PLA2) has been demonstrated in plants, PLA; is a
homolog of cytosolic phospholipase A2 (cPLA2) which is reported to be an important
component of certain signal transduction pathways in animal cells (Kopka et al.,
1998; Valentin-Berrios et al., 2009). Phospholipase D (PLD), phosphatidylinositol 3-
kinase, Phosphoinositide-specific phospholipase C (PI-PLC), OsERP3 and protein
kinase C are among the other known plant proteins which contains C2 domains
(Nanmori et al., 1994; Welters et al., 1994; Hirayama et al., 1995; Pical et al., 1997;
Wang, 1997; Cooper et al., 2003). These proteins use their C2 domains to associate
themselves with membranes, it has been shown for the rice protein OsPBP1
involved in pollen fertility in rice, that it binds membrane phospholipids in a calcium-
dependent manner via its C2 domain. Similarly, another rice small C2 domain protein
OsERG1a also bind lipids in a calcium-dependent manner (Yang et al., 2008; Kang
et al., 2013). Very recently Liu et al, 2017, identified a 16-member family of multiple
C2 domain and transmembrane region proteins (MCTPs) in Arabidopsis. QUIRKY
(QKY, MCTP14) a membrane-anchored protein belongs to MCTPs family contains
four C2 domains. QYK is localized to plasmodesmata and play an important role in

tissue morphogenesis (Liu et al., 2017).
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Recently, in their search for interacting partners of the PYR/PYL (intracellular plant
hormone ABA receptors) Rodriguez and co-workers (2014) identified a small family
of proteins which interact with PYR/PYL and regulate ABA activity in Arabidopsis.
The identified small family of proteins consists of 10 members which possess a
single C2 domain and hence named C2-DOMAIN ABSCISIC ACID-RELATED (CAR)
proteins. Different CAR proteins interact with several PYR/PYLs and mediate the
Ca?*-dependent transient recruitment of PYR/PYL to the plasma membrane
(Rodriguez et al., 2014). Members of this family are specific to plants and are
characterized by their small sizes, simple structures and most importantly they
contain only a single C2 domain. They are soluble proteins but can loosely associate
with plasma membrane via reversible binding to phospholipids so they shuttle
between the cytosol and plasma membrane (Rodriguez et al., 2014; Yung et al.,
2015).

1.6.1.4 Signature domain of CAR proteins

To gain further molecular insights into the CAR proteins Rodriguez et al (2014)
solved the x-ray structure of CAR4 in complex with Ca?* ions. The overall structure of
CAR4 looks identical to that reported for other C2 domains by having compact two
four-stranded antiparallel B-sandwich with type Il topology (Fig. 1.4 left.).
Crystallographic analysis shows that in addition to C2 domain CAR4 contains a
plant-specific CAR signature domain that is likely used for interaction with other
proteins by the CAR family members. The signature domain is 43 amino acid in
length and connects the two four-stranded S-sheets (83526586 with 84516887) and
fold itself as an a-helix which is followed by B hairpin (a7BABB) (Fig. 1.4 right.). The
signature domain is conserved among the CAR family of proteins and it is situated in
the protein face opposite to the CBLs (L1 and L3) (Rodriguez et al., 2014).
Furthermore, the crystallographic analysis also reveals a polybasic region in CAR4
which can bind phospholipids in Ca2*-independent manner and stabilizes the protein

in the plasma membrane (Diaz et al., 2016).
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Figure 1.4. Crystal structure of CAR4. A ribbon representation (left), the green ribbons represents
the B-sheets. The signature domain is represented by orange ribbons. L1, L2, and L3 represent the
Ca?* binding loops on the top. The right shows the same CAR4 structure but represented in lines.
Adopted from Rodriguez et al (2014) (Rodriguez et al., 2014).

The signature domain of CAR4 was required for protein-protein interaction with
PYR/PYL ABA receptor proteins. Rodriguez et al also characterized other members
of the CAR family, knockout mutants of CAR1, CAR5, CAR4, and CAR9 showed
reduced sensitivity to ABA-mediated inhibition of seedling establishment and root
growth. This shows that CAR proteins are involved in protein-protein interaction for
the recruitment of signaling protein complexes to the membrane (Knauer et al., 2011;
Rodriguez et al., 2014).

EHB1/CARG which is also a member of the CAR family protein was previously
investigated and was found as an interacting partner of NPH3, component of the
phototropin-mediated blue light signal transduction pathway. Hypocotyl bending was
enhanced in response to blue light in the T-DNA loss-of-function mutants ehb7-1 and
ehb1-2 (hence the name ENHANCED BENDING 1 = EHB1) suggesting that
EHB1/NPH3 complex might work as a negative regulator of tropism response in
Arabidopsis (Knauer et al., 2011; Dimmer et al., 2016). EHB1 gene is about 1 kb in
length (1086 bp) having three exons and two introns, EHB1 protein (19.6 kDa) has a
C2 domain at N-terminal and a signature domain at the C-terminal end (Knauer et
al., 2011; Rodriguez et al., 2014). EHB1 has been reported to be present in phloem
sap as well as it has been found to be specifically expressed in flowers (Giavalisco et
al., 2006; Rehrauer et al., 2010).
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The structure of rice GTPase-activating protein 1 (OsGAP1) which is a homolog of
CAR4 in rice has also been solved, Structurally, CAR4 and OsGAP1 are identical
(Yung et al., 2015).

1.7 Previous work

The main focus of our group is to investigate the iron uptake and its regulation in
plants. The aim is to understand the regulatory process by characterizing novel gene
functions and proteins which coordinate iron homeostasis responses. So to gain
further insight into the factors responsible for the regulation of IRT1 trafficking and
function, a yeast two-hybrid screen was carried out in our group to identify potential
interacting partners of IRT1.

Because of its proposed importance in the regulation of IRT1 activity in response to
iron, the large cytosolic loop of IRT1 (located between TMD Il and IV, also called
variable region, IRT1vr) was used as bait to screen a cDNA library from Arabidopsis
roots grown on iron-deficient media. As a result, several potential candidates were
identified which interacted with the large cytosolic loop of IRT1 (the interacting
partners are termed as “IRT1 cytosolic loop interaction partners” = ICLIPS) (R.
Ivanov, R. Gratz and P. Bauer, unpublished). The protein interactions have been
reconfirmed in targeted yeast two-hybrid assay. Among the ICLIPS, EHB1 was
identified as one of the potential interacting partners of IRT1vr.

To further characterize EHB1 an overexpression line was needed. Therefore, an
HAs-EHB1 fusion gene construct was created in our group, this construct was used
to transform Arabidopsis plants to obtain a stable transgenic homozygous over-
expression T3 lines (ox-lines) HA-EHB1. Along with two knock-out mutant ehb7-1
and ehb1-2, the two overexpression lines HA-EHB1(2) and HA-EHB1(3) were used

for further investigation during the course of the study.

Furthermore, some initial physiological analysis was performed which showed that
ehb1-2 mutants have an altered iron deficiency response regulation, they performed
well under iron-starved conditions. The chlorophyll content of ehb1-2 was
significantly higher than in the wild type in iron sufficient condition. An increase in
shoot iron content of ehb1-2 plant grown under iron-limited condition was observed
which was consistent with increased iron mobilization via root iron reductase activity

performed by FRO2 (lvanov, R. unpublished)
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2. Working hypothesis and Aims

2.1 Working hypothesis

In preliminary studies performed in our group for the involvement of EHB1 in iron
deficiency the transcriptional activity of EHB1 in response to differential iron supply
was investigated in wild-type (Col-0) and in fit knock-out mutant which is severely
iron deficient. EHB1 expression was down-regulated under iron-deficiency compared
to normal iron supply in both genotypes, however, the expression in the fit mutant
was generally stronger than in the wild type. On the contrary, IRT1 expression was
strongly induced under iron-deficiency in the wild-type, but only weakly in the fit
mutant. This suggests that EHB1 is negatively affected by the presence of FIT and
positively by the iron supply, thus showing principally opposite responses to these of
IRT1.

Due to these initial results, it can be speculated that under Fe sufficient conditions
IRT1 may bind to EHB1, and perhaps only a small part of the IRT1 population is
actively transporting iron into the cell. Under iron-deficiency, the equilibrium is shifted
towards the active IRT1. Both genes are oppositely regulated, suggesting that EHB1
might negatively regulate IRT1 by either affecting its transport activity or plasma
membrane localization or stability. Therefore, it can be proposed that IRT1 may be
inactivated by EHB1 (Fig. 2.). While during the iron-deficiency situation, it could be
that less EHB1 is synthesized in the cell and the majority of IRT1 protein remains

free (not in complex with EHB1) and is therefore actively transporting iron (Fig. 2.).

Therefore, we hypothesized that EHB1 might serve as a negative regulator of iron
uptake machinery of Arabidopsis. To further elaborate the role of EHB1 in iron

homeostasis | have set some aims for my doctoral study which are mentioned below.

<_| +Fe
EHB1 IRT1

Inactive IRT1 -Fe Active IRT
(can not transport Fe into cell) (transport Fe into cell)

Figure 2. Hypothetical model for the role of EHB1 in IRT1 regulation. Under normal Fe situation,
IRT1 expresses less and mostly present in a complex with EHB1 in inactive form so, cannot transport
Fe into the cell. While during Fe deficient situation the scenario changes, EHB1 becomes less
available to form a complex with IRT1, in that way IRT1 is set free to perform its activity (Fe transport
into the cell) (modified from Ivanov, R. unpublished work).
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2.2 Aims

1. Verification of interaction between EHB1 and IRT1vr

EHB1 was found in a yeast two-hybrid screen in our lab to interact with IRT1vr. This
interaction should be confirmed in planta. In planta verification of interaction between
EHB1 and IRT1 will be confirmed dually by using two different approaches,
bimolecular fluorescence complementation (BiFC) and Co-immunoprecipitation (Co-
IP). To show that the signature domain of EHB1 is responsible for interaction with
IRT1vr, the signature domain of EHB1 will be deleted, creating EHB1-ASig, and then
it will be subjected to BiFC. EHB1-ASig would no longer be able to interact with
IRT1vr. Furthermore, to find out which part of the IRT1 variable region is involved in
protein-protein interaction, different IRT1vr fragments should be generated and then
should be tested for interaction with EHB1 using BiFC.

2. Investigation of the subcellular localization of EHB1

To identify the proper function of a protein it is important to find out its subcellular
localization. Subcellular localization determines the environment around the protein,
which in turn influences the function of the protein. So knowledge of the localization
of proteins plays an important role to elucidate the cellular function of the protein
(Scott et al., 2005).

Subcellular fractionation can be performed to find out if EHB1 protein is present in
the microsomal or cytosolic fraction. Having the C2 domain it can be expected that
EHB1 might be present in microsomal fraction (plasma membrane) as well as in the

cytosolic fraction of the cell.

To know exactly, which compartment of the cell EHB1 is localized, live cell imaging
can help to answer this question. Fluorescently labeled proteins (GFP-tagged) are
widely used now to study protein localization, dynamics, and interaction. GFP tagged

EHB1 would co-localized with plasma membrane markers.

3. Investigation of EHB1 binding to membrane phospholipids

It has been shown that C2 domain binds to membrane phospholipids (Davletov and
Sudhof, 1993) because EHB1 also harbors a C2 domain. It should be investigated to
which specific membrane phospholipids EHB1 binds through its C2 domain.
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Additionally, it should also be investigated weather EHB1-C2 domain binding with

membrane phospholipids is Ca2+-dependent.

This will be investigated through membrane lipid-binding assay and liposome-binding

assay. Both the assays will be performed in the presence and absence of ca”.
4. Reconfirmation and additional experiments for verification of EHB1 function as

negative requlator

The aim is to test our initial hypothesis that EHB1 might act as a negative regulator
of iron homeostasis in Arabidopsis. The molecular and physiological consequences
of an EHB1 loss-of-function ehb7-1 mutant should be investigated. Using reverse
transcription quantitative PCR (RT-gPCR), the expression of EHB1 has to be
examined under physiological conditions related to iron deficiency. According to the
hypothesis, it is expected that the expression of EHB1 would be up-regulated at iron
sufficient situation, while that of /IRT7 would be down-regulated at iron sufficiency.
And during iron-deficiency, the situation should reverse i.e. EHB1 would be down-

regulated and IRT7 would be up-regulated.

Iron reductase activity of FRO2 in roots of plants grown in the presence (+Fe) and
absence (-Fe) of iron should be investigated. The FRO2 activity (Fe reduction) is
expected to be increased in ehb7-1 mutant as compared to wild-type and HA-EHB1
lines. The chlorophyll and metal ion (Fe) content of mutant ehb7-1 and HA-EHB1
lines should also be investigated. We expect that the chlorophyll content of young
leaves in ehb1-1 mutant would be higher than in the wild type and HA-EHB1. And
also the seeds of mutant ehb71-1 plants would have accumulated more iron in
comparison with wild-type and HA-EHB1. Qualitative measurement of iron
localization in plants root should also be performed. It is expected that from the
apoplast mutant ehb7-1 will take up more iron than HA-EHB1. Thus, we expect that

more iron will be retained in the apoplast of HA-EHBA1.
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3. Materials and Methods
3.1 Materials
3.1.1 Plant materials

The plants listed below were used for physiological and molecular analysis in this

study.

e Arabidopsis thaliana ecotype Columbia (Col-0) has been used as wild-type
(WT).
e Nicotiana benthamiana

List of plants used in this study

Name/Abbreviation Gene/Accession Genotype/Phenotype Source
SALK_134720.56.00.x T-DNA insertion line; 274 bp in

ehb1-1 /AT1G70800.1 Exon 1 Knauer et al., 2011

ehb1-2 SAIL 385_C07.v1 T-DNA insertion line; Exon 3 Knauer et al., 2011
pAlligator 2 , 2xCaMV35S:3xHA-
EHB1 over expression line in Col-0

HA-EHB1 AT1G70800 background Rumen Ivanov

" T-DNA insertion 207 bp

fit-3 FIT/ AT2G28160 downstream of ATG/ Chlorotic Jakoby et al., 2004

- T
irt1-1 AT4G19690.1 T-DNA insertion in 3 exon/ Vert et al., 2002

Chlorotic

3.1.2 Bacterial strains for molecular cloning

Strain Genotype Usage Manufacturer
L . fhuA2 A(argF-lacZ)U169 phoA ginV44 ®80 . .
Escherichia coli (E. coli) A(lacZ)M15 gyrA96 recA1 relAT endA1 thi-1 Propagatpn/ Invitrogen
DH5-alpha hsdR17 multiplication Cat. No. C2987I
L . F- mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15
Eiiglgzzisg{’TsEé fl:'g”) AlacX74 recA1 araA139 A(ara-leu)7697 galu Propagation/ Invitrogen
galK rpsL (StrR) endA1 nupG fhuA::1S2 multiplication Cat. No. A10460
F—, ompT, hsdSB (rB—, mB-), dcm, gal, |(DE3), . . Promega
BL21(DE3) pLysS pLysS, Cmr Protein expression Cat. No. L1191
Agrobacterium C58; GV2260/pGV2260; Rif, Cn' Plant transformation
tumefaciens

3.1.3 Plasmids

Basic Plasmids used in the study

Plasmid Manufacturer Structure Selection
. ccdb suicidal gene as
. Entry vector with Gateway cassette . )
pDONR207 Invitrogen L ) insertional control, Gm": for
containing P1 and P2 attachment sites selection in bacteria
. ccdb suicidal gene as
. Entry vector with Gateway cassette . )
pDONR221 P1P4 Invitrogen . . insertional control, Km": for
containing P1 and P4 attachment sites selection in bacteria
. ccdb suicidal gene as
pDONR221 P3P2 Invitrogen Entry vector with Gateway cassette insertional control, Km": for

pBiFct-2in1 CC

PMDC83

pAlligator 2

Grefen, C. and M.
R. Blatt (2012),
Biotechniques

Invitrogen

Bensmihen, S., et

containing P3 and P2 attachment sites

Expression vector Containing multiple
expression cassettes within a single vector
backbone

Gateway compatible plant transformation
vector containing a C-terminal GFP tag

Gateway compatible plant transformation

selection in bacteria

lacZ and ccdb suicidal gene as
insertional control, Spec': for
selection in bacteria

ccdb suicidal gene as
insertional control, Km": for
selection in bacteria

Contains a gateway cassette
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pETStrepll

pAUL 1

*r: resistance

al. (2004), FEBS

letters

Hashimoto et al.,
(2012), J. Biol.
Chem

Lyska, D., et al.,
(2013), PloS one

vector Containing an 3xHA tag at N-terminal

Expression vector containing an Strep tag at
N-terminal

Gateway compatible plant transformation
vector containing an 3xHA tag at C-terminal

for selection in bacteria

Contains AKT2-Ct between
Spel and Xhol restriction sites,

Km'": for selection in bacteria
ccdb suicidal gene as
insertional control, Km': for
selection in bacteria

Plasmids generated in this work for protein expression in plants

Plasmid name

EHB1ns-
pDONR207

EHB1ASigns-
pDONR207

EHB-4x ns-
pDONR207

EHB1-PMDC83

EHB1ASig-
PMDC83

EHB1-4x-
PMDC83

EHB1-pAUL1

EHB1-
pDONR207

EHB1-4x-
pDONR207

EHB1-pAlligator
2

EHB1-4x-
pAlligator 2

EHB1 c-ter
pDONR221-
P1P4

EHB1 c-ter
pDONR221-
P3P2
EHB1ASig c-ter
- pDONR221-
P1P4
EHB1ASig c-ter
- pDONR221-
P3P2

EHB1-4x c-ter-
pDONR221-
P1P4

EHB1-4x c-ter-
pDONR221-
P3P2

IRT1-loop c-ter-
pDONR221-
P1P4

IRT1-loop c-ter-
pDONR221-
P3P2

Original
plasmid

pDONR207

pDONR207

pDONR207

PMDC83

PMDC83

PMDC83

pAUL1

pDONR207

pDONR207

pAlligator 2

pAlligator 2

pDONR221
P1P4

pDONR221
P3P2

pDONR221
P1P4

pDONR221
P3P2

pDONR221
P1P4

pDONR221
P3P2

pDONR221
P1P4

pDONR221
P3P2

Insertion place in
plasmid

Inserted between P1
and P2 att sites
replacing ccdb

Inserted between P1
and P2 att sites
replacing ccdb

Inserted between P1
and P2 att sites
replacing ccdb

Inserted between R1
and R2 att sites
replacing ccdb
Inserted between R1
and R2 att sites
replacing ccdb
Inserted between R1
and R2 att sites
replacing ccdb
Inserted between R1
and R2 att sites
replacing ccdb
Inserted between P1
and P2 att sites
replacing ccdb
Inserted between P1
and P2 att sites
replacing ccdb
Inserted between R1
and R2 att sites
replacing ccdb
Inserted between R1
and R2 att sites
replacing ccdb
Inserted between P1
and P2 att sites
replacing ccdb
Inserted between P1
and P2 att sites
replacing ccdb
Inserted between P1
and P2 att sites
replacing ccdb
Inserted between P1
and P2 att sites
replacing ccdb
Inserted between P1
and P2 att sites
replacing ccdb
Inserted between P1
and P2 att sites
replacing ccdb
Inserted between P1
and P2 att sites
replacing ccdb
Inserted between P1
and P2 att sites
replacing ccdb

Inserted fragment

EHB1: EHB1ns generated
with 5’'EHB1B1 &

3 'EHB1cterB2 nonstop
primers

EHB1ASig: EHB1ASigns
generated with 5’"EHB1B1 &
3'EHB1cterB2 nonstop
primers

EHB1-4x: EHB1-4x ns
generated with 5’EHB1B1 &
3 'EHB1cterB2 nonstop
primers

EHB1ns: generated from
EHB1ns-pDONR207

EHB1ASigns: generated
from EHB1ASigns-
pDONR207

EHB1-4x ns: generated from
EHB1-4x ns-pDONR207

EHB1ns: generated from
EHB1ns-pDONR207

EHB1: generated with
5'EHBnter1B1 & 3'EHB1B2
primers

EHB1-4x: generated with
5'EHBnter1B1 & 3'EHB1B2
primers

EHB1: generated from
EHB1-pDONR207

EHB1-4x: generated from
EHB1-pDONR207

EHB1 c-ter P1P4 generated
with 5’EHB1B1 &
3'EHB1cterB4 primers
EHB1 c-ter P3P2 generated
with 5’EHB1B3 &
3'EHB1cterB2 primers
EHB1ASig-P1P4 generated
with 5’EHB1B1 &
3'EHB1cterB4 primers
EHB1ASig-P3P2 generated
with 5’"EHB1B3 &
3'EHB1cterB2 primers
EHB1-4x-P1P4 generated
with 5’"EHB1B1 &
3'EHB1cterB4 primers
EHB1-4x-P3P2 generated
with 5’"EHB1B3 &
3'EHB1cterB2 primers
IRT1-loop-P1P4 generated
with 5°11LatgB1 & 3'11LB4
primers

IRT1-loop-P3P2 generated
with 5°11LB3 & 3'11LB2
primers

Bacterial
selection

Gm":
transformation
control in bacteria

Gm”:
transformation
control in bacteria

Gm":
transformation
control in bacteria

Km":
transformation
control in bacteria
Km":
transformation
control in bacteria
Km":
transformation
control in bacteria
Km":
transformation
control in bacteria
Gm'”:
transformation
control in bacteria
Gm'”:
transformation
control in bacteria
Spec”:
transformation
control in bacteria
Spec”:
transformation
control in bacteria
Km":
transformation
control in bacteria
Km":
transformation
control in bacteria
Km":
transformation
control in bacteria
Km":
transformation
control in bacteria
Km":
transformation
control in bacteria
Km":
transformation
control in bacteria
Km":
transformation
control in bacteria
Km":
transformation
control in bacteria

Reference

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

between aat1 and att2, Spec”:
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SNX1 c-ter-

pDONR221- pD(F),g\‘FFffm
P1P4

SNX1 c-ter-

pDONR221- ng;ffzzm
P3P2

EHB1-

nYFP+IRT1loop- pBiFct-2in1
cYFP- pBiFct- CC
2in1 CC

EHB1-4x-

nYFP+IRT1loop- pBiFct-2in1
cYFP- pBiFct- cC
2in1 CC

EHB1 ASig -

nYFP+IRT1loop- pBiFct-2in1
cYFP- pBiFct- CcC
2in1 CC

EHB1-

nYFP+SNX1- pBiFct-2in1
cYFP- pBiFct- CcC
2in1 CC

IRT1loop-

nYFP+SNX1- pBiFct-2in1
cYFP- pBiFct- cC
2in1 CC

SNX1-

nYFP+SNX1- pBiFct-2in1
cYFP- pBiFct- CC
2in1 CC

*ns: nonstop: r: resistance

Plasmids generated in this work for protein expression E. coli (BL21)

i Original
Plasmid name plasmid
EHB1- pETStrepll  pET Strepl|
EHB1-4x-
pETStrepll pET Strepll
EHB1ASig-
pETStrepll PET Strepll

*r: resistance

Inserted between P1
and P2 att sites
replacing ccdb
Inserted between P1
and P2 att sites
replacing ccdb
Inserted between
R1-R4 att sites
replacing ccdb and
between R3-R2
replacing lacZ
Inserted between
R1-R4 att sites
replacing ccdb and
between R3-R2
replacing lacZ
Inserted between
R1-R4 att sites
replacing ccdb and
between R3-R2
replacing lacZ
Inserted between
R1-R4 att sites
replacing ccdb and
between R3-R2
replacing lacZ
Inserted between
R1-R4 att sites
replacing ccdb and
between R3-R2
replacing lacZ
Inserted between
R1-R4 att sites
replacing ccdb and
between R3-R2
replacing lacZ

Insertion place in

plasmid
Inserted between
Spel and Xhol
restriction site at
multiple cloning
region of vector
Inserted between
Spel and Xhol
restriction site at
multiple cloning
region of vector
Inserted between
Spel and Xhol
restriction site at
multiple cloning
region of vector

SNX1-P1P4 generated with
5°SNX1B1 & 3'SNX1cterB4
primers
SNX1-P3P2 generated with
5°SNX1B3 & 3°'SNX1cterB2
primers

EHB1 c-ter-P3P2+IRT1loop
c-ter-P1P4: generated from
EHB1 c-ter P2P2 and IRT1-
loop c-ter-P1P4

EHB1-4x c-ter-
P3P2+IRT1loop c-ter-P1P4:
generated from EHB1-4x c-
ter P2P2 and IRT1-loop c-
ter-P1P4

EHB1 ASig c-ter-
P3P2+IRT 1loop c-ter-P1P4:
generated from EHB1 ASig
c-ter P2P2 and IRT1-loop c-
ter-P1P4

EHB1 c-ter-P3P2+SNX1 c-
ter-P1P4: generated from
EHB1 c-ter P2P2 and SNX1
c-ter-P1P4

IRT1loop c-ter-P3P2+SNX1
c-ter-P1P4: generated from
IRT1loop; c-ter P2P2 and
SNX1 c-ter-P1P4

SNX1 c-ter-P3P2+SNX1 c-
ter-P1P4: generated from
SNX1 c-ter P2P2 and SNX1
c-ter-P1P4

Inserted fragment

EHB1-Strepll: generated
with 5'E1Strepii Spel &
3 E1Strepii Xhol primers

EHB1-4x-Strepll:
generated with
5'E1Strepii Spel &

3 E1Strepii Xhol primers

EHB1ASig-Strepll:
generated with
5'E1Strepii Spel &

3 E1Strepii Xhol primers

3.1.4 Antibiotics used during the course of studies

Antibiotic
Gentamycin
Kanamycin
Spectinomycin
Carbenicillin
Rifampicin

Dissolve in
H,O
H,O
H,O
H,O

DMSO

Stock concentration

50 mg/ml
50 mg/ml
70 mg/ml
60 mg/ml
50 mg/ml

Km":
transformation
control in bacteria
Km":
transformation
control in bacteria

Spec”:
transformation
control in bacteria

Spec”:
transformation
control in bacteria

Spec”:
transformation
control in bacteria

Spec”:
transformation
control in bacteria

Spec”:
transformation
control in bacteria

Spec”:
transformation
control in bacteria

Bacterial
selection

Km":
transformation
control in bacteria

Km":
transformation
control in bacteria

Km":
transformation
control in bacteria

This work

This work

This work

This work

This work

This work

This work

This work

Reference

This work

This work

This work

Dilution for the use
1:2000

1:1000
1:1000
1:1000
1:1000
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3.1.5 Antibodies

e Mouse monoclonal anti-HA tag antibody (diagenode-Cat. Nr. C15200190) Used
for detection of HA tagged proteins.

e Mouse IgG1 (clones 7.1) anti-GFP antibody used to detect GFP tagged proteins.

e Strep-Tactin horseradish peroxidase anti-Strep tag antibody (iba-Cat.no: 2-1502-
001) Used for detection of Strep tagged proteins.

e Rabbit polyclonal anti-H*ATPase antibody (Agrisera- AS07 260) used to detect
plasma membrane H*ATPase.

e Rabbit polyclonal anti-UGPase antibody (Agrisera- AS05 086) used to detect
UDP-glucose pyrophosphorylase (cytoplasm marker).

e Rabbit polyclonal anti-BiP2 antibody (Agrisera- AS09 481) used to detect BiP
lumenal-binding protein.

e Anti-mouse horseradish peroxidase secondary antibody raised in goat for
detection of GFP antibodies (Promega-Cat.no: W4021).

e Polyclonal goat anti-Rabbit horseradish peroxidase secondary antibody (Sigma
Aldrich) to detect H*ATPase, UGPase and BiP2 antibodies.

3.1.6 Oligonucleotides

Primers for RT PCR

Gene Primer name Primer Sequence
EHB1 5' RT1 5  GCTTGTCTGAAGATAGCATA 3'
EHB1 At1g70800 3" Std r 5 CTGTTGAAGAATGTCGAATGCG 3'
EFc-5' 5 TATGGGATCAAGAAACTCACAAT 3'
Efc EFc-3' 5 CTGGATGTACTCGTTGTTAGGC 3'
RT 5'bHLH39 5 GACGGTTTCTCGAAGCTTG 3'
bHLH39 RT 3'bHLH39 5 GGTGGCTGCTTAACGTAACAT 3'
AtEF-gen-5' (2522) 5  TCCGAACAATACCAGAACTACG 3'
Efg AtEF-gen-3' (2726) 5 CCGGGACATATGGAGGTAAG 3'
FER15' 5° ACGCACTCTCGTCTTTCACC 3'
FER1 FER13' 5 GAAAGGCTGGAACACGACTC 3'
AtFRO2-c-5' (1806) 5 CTTGGTCATCTCCGTGAGC 3'
FRO2 FRO2-c3-RT3' 5 AAGATGTTGGAGATGGACGG 3'
IRT1 5 RT extended 5 AAGCTTTGATCACGGTTGGACTTCTAAATGC 3'
IRT1 IRT1 3'RT extended 5 TTAGGTCCCATGAACTCCGCAGCTAG 3'
FIT 5'(166-187) RT 5 CCCTGTTTCATAGACGAGAAC 3'
FIT FIT-RT 3' MN 5 ATCCTTCATACGCCCTCTCC 3*

All primers were ordered in 100 uM concentration

Primers for EHB1 genotyping

Gene/T-DNA Primer name Primer Sequence
EHB1B1 5’ATGGAGAAAACAGAGGAAGAG ¥
EHB1 EHB1B2 5TCAGAGTCCACTACCACCTGGAT 3
LBSALK 5’ACCGAGCTCGAATTTCCCCG ¥
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Primers for standard-PCR reactions

Gene Primer name
EHB1B1

EHB1B2
EHB1

EHB1f
EHB1r

Primer Sequence
5" GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGAGAAAACAGAGGAAGAG 3
5 GGGGACCACTTTGTACAAGAAAGCTGGGTTCAGAGTCCACTACCACCTGGAT 3

5 ATGGAGAAAACAGAGGAAGAG 3’
5 TCAGAGTCCACTACCACCTG &

Primers for molecular cloning

Gene Primer name

E1Strepii Spel fwd

E1Strepii Xhol Rev

EHB1B1
EHB1B2

EHBnter1B1
EHB1B4

EHB1 EHBnterB3

EHB1B2
EHB1B1
EHB1cterB4
EHB1B3
EHB1cterB2
11LatgB1
11LnsB4
11LatgB3

11LnsB2
IRT1-

foop 1LB1

11LB4
11LB3
11LB2
SNX1B1
SNX1cterB2

SNXx1 SNX1B3

SNX1cterB4

Primer sequence

5 TTTTACTAGTATGGAGAAAACAGAGGAAGAG 3

5 TTTTCTCGAGTCAGAGTCCACTACCACCTG 3

5 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGAGAAAACAGAGGAAGAG 3
5 GGGGACCACTTTGTACAAGAAAGCTGGGTTCAGAGTCCACTACCACCTGGAT &

5GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGAGAAAACAGAGGAAGA 3
5’ GGGGACAACTTTGTATAGAAAAGTTGGGTTCAGAGTCCACTACCACCTGGAT 3
5 GGGGACAACTTTGTATAATAAAGTTGTAATGGAGAAAACAGAGGAAGA 3’

5’GGGGACCACTTTGTACAAGAAAGCTGGGTTCAGAGTCCACTACCACCTGGAT 3
5GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGAGAAAACAGAGGAAGA 3
5’GGGGACAACTTTGTATAGAAAAGTTGGGGGAGTCCACTACCACCTGGAT 3’
5GGGGACAACTTTGTATAATAAAGTTGATGGAGAAAACAGAGGAAGA 3

5’ GGGGACCACTTTGTACAAGAAAGCTGGGTTGAGTCCACTACCACCTGGAT 3
5GGGGACAAGTTTGTACAAAAAAGCAGGCTATGTCCATGGCCACGAGCCTATA 3
5 GGGGACAACTTTGTATAGAAAAGTTGGGTGTCGGTATCGCAAGAGCTGTG 3

5’ GGGGACAACTTTGTATAATAAAGTTGATGTCCATGGCCACGAGCCTATA 3

5 GGGGACCACTTTGTACAAGAAAGCTGGGTTTCGGTATCGCAAGAGCTGTG &

5 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTTCCATGGCCACGAGCCTATA 3
5 GGGGACAACTTTGTATAGAAAAGTTGGGTTTATCGGTATCGCAAGAGCTGTG &
5 GGGGACAACTTTGTATAATAAAGTTGTATCCATGGCCACGAGCCTATA 3’

5’ GGGGACCACTTTGTACAAGAAAGCTGGGTTTATCGGTATCGCAAGAGCTGTG 3’
5GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGAGAGCACGGAGCAGC 3
5’GGGGACCACTTTGTACAAGAAAGCTGGGTTGACAGAATAAGAAGCTT 3

5’GGGGACAACTTTGTATAAAGTTGATGGAGAGCACGGAGCAGC &
5’GGGGACAACTTTGTATAGAAAAGTTGGGTTGACAGAATAAGAAGCTT 3
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Primers for cloning different fragments of IRT1vr

Gene Primer name Primer sequence
|1LatgB1 5 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGTCCATGGCCACGAGCCTATA 3
11LnsB4 5 GGGGACAACTTTGTATAGAAAAGTTGGGTGTCGGTATCGCAAGAGCTGTG 3
Full loop

|1LatgB3 5" GGGGACAACTTTGTATAATAAAGTTGATGTCCATGGCCACGAGCCTATA %

11LnsB2 5" GGGGACCACTTTGTACAAGAAAGCTGGGTTTCGGTATCGCAAGAGCTGTG 3

|1LatgB1 5" GGGGACAAGTTTGTACAAAAAAGCAGGCTATGTCCATGGCCACGAGCCTATA 3’

A2 2cternsB4 5 GGGGACAACTTTGTATAGAAAAGTTGGGTGGGGGCCGTGACCATGACCATG 3

11LB3 5 GGGGACAACTTTGTATAATAAAGTTGATGTCCATGGCCACGAGCCTATA 3

2cternsB2 5 GGGGACCACTTTGTACAAGAAAGCTGGGTTGGGGCCGTGACCATGACCATG 3

3cterB1 5 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGCCCCATGGTCATGGTCATGGT 3
A3 3cternsB4 5 GGGGACAACTTTGTATAGAAAAGTTGGGTGTCGGTATCGCAAGAGCTGTG 3
3cterB3 5 GGGGACAACTTTGTATAATAAAGTTGATGCCCCATGGTCATGGTCATGGT 3

3cternsB2 5 GGGGACCACTTTGTACAAGAAAGCTGGGTTTCGGTATCGCAAGAGCTGTG 3
4cterB1 5 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGCCCCATGGTCATGGTCATGGT 3
4cternsB4 5 GGGGACAACTTTGTATAGAAAAGTTGGGTGCGAATCATCTTCTTTTATTGG 3’
Ad 4cterB3 5’GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGAGAAAACAGAGGAAGA 3
4cterB3 5 GGGGACAACTTTGTATAATAAAGTTGATGCCCCATGGTCATGGTCATGGT 3

4cternsB2 5 GGGGACCACTTTGTACAAGAAAGCTGGGTTCGAATCATCTTCTTTTATTGG 3’

Primers for Signature domain deletion

Gene Primer name  Primer sequence
EHB1B1 5" GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGAGAAAACAGAGGAAGAG 3
E1deltaSig1 5" AGATGGGAGATGCGCAGATAGGCAAGATCGTTCAGGACAT 3

EHB1-ASig
E1deltaSig2 5 ATGTCCTGAACGATCTTGCCTATCTGCGCATCTCCCATCT 3

5 GGGGACCACTTTGTACAAGAAAGCTGGGTTCAGAGTCCACTACCACCTGGAT

EHB1B2 3

Primers for EHB1 C2 domain mutation

Gene Primer name Primer sequence
EHB1 D31/36A1 5 GCTCGTCGAGCTGCTCTAAGCAGCGCTCCTTTTGTC 3
EHB1-4x  £B1D31/36A2 5 GACAAAAGGAGCGCTGCTTAGAGCAGCTCGACGAGC 3
EHB1 D82/84A1 5 ATGGTGTATGCTAAAGCTACATTTACA 3

EHB1 D82/84A2 5 TGTAAATGTAGCTTTAGCATACACCAT 3’
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Primers for His-domain deletion from large cytosolic loop of IRT1

Primer

Gene Primer sequence

name

11LB1 5 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTTCCATGGCCACGAGCCTATA 3’

5AM1 5 AAGGTAACATCATTTGCGGGGGGCATGATACCAACTGCGT &

IRT1-
AHis

5BM2 5 ACGCAGTTGGTATCATGCCCCCCGCAAATGATGTTACCTT 3

11LB4 5 GGGGACAACTTTGTATAGAAAAGTTGGGTTTATCGGTATCGCAAGAGCTGTG 3

Primers for sequencing

Gene/ .
Plasmid Primer name
pDSeq 1
pDONR207
pDSeq 2
pDONR-5
pDONR221 pDONR-3
M13-F’
PMDC83 M13-R’
pAlligator 2 HA-F’
RB fwd
P3P2-CC
nYFP rev
RFP fwd
P1P4-CC
cYFP rev
3.1.7 Enzymes and Kits
Enzymes
Enzyme

RED Taq Ready Mix (0.06 U/uL)

Q5 high fidelity DNA polymerase (2 U/uL)
Bcul (Spel) (10 U/pL)

Xhol (20 U/pL)

Dpnl (10 U/uL)

BP Clonase Il Enzyme mix

LR Clonase Il Enzyme mix

T4 DNA Ligase (20 U/uL)

Kits

Name

GeneJET Plasmid Miniprep kit
GeneJET Gel Extraction kit
Peq GOLD Plant RNA kit
Quick Ligation kit

GFP-Trap®

3.1.8 Markers

Description

Gene Ruler 1 kb Plus DNA Ladder
Gene Ruler 1 kb DNA Ladder

Page Ruler Prestained Protein Ladder

Primer sequence
5° GCAGTTCCCTACTCTCGG 3°

5" CATCAGAGATTTTGAGACAC 3
" TAACGCTAGCATGGATCTC 3°
" GCAATGTAACATCAGAGAT &
" TGTAAAACGACGGCCAG 3
" CAGGAAACAGCTATGAC 3°

(SIS, RIS IENG)]

5" GATGTTCCTGACTATGCGGGC 3°

" GGCGGGAAACGACAATCTGATCC 3
" ATGGGCACCACCCCGGTGAA 3°

" AGGGCCGCCACTCCACCG 3
" CTCGTTGGGGTCTTTGCTCAGG 3°

Company
Sigma-Aldrich
New England BioLabs
Thermo Scientific
New England BioLabs
Thermo Scientific
Thermo Scientific
Thermo Scientific
New England BioLabs

Company Usage
Thermo Scientific Plasmid isolation
Thermo Scientific Band purification
Peqlab RNA extraction
New England BioLabs DNA ligation
Chromotek Anti GFP beads
Usage Manufacturer
Thermo Scientific
Agarose gel-Electrophorese (SM1331)
Thermo Scientific
Agarose gel-Electrophorese (SM0311)
Thermo Scientific
SDS page Gel-Electrophorese (26616)
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3.1.9 Chemicals
Name

IPTG

CaCIz

EDTA (pH 8.0)
NaCl

PMSF
FeNa-EDTA
Tris-HCI (pH 8.0)
SDS

BSA

dNTP

Triton-X

NaH 2PO, (pH7.2)
Na 2HPO, (pH7.2)

Protease Inhibitor Cocktail

Lysozyme

DTT

Brij-35

Urea

Strep-Tactin® Macro Prep
a-Desthiobiotin

3.1.10 Buffers and Media

Concentration
™
0.5M
0.5M
1™
100 mM
50 uM
1™
10 %
10 mg/ml
10 mM each
0.2 %
100 mM
100 mM
X
0.35 mg/ml
100 mM
1 mM
8M
50 %
2.5mM

A. Buffers for western blotting

a. SDS-Page

Buffers

10x Running buffer

Ingredients
Tris base
Glycine
SDS

Stored at
-20°C
RT
RT
RT
4°C
4°C
RT
RT
-20°C
-20°C
RT
RT
RT
-20°C
-20°C
-20°C
RT
RT
8°C
8°C

Concentration
250 mM
25M
10 %

For 1x 1L buffer take 100 ml 10x buffer and add 900 ml ddH,O

Transfer buffer
(1 L Ready to use)

10x TBS

100 ml Running buffer (10x)

200 ml Ethanol (technical)
700 ml dd-H,O

NaCl

Tris base

1x

80 g/L

24.2 g/L

pH

8.3

8.3

7.6

For 1x TBS-T take 100 ml 10x TBS add 900 ml ddH,0 and 1 ml Tween20

Blocking solution

Ponceau S

2x Laemmli buffer
(10 ml)

Milk powder

1x TBS-T

Ponceau S (Sigma)
Trichloraceticacid (TCA)

S-Sulfosalicylicacid

Tris-HCI

DTT

5%
100 ml

2g/L
30 g/L
30 g/L
120 mM

200 mM

6.8
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SDS 4%
glycerol 20 %
Bromophenol blue 0.2 %
ddH,0 600 pL

Luminol Solution A
ECL-Solution (Amersham)
Peroxid Solution B

50%

50%

b. Other solutions

Buffer for Agarose gel electrophoresis
1L 50x TAE

40 mM Tris

20 mM acetic acid

1 mM EDTA pH 8

Buffers for liquid Iron reductase assay

Wash solution

100 mM Ca(NOz2)s

Fe reductase solution
300 pM Ferrozine

100 uM FeNaEDTA

Buffers for Co-lmmunoprecipitation
50 mM Tris HCI pH8

150 mM NaCl

1mM EDTA

1% Triton-X 100

Protease inhibitor (1 tablet for 10 ml)

Buffers for cell Fractionation
Buffers for Homogenization medium
0.3 M sucrose

50 mM MOPS-KOH

5 mM EDTA-KOH pH 7.5

5 mM PVPP

5mMDTT

5 mM ascorbic acid

0.2% (w/v) casein

100 mM PMSF

Protease inhibitor 25x

Buffers for protein purification
Lysis Buffer

100 mM Tris-HCI, pH 8.0

150 mM NaCl

5mMDTT

0.35 mg/ml Lysozyme

1x PIC

1 mM Brij-35

1x Tobacco infiltration solution pH 5.6
50 mM MES

2mM NaH2PO4

5% Glucose

100uM Acetosyringon

Solution for Perl staining for 10 ml

Fixing solution
6 ml Methanol

3 ml Chloroform (End concentration is 6:3:1)
1 ml Glacial acetic acid

Staining solution
4% KsFe(Cn)s
4% HCI (37%)

Buffers for Resuspension medium

0.3 M sucrose

5 mM potassium phosphate pH 7.8
0.1 mM EDTA-KOH, pH 7.8
1TmMDTT

Protease inhibitor 25x

Wash Buffer-l

100 mM Tris-HCI, pH 8.0
150 mM NaCl

1 mM Brij-35

8 M Urea
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Wash Buffer-ll

100 mM Tris-HCI, pH 8.0
1 mM Brij-35

1 mM Brij-35

Elution Buffer

100 mM Tris-HCI, pH 8.0
150 mM NaCl

1 mM Brij-35

2.5 mM a-Desthiobiotin

B. Media

a. Medium for bacterial growth
LB-Media (pH 7)

1% Bacto Tryptone
0.5% Yeast Extract
0.17 M NaCl

LB-Agar
1.6% LB agar

b. Medium for plant growth

Hoagland Medium for 1 L (pH 6)
Micronutrients

50 mM KClI

50 uM H3BO3

10 yM MnSO4 H20

2 UM ZnSO4 7H20

1.5 yM CuSO4 5H20

0,075 uM (NH4)sM07024 4H20

3.1.11 Gels
a. Agarose Gel for DNA

1 g Agarose for 1% gel in 100 ml 1x TAE

Run for 45 minutes at 100 mV.
b. Gels for protein separation (SDS-PAGE)

Wash Buffer-ll
100 mM Tris-HCI, pH 8.0
150 mM NaCl

YEP media1 L (pH 7)

1 g Yeast extract

5 g Beef extract

5 g Sucrose

5 g Bacto peptone

0.5 g MgSO4 7H20

Add 15 g/L agar for plate

Macronutrients others components
0.75 mM MgSOs4 7H20 1 % Sucrose

0.5 mM KH2POq4 0.8 % Plant agar

1.25 mM KNO3 50 uM FeNaEDTA (+Fe)
1.5 mM Ca(NOs): 0 uM FeNaEDTA (-Fe)

Precast gels from Bio-Rad was used during the study the details can be found here,

http://www.bio-rad.com/en-do/product/mini-protean-precast-gels/mini-protean-tgx

precast-gels

For making the gels manually in the lab the following recipe was used

Running gel 12%

H,O
Buffer
AA-BAA
APS
Temed

3.5ml
2.5ml
4 ml
50 pL
5uL

Stacking gel 5%

3ml
1.25 ml
0.67 ml
50 pL
5L
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3.1.12 other materials

Material Company Usage

Petri dish (Round) Sarstedt Bacterial growth
Petri dish (Square) Greiner Plant growth
50 ml tubes Greiner miscellaneous
15 ml tubes Greiner miscellaneous
12 ml tubes Greiner miscellaneous
2 ml tubes Sarstedt miscellaneous
1.5 ml tubes Sarstedt miscellaneous
PCR strips (colored) Sarstedt miscellaneous
96 well PCR plate full skirt Sarstedt gPCR
GRE96ft half area multi well Greiner Iron reductase assay
Nitrocellulose Membranes GE Healthcare Western blotting

3.1.13 Devices

Name Company

CFX96 Touch Real-Time PCR Detection System Bio-Rad

FluoChem Q system Proteinsimple

Lipid mini extruder Avanti lipids

Infinite 200 PRO series TECAN

Confocal Microscopy Zeiss LSM 780 Laser Scanning Microscope

PROTEAN Electrophoresis Chambers Bio-Rad

FAS-V Gel imager Nippon genetics

Branson digital Sonifier 250 Branson Ultrasonics

Thermocycler PeqlLab

PRECELLYS 24 Precellys

Growth Chambers Percival

DNA Gel system PeqglLab

Vacuum pump Vacuubrand

Centrifuges and cool centrifuges Thermo

Ultracentrifuge L-80 XP Beckman

S20 - Seven-Easy pH meter Mettler toledo

3.1.14 Software and online tools

Name URL

ApE- A plasmid Editor http://biologylabs.utah.edu/jorgensen/wayned/ape/

Snapgene http://www.snapgene.com/

LSM software www.zeiss.de/micro

AlphaView http://www.proteinsimple.com/software_alphaview.htmi

Bio-Rad CFX Manager http://www.bio-rad.com/en-us/product/cfx manager-software

JMicro Vision http://www.jmicrovision.com/

TAIR https://www.arabidopsis.org/

ImageJ https://imagej.nih.gov/ij/download.html

Origin 9 pro http://www.originlab.com/
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3.2 Methods

3.2.1 Physiological iron response assays

3.2.1.1 Seed sterilization

Before plating on the media Arabidopsis seeds were surface sterilized with 6%
Sodium hypochlorite, 1% Triton X-100 for 8 minutes and then washed 5 times with
distilled water, the seeds were then stratified for 2-3 days in the dark at 4°C in 0.1%
plant agar.

3.2.1.2 Arabidopsis plant growth

After sterilization, the seeds were plated on Hoagland agar medium containing 50
MM FeNa-EDTA (+Fe) or 0 uM FeNa-EDTA (-Fe) and were grown vertically in the
square plates placed in Percival growth chamber at 21°C/24°C and 16 h light, 8 h
dark cycles (long-day condition) with a 110-150 ymol m-2s light intensity. The plant
growth time is described in the respective experiment.

3.2.1.3 Iron reductase activity assay

The transparent Ferrozine makes a complex with Fe(ll) and changes its color to
purple. This color changing ability of Ferrozine is used to quantify the activity of root-
associated ferric-chelate reductase (FRO2). To perform a liquid Fe reductase assay
plants were grown on Hoagland agar medium in square Petri plates for 14 days
under sufficient iron condition (+Fe) and then were split into -Fe (iron deficient) or
fresh +Fe plates for further 3 days growth. The assay solution for measuring Fe(lll)
reductase activity consisted of 0.1 mM FeNa-EDTA and 0.5 mM Ferrozine in distilled
water.

Five plants were pooled as a group and the seedlings were washed with 2 ml 100
mM Ca2(NOs)2 wash solution. Afterwards, the entire roots of the plants were
submerged in 1ml of iron reductase solution and were kept in the dark at room
temperature. After 1 hour the reductase activity was measured
spectrophotometrically. The absorbance of assay solution was determined at 562 nm
using Infinite 200 PRO (TECAN). The assay was performed in three biological
replicates and two technical replicates. Using a molar extinction coefficient of 28.6
mM' cm™ the concentration of Fe(ll)-Ferrozine complex (reductase activity
normalized against seedlings weight) was calculated.

3.2.1.4 Metal measurement

To determine metal content in seeds, seeds were collected in bulk from the soll

grown plants. The seeds were dried at room temperature and again were kept at
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120°C overnight in the oven. The seeds were then shifted to 70°C, where the seeds
were kept for further 3 days. The completely dried 30 mg seeds were then powdered
and finally, metal content was determined with inductively coupled plasma optical
emission spectrometry (ICP-OES) at the Leibniz Institute fir Neue Materialien (INM,
Saarbrucken) by Dr. Claudia Fink-Straube.

3.2.1.5 Measurements of Photosynthetic pigments

To determine different photosynthetic pigments (chlorophyll a, b and carotenoid) of
the plants grown for 14 days on Hoagland agar medium under +Fe and then were
shifted to -Fe or fresh +Fe plates to grow them 3 days more. Chlorophyll was
extracted from young leaves (100 mg), the leaves were powdered with liquid
nitrogen and pigments were extracted by adding 100% (v/v) acetone. The
absorbance of samples was measured at 470, 645 and 662 nm. The following
formula was used to calculate different pigments: Chlorophyll a: (ug/ml) = 11.24 Ase2
-2.04 Aesss: Chlorophyll b: (ug/ml) = 20.13 Asss -4.19 Ass2: Carotenoids: (ug/ml) =
(1000 A470 -1.90 Chl-a — 63.14 Chl b)/214.

3.2.1.6 Root length measurement

Root length was measured from the frontal images of plants roots grown on agar
plates by using JMicroVision software, version 1.2.7 (http://www.jmicrovision.com).
Spatial calibration was performed by converting pixel values into centimeters. To
measure the root length lines were drawn on roots images using the freehand tool.
Average and SD were calculated from the line length. A minimum of 15 plants was
used for measurement. The experiment was performed on independently grown sets
of plants.

3.2.1.7 Perls staining for iron visualization

To further enhance the understanding of iron (Fe) homeostasis, it is important to
visualize the localization and distribution of apoplastic iron in roots of different plants
lines. For this purpose, Perls Fe staining assay was performed. The assay solution
consisted of ferrocyanide which upon reaction with Fe(lll) is converted to insoluble
crystals of Prussian blue. The insoluble crystals cannot diffuse from the tissues and
thus reflect the amount of iron in the living tissue quantitatively. 8 days old plant
materials were fixed in 1 ml fixation solution under vacuum (500 mbar) for 2 hours.
The fixation solution was removed and the seedlings were washed 3 times for 1-2
minutes each with distilled H20. One ml pre-warmed (37°C) staining solution was

then added to the seedlings and were incubated for 30 minutes under vacuum (500
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mbar). The staining solution was removed and the seedlings were washed 3 times
with distilled H20. The seedlings were stored in distilled H20 and were imaged.

3.2.2 Gene Expression analysis

To investigate gene expression of certain Fe uptake related genes, we performed
Reverse transcription real-time quantitative PCR (RT-gPCR). The gene expression
analysis was performed as described by Abdallah and Bauer (2016) (Abdallah and
Bauer, 2016).

MRNA isolation and cDNA synthesis

Roots of plants grown for two weeks in +Fe and —Fe condition were used to isolate
mRNA. About 100 mg materials were deeply frozen and powdered/homogenized
under liquid nitrogen. The total MRNA was then isolated with the help of Peq GOLD
Plant RNA kit (Peqglab) according to manufacturer’s protocol. After extraction the total
RNA was DNase-treated and the cDNA was synthesized as described by Abdallah
and Bauer (2016) (Abdallah and Bauer, 2016).

Quantitative Real-Time PCR

After cDNA was synthesized it was diluted 1:10 to perform qPCR. The qPCR was
performed with Real-time PCR cycler CFX96 touch (Bio-Rad) by using 2x DyNAmo
Flash SYBR Green gPCR Kits. The gene expression was quantified by absolute
quantification, which is based on standard curve. The absolute quantity of initial
transcript was determined through standard curve for each gene. The data were
normalized against the averaged expression values of the constitutive control
housekeeping gene EFBALPHAZ2 (EF) primer sequences for EF is described by
Wang et al (2007) (Wang et al., 2007). Serial dilution of standards (1.0 kb fragment,
107, 108, 105, 104, 10% and 102?) was amplified in parallel as a template in each PCR
run for quantification of gene expression and to determine PCR efficiency. The
gPCR reaction was performed in a 96 well gPCR plate, three biological and two

technical replicates were used for amplification of each sample.

dgPCR reaction mix PCR thermal profile

cDNA or standard 10 l Initial denaturation: 95°C for 3 m

2x SYBR Green mix 9.6 ul Denaturation: 95°C for 10 s

Primer (15 uyM) 0.2 pl Annealing: 60°C for 15 s 40x
Primer (15 uM) 0.2 ul Elongation:  72°Cfor 20 s

Total volume 20 pl Melting curve analysis: 65°C - 95°C
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Data analysis

Before evolving the data, the quality and integrity of each PCR reaction have to be
verified by considering, the threshold cycles (Ct value) to check the reproducibility of
technical replicates. To exclude the pipetting mistake, the curves for the technical
replicates were analysed for consistency. For validation of PCR specificity melt curve
was checked, melt curve analysis indicates both the specificity of primers and purity
of the cDNA sample.

Data analysis was performed by using CFX Manager (version 3.1) software from
Bio-Rad. The expression data were exported to Microsoft Excel. For each sample,
absolute expression values (SQ mean values) were subtracted from water control
and expression values obtained from genomic DNA control gene (Efg; intron region)
and then was normalized against the cDNA constitutively expressing housekeeping
gene (EFC; exon region). Finally, the average and standard deviation were
calculated from three biological replicates and the bar diagrams were generated in
Microsoft Excel showing the absolute normalized gene expression.

3.2.3 Cell fractionation

Cytosolic and microsomal fraction of HA-tagged EHB1 proteins were performed as
described previously by Alexandersson et al (2008) (Alexandersson et al., 2008).
Briefly, 300 mg seedlings of 35S:HAs-EHB1 plants grown on Hoagland agar medium
were grounded in liquid nitrogen and homogenized in homogenization medium
(material section 3.1.10). To remove insoluble plant debris the lysate was centrifuged
at 10,000 g for 10 min at 4°C. High-speed ultra-centrifugation was performed in
Beckman L-80 XP with an SW40Ti swinging rotor at 100,000 g for 45 min at 4°C to
pellet microsomal membranes and to obtain the cytosolic soluble fraction. After the
final centrifugation, the pellet was resuspended in the resuspension medium. Both
homogenization and resuspension mediums were supplemented with 100 uM CaClz.
Western blotting was performed to detect HA-EHB1 protein.

3.2.3.1 Western Immunoblot analysis

Western blot analysis was performed as described by Sambrook et al (1989)
(Sambrook et al., 1989). Shortly, the transiently expressed protein in tobacco leaves
was extracted. Total protein extract containing HA-EHB1 protein was separated in
12% SDS-polyacrylamide gel. Electrophoresis was performed in Tris-Gly buffer
(Running buffer) using mini gel equipment from Bio-Rad. After electrophoresis, the

proteins were transferred in transfer buffer to Protran Nitrocellulose membrane (GE
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Healthcare). For loading control, the membranes were stained with Ponceau S
(Sigma-Aldrich). To inhibit nonspecific binding of antibody, the nitrocellulose
membrane was blocked for 45 min with 5% milk solution dissolved in TBST followed
by 1-hour incubation of a dilution of anti HA antibody (1:1000) in 2.5% milk-TBST.
Afterwards, the membrane was washed 4 times (10 min each) in TBST. ECL system
(GE Health Care) was used to detect.

Protein band signal quantification

Protein band intensity signal was quantified with the AlphaView software. To
measure the signal intensity, the region of interest (ROI) was drawn with the help of
a rectangle around the protein band. Every signal was caught with the same size of
ROI. The background was subtracted with the help of regional background
subtraction tool to ensure that the background intensity did not influence the protein
band intensity. The data for the intensity is listed in a table in the software and was
then exported to Microsoft excel for further calculation.

3.2.3.2 Fluorescence microscopy and Quantification of colocalization

An LSM Axio imager M2 (Zeiss) microscope with a Plan-Apochromat 40x/1.4 oil DIC
(UV) VIS-IR M27 objective was employed to detect the GFP/mRFP signal in the
leaves of tobacco epidermal cells. For GFP, excitation at 488 nm and for detection
500-550 nm filter were used. For mRFP/mCherry Excitation at 563 nm and for
detection 570-640 nm filter was used. Images were recorded in 1936 x 1460 pixel
format, resulting in pixel sizes (xy resolution) between 1.60 and 24.11 mm.

For colocalization, 8-bit grayscale image pairs, which represents the two channels
(green and red) were used. Images were loaded in Imaged software
(https://imagej.nih.gov/ij/download) and were analyzed in ImagedJ plugin for
colocalization JACoP (https://imagej.nih.gov/ij/plugins/track/jacop). JACoP is a
compilation of general colocalization indicators and the recently published methods.
To prevent low-level image acquisition noise from distorting the statistics, the
threshold level was adjusted manually for each image ranging from 21 to 40. Then,
the Pearson’s coefficient correlation (PCC) was calculated. PCC it is a linear
correlation coefficient which provides an estimate of the goodness or badness of
colocalization. PCC is a well-defined and widely accepted for defining the extent of
overlap among image pair. It is used to describe the correlation of intensity

distributions between channels.
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The valves of PCC ranges from -1 to 1 with values from 0.5 - 1 indicate
colocalization and values from -1 - 0.5 indicates no colocalization. 1 means complete
positive correlation (complete colocalization), -1 means negative correlation (no
colocalization) and zero stands for no correlation (Bolte and Cordelieres, 2006; Dunn
et al., 2011; Jalewa et al., 2014).

3.2.4 DNA and RNA techniques

3.2.4.1 PCR based Site-directed mutagenesis

Site-directed mutagenesis (SDM) was used to mutagenize specific amino acid in the
C2 domain of EHB1. pDONR207 plasmid containing cDNA of EHB1 was used as
template to introduce mutation at different positions through primers EHB1D31/36A1
and EHB1D31/36A2 or EHB1D82/84A1 and EHB1D82/84A2. The 25 uL PCR

reaction was performed as follow,

PCR mixture PCR thermal profile

5-20 ng of template DNA initial denaturation: 95°C for 30 s

5 pL of 5x Q5 buffer Denaturation: 95°C for 30

1 uL of each primers annealing: 55°C for 1 m 18x
1 uL of dNTPs mix Elongation: 72°C for 10 m

1 U (0.5 pL) of Q5 DNA polymerase Final elongation: 72°C for 7 m

H20 as the residual volume

After PCR the mixture was further treated for 1 h at 37°C with 1pl Dpn1 (restriction
enzyme) which digest the methylated DNA (non-mutagenized). Afterwards, the
plasmid (pDONR207 with mutagenized EHB1) was used to transform E. coli for
multiplication. Gentamycin was used to select the transformed bacteria. Four
randomly selected colonies were grown in liquid LB medium overnight and the
plasmid was isolated from them. The correctly mutated EHB71 was verified by
sequencing. Subsequently, mutated EHB7 was transferred from pDONR207 to
different binary destination vectors (PMDC83 / pAlligator 2).

3.2.4.2 PCR-driven overlap extension signature domain deletion

Overlap extension PCR is extensively used in molecular biology both for site-
directed mutagenesis and the cloning of spliced segments. Special chimeric primers
are used to splice segments, each primer contains a 5 overhang of the segment
which has to be joined.

To delete the signature domain from EHB1 two set of special chimeric primers were
designed (material section 3.1.6. oligonucleotides), in the first primary PCR one set

of primers (A+B) were used to amplify 15t part of EHB1 and the other set of primers
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(C+D) were used to amplify 2" part of EHB1. Next, in the ligation PCR the two
amplified fragments generated during the primary PCR were joined using only

primers for far ends (A+D) resulting in the deletion of Signature domain from EHB1

(Fig. 3.1.).
The PCR mixture and thermal conditions are listed here,
PCR mixture PCR thermal profile
2 UL of template DNA initial denaturation: 98°C for 30 s
5 L of 5x Q5 buffer Denaturation: 98°C for 20 s
1 yL of each primers annealing: 58°C for 30 s 35x
1 pL of dNTPs mix Elongation: 72°C for 30 s
1 U (0.5 pL) of Q5 DNA polymerase Final elongation: 72°C for 2 m

H20 as the residual volume

After the primary PCR the gel electrophoresis was performed and the correct sized
bands were purified from the gel through GeneJET Gel Extraction kit. The purified

products were then used as template for the ligation PCR.

Primary PCR using chimeric primers

A % Cc
re— {291 bp) (128 bp) Q00—  (105bp)
EHB1 part 1 HiHE Signature Domain 000 EHB1 part 2
it —
B o D
Primary PCR
A
—_—
EHB1 part 1 ##H 000 #H# 000 EHE1 part 2
{-—-
D
\ Ligation PCR 1
(386 bp)
EHB1-ASig

Figure 3.1. Deletion of Signature domain via overlap extension PCR. The signature domain has
been deleted by two PCRs using internal primers (B and C) and flanking primers (A and B). In the
first PCR (Primary PCR), combination of (A+B) and (C+D) primers was used to generate intermediate
PCR product which do not contain the signature domain. Primers B and C adds the overlapping
sequence to each fragment that is generated during the first PCR. During the second PCR (Ligation
PCR) the two fragments are then combined by using the flanking primers (A+D).

3.2.4.3 PCR-driven overlap extension His-domain deletion

The same procedure which was used to delete the signature domain from EHB1 was
performed to delete the His-domain from the large cytosolic loop of IRT1. Except that
the primers were designed for deleting the His-domain.

3.2.4.4 Molecular cloning

a. Cloning for protein expression in E. coli BL21 (DE3)
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We use pETStrep-ll system (Novagen) for protein expression in E. coli. Strep-tag
was attached to EHB1 at the 5’ end (for EHB1 protein purification). Classical cloning
method was performed to clone EHB1 in pET plasmid (Fig. 3.2 left.).

Restriction digestion

For this purpose, first restriction sites (Spel and Xhol1) were added to EHB1
(amplified from cDNA of Arabidopsis thaliana) through PCR by using E1StrepiiSpel-
fwd and E1StrepiiXhol-rev primers. After extracting and purifying the EHB1 band
from agarose gel it was subjected to Spel and Xhol1 restriction enzymes for
digestion. The pET vector was also digested with the same set of enzymes (Fig. 3.2

right.). The digestion reaction mixture (total 20 yL) was prepared as follow:

Enzymatic restriction of insert enzymatic restriction of plasmid
100 ng-1ug of DNA 2 ug of plasmid (pETStrepll)

2 pL of 10x reaction buffer 2 pL of 10x reaction buffer

2 uL BSA 2 uL BSA

1 uL of each restriction enzyme 1 uL of each restriction enzyme
H20 as the residual volume H20 as the residual volume

After mixing the components the reaction mix was incubated at 37°C for 1-2 hours.
The enzyme in the reaction was inactivated thermally by incubating at 80°C for 10
minutes. The digested DNA and plasmid were then inspected by agarose gel
electrophoresis.

Ligation

The digested fragment and plasmid has to be ligated now, the ligation enzyme T4
DNA ligase will be used for this purpose (Fig. 3.2 right.). The concentrations of both
the digested fragment and plasmid were determined spectrophotometrically because
the ratio of the vector and the inserted fragment is an important factor to be
considered for the ligation reaction. We used 1:3 concentration for vector and the
inserted DNA fragment respectively, about 50 ng of vector with 3 fold molar excess
of fragment.

The ligation reaction mixture was comprised of the following components.

Quick T4 DNA Ligation mixture
10 uL of 2x quick ligation buffer
50 ng of vector DNA (3 yL)
3x ng of insert DNA (5 pL)
1 ul of T4 DNA ligase (5 U/pl)
H20 as the residual volume (total 20 pL)

After mixing the components the reaction mix was incubated at 25°C for 5 minutes.

After the incubation time, the reaction mixture was chilled on ice for short time.
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Afterwards, the ligation mixture was applied in the E. coli BL21 (DE3) cells
transformation (Fig. 3.2 right.).
Cloning Steps

PCR to add restriction sites

Cleaning from Gel

|

Digestion Over night

!

Cleaning from Gel

|

Ligation with quick T4
pET Strepll-EHB1 ligase

Spel Xivol
lac operator  rbs - a TGA l

strepll |_ EHB1 {53-Elhp} 7 I_ E.coli(ransforr::ggr:(a:nd O/N growth

bl \'L ,-" BuHis

L

Colony PCR / Plasmid isolation

-

Digestion

=

pET Strepll Sequencing
(2408 bp)

-

BL21 transformation

e

-

Colony PCR

|

Protein Expression

Figure 3.2 Schematic illustration of pET destination plasmid showing expression cassette on the top
(left). The plasmid is about 2409 bp in length and it has a Strepll tag and a kanamycin resistance
gene for selection. The expression is driven by strong bacteriophage T7 promoter. Restriction sites
Spel and Xhol was used for restriction digestion. On the right is the complete procedure for cloning
EHB1 in the plasmid.

Transformation of competent E. coli

First, 0.5 pg (5 pL) of recombinant vector DNA was mixed with 10 yL of competent
E. coli cells. The mixture was incubated for 30 minutes on ice, after incubation the
mixture was heat shocked at 42°C for 30 seconds. The bacteria were incubated for
another 2 minutes on ice. Then 1 ml of LB medium without antibiotics was added
and the samples were shaken at 200 rpm at 37°C for 40 minutes. Then the
transformed bacteria were centrifuged 30 seconds at 13000 rpm, the supernatant
was discarded the pellet was resuspended in 100 pyL of LB medium and was plated
on agar LB plates containing the corresponding antibiotics.

b. Gateway cloning for rBiFC experiment
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For in vivo protein-protein interaction studies, bimolecular fluorescence
complementation (BiFC) has been successfully applied over the years. The
technique is based on interaction of two non-fluorescent fragments of yellow
fluorescent protein (YFP) which in turns combine and forms fluorescent complex
(Zamyatnin et al., 2006). We used a modified version of conventional BiFC which is
known as ratiometric bimolecular fluorescence complementation (rBiFC). In rBiFC
two independent and functional expression, cassettes are present at the same vector
backbone. In addition, there is a third expression cassette which contains a
fluorescent cytosolic marker (RFP) which act as transformation control marker by
identifying cells that express the transgenes (Grefen and Blatt, 2012). A special
cloning strategy 2in1 as named by the manufacturers (Grefen and Blatt, 2012) that
uses the recombination system of the A-phage is used to simultaneously clone two
genes into two different independent expression cassettes on the same vector
backbone (pBiFCt-2in1-CC).

To investigate the interaction between EHB1 and IRT1 cytosolic loop in planta rBiFC
has been performed. For this purpose, EHB1 has been cloned in different
combination and orientation with other genes (Table.1.).

For cloning the genes into the entry clone plasmid (pDONR221), a PCR was
performed with primer combination EHB1cterB3 and EHB1B2 for EHB1 and
I1LatgB1 and I11LnsB4 for IRT1 cytosolic loop to attach the attachment site (att-sites).
The bands were cleaned from the gel and the BP reaction was performed.
BP-Reaction

The BP reaction was performed to insert the amplified PCR fragment (gene with att
site) into entry clone. Recombination occurs between attB of PCR fragment and attP
of donor vector ()DONR221) resulting in attL (entry clone) and attR (By-product).
The BP reaction is catalyzed by BP clonase enzyme mix, the enzyme mix is consists
of bacteriophage A Integrase (Int) and E. coli Integration Host Factor (IHF) which is
synthesized during A lysogenic pathway.

The reaction mixture setup was as follow:

PCR fragment: 3 pl (10 ng)
Donor vector: 1 ul (100 ng)
BP Clonase: 1 ul (1U)
The reaction was incubated overnight at 25°C, then the competent E. coli cells were

transformed with the entry clone for further multiplication of the generated entry
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clone. The successful generation of the entry clone was confirmed by sequencing.
Two entry clones were generated EHB1c-ter-DONR221-P3P2 and IRT1-loopc-ter-
DONR221-P1P4. A generalized view of BP reaction is depicted in figure 3.3.

attB BP reaction
/== attB
PCRl
attB attB attP attP

gene L I J ccdB L

PCR product

&
attl attl
=l =

gene

Donor wector

attR attR

Entry clone -+ J B L
By-product

Figure 3.3 Schematic illustration of the BP reaction of the gateway cloning system. The system
is based on homologous recombination. In the PCR specific primers, B1 and B2 were used to amplify
and add the flanking attachment (attB) sites to the gene of interest (EHB7). The PCR product was
then transferred in a BP reaction (first reaction) to a gateway compatible entry vector (p-DONR221).
The BP reaction is catalyzed by BP clonase enzyme mix. The gateway vectors contain a suicidal
gene (ccdb) between the attachment sites (aftP). In case of successful recombination, the gene of
interest will replace the suicidal gene and the suicidal gene will go out as by-product. The attachment
sites of the gene of interest (EHBT) changes from attB to attL during the BP reaction.

LR-Reaction

After the successful generation of entry clone, the LR reaction was performed to
transfer the cloned gene from entry clone to the destination vector for obtaining the
final expression clone (Fig. 3.4.).

LR reaction

attL attL attR attR

gere B + | wll o [

Entry clone Destination vector

attB
gene

By-product

Expression clone

Figure 3.4 Schematic illustration of the LR reaction of the gateway cloning system. After
successful generation of the entry clone. The second reaction (LR reaction) was performed. During
the LR reaction which is catalysed by the LR clonase enzyme mix the gene of interest (EHB1) can be

65



2. Materials and Methods

transferred from the entry clone to the final expression clone (pBiFCt-2in1-CC). In the LR reaction
recombination occurs between attl of entry clone and attB of the expression vector.

During the LR reaction recombination occur between attL of entry clone and attR of
destination vector (pBiFCt-2in1-CC) resulting in attB (expression clone) and attP (By-
product) (Fig. 3.4.). The two generated entry clones were used in the LR reaction to
transfer the genes from two separate entry clones to a single destination vector
which contains multiple expression cassettes in the single vector backbone. The LR
reaction is catalyzed by LR clonase enzyme mix, the enzyme mix is consists of A Int
and Excisionase (Xis) proteins and E. coli Integration Host Factor (IHF) proteins
which is synthesized during A lytic pathway.

The reaction mixture setup was as follow:

Entry clone 1: 1 ul (10 ng)
Entry clone 2: 1 ul (10 ng)
Destination vector: 2 pl (200 ng)
LR Clonase: 1Tul(1U)

After mixing all the components of LR reaction together, the same procedure as with
the BP reaction has been followed. The reaction was incubated for 1 hour at 25°C,
then the competent E. coli cells were transformed with the expression clone for
multiplication of expression clone. The correctness of the expression clone was
confirmed by sequencing. The same procedure was adopted to clone the other
genes for BiFC namely EHB1-4x, EHB1-ASig, and SNX1. For different combination
and orientation of genes (Table 1.).

Agrobacterium strain C58 (pGV2260) cells were transformed with different plasmids.
The transformed bacteria were used for the infiltration of Nicotiana benthamiana
leaves as described by Hotzer et al (2012) (Hotzer et al., 2012).

Table 1. Different combination of genes for rBiFC

No Combination Orientation P3P2-nYFP P1P4-cYFP Interaction
1 EHB1 + IRT1vr CcC EHB1 IRT1vr Yes

2 EHB1-Asig + IRT1vr CcC EHB1-Asig IRT1vr No

3 EHB1 + SNX1 CcC EHB1 SNX1 No

4 IRT1vr + SNX1 CcC IRT1vr SNX1 No

5 SNX1 + SNX1 CcC SNX1 SNX1 Yes

6 EHB1-4x + IRT1vr CcC EHB1-4x IRT1vr Yes

7 EHB1-Sig + IRT1vr CcC EHB1-Sig IRT1vr Yes

Confocal Laser Scanning Microscopy
48-72 h of Nicotiana benthamiana after transformation, YFP signals were detected in
the leaves epidermal cells by using LSM 510 Meta confocal laser-scanning

microscope (Zeiss) with a Plan-Neofluar 40x/1.3 oil immersion objective located at
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Centre for Advanced Imaging (CAi) HHU Dusseldorf or with an LSM Axio imager M2
(Zeiss) microscope with a Plan-Apochromat 40x/1.4 oil DIC (UV) VIS-IR M27
objective located at the department of botany HHU Dusseldorf. The fluorophore YFP
was excited at 488 nm excitation wavelength by using detection filter 505-550 nm
and mRFP was excited at 561 nm excitation wavelength and detection filter was
575-615 nm. The pixel size for images was 0.23 pm x 0.23 ym x 3.0 ym. After image
acquisition the post-processing was performed using Zeiss LSM image browser
version 4.2.0.121. To get a separate image for each channel, the acquired confocal
image was split into green channel (YFP) and red channel (mRFP) by clicking the
split image option in the software. The software-default optimal brightness and

contrast values were used in each image.

3.2.5 Co-Immunoprecipitation (Co-IP) of EHB1 and IRT1

Co-IP was performed to confirm the interaction between EHB1 and IRT1. For this
purpose, Nicotiana benthamiana (tobacco) were transformed with the help of
Agrobacterium containing HA-EHB1/IRT1-GFP constructs for transient expression of
proteins. The leaves were harvested and grounded into powder in liquid nitrogen. 1.5
ml IP-buffer was added to the powder material and was incubated for 10 minutes at
room temperature. After incubation, the samples were centrifuged at max speed for
10 min, the supernatant was transferred to new tubes. 30 yL was collected from the
samples at this point as input control. Input control is important for the successful
transformation of plants (Fig. 3.5.). After this 25 uL of GFP-trap beads (Chromotek)
aka anti-GFP nanobody coupled with magnetic beads, were added to the sample
and were incubated on revolving wheel overnight at 4°C. This allows the binding of
anti-GFP magnetic beads to protein complexes that possess the GFP tag. The
beads can be easily collected with a magnet. The samples were centrifuged for 1
min at 5000 rpm, the supernatant was collected as flow-through. The beads were
washed 3x with IP-buffer and finally, the beads were resuspended in 50 uL of 2x
Laemmli buffer (IP fraction). Both input and IP fractions were boiled at 95°C for 5
min, this step allows the elution of protein-complexes from the magnetic beads. And
to analyze the results, SDS-Page protein gel (western blot) was performed (Fig.
3.5.).
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Figure 3.5. lllustration of Coimmunoprecipitation (Co-IP). Tobacco leaves were transformed with
HA-EHB1/IRT1-GFP constructs for transient protein expression. The total proteins were extracted
from tobacco leaves in the presence of 1.5 ml IP-buffer. The samples were centrifuged at mix speed
for 10 minutes. 30 yL was collected at this point as input. The rest were incubated overnight at 4°C
with 25 pL of GFP-trap beads. After centrifugation, the supernatant was collected as flow through and
the beads were washed three times with IP-buffer the washes were also collected. The magnetic
beads were removed with the help of a magnet. The beads were boiled at 95°C for 5 minutes in 50 pL
of 2x Laemmli buffer (IP fraction). Afterwards western blots were performed.

3.2.6 Heterologous protein expression in E. coli BL21 (DE3)

After cloning, EHB1 strep tagged protein was expressed in E. coli BL21 (DE3). For
this purpose first, a small culture (4 ml) of BL21 containing pETStrep-II-EHB1 (IPTG
inducible) construct was prepared in liquid LB medium, the culture was incubated at
37°C overnight. Next day the overnight small culture was diluted in fresh 200 ml (big
culture) of LB medium containing 1 uL/ml Kanamycin. The cells were grown at 37°C
to mid-log phase (A600 = 0.6 to 1.0) at constant shaking at 200 rpm, after reaching
to desired OD (0.5 - 0.6) the expression of EHB1Strep-Il was induced by adding
IPTG 0.1 mM final concentration and allowing the cells to grow for additional 1 hour

at 28°C.The culture was then centrifuged and the pellet was stored at -20°C.

3.2.6.1 Protein purification using Strep-tag®/Strep-Tactin® system

The expressed protein was then purified from the crude protein through affinity
purification Strep tactin system (https://www.iba-lifesciences.com/strep-tag.html).
Shortly, the pellet which was stored at -20°C from the expressed protein was
resuspended in 1.5 ml of lysis buffer in 2 ml Eppendorf tube and were incubated on
ice for 30 min, after that 0.1% of Triton X-100 was added to the tube and the sample
was sonicated 3 times 30 sec each (Amplitude 20%, Cycle 0.5) to lyse the cells. The
samples were then centrifuged at 14000 rpm for 30 mins at 4°C. At this point, 100 pl
was taken from the sample as an unpurified sample. The supernatant was stored

and the purification was continued with the pellet.
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Next, the pellet was resuspended in 1.2 ml wash buffer-I containing 8M urea and
was incubated overnight in the cold room at rotary shaker at 4°C. Next morning the
samples were centrifuged at 14000 rpm for 15 mins at 4°C, the supernatant was
transferred to new tubes (1.2 ml). 12.5 pl avidin (100 pg/ml) was added to the
sample and were incubated 30 min rotating in the cold room. Avidin, a protein related
to streptavidin, binds the free biotin that is produced by the E. coli and likely
biotinylated proteins that would be co-purified because they would also bind to the
Strep-Tactin beads (IBA manual). Although, a-Desthiobiotin (modified biotin) is used
for later on for the elution of tagged protein from the beads.

The samples were then diluted 1:10 with wash buffer-Il in 50 ml falcon tube to bring
the final volume to 20 ml. the sample was centrifuged shortly (5 mins) at 5000 g to
remove any aggregates. After that, 400 pl (3 times washed) 50% suspension Strep-
Tactin Macro-Prep (IBA) were added to the diluted protein extracts. The mixture was
incubated for one hour at room temperature constantly shaking.

After the incubation the mixture was loaded into Econo-Pac disposable
Chromatography columns (Bio-Rad), the bottom cap was removed and the mixture
was collected as a flow through. Then, four wash steps with 400 pyl Wash Buffer-Ili
was performed the washes was also collected. After the washing step, the proteins
were eluted by five times 150 pl Elution Buffer, the final volume after elution was 750
ul. the concentration of proteins was determined by Bradford assay and western blot
was performed for both the purified and un-purified samples. These purified proteins
were then used in further in vitro assays.

3.2.6.2 Membrane binding assay

The Membrane Lipid Strip™ (Echelon) membrane was blocked with 3% Fatty Acid-
free BSA (blocking buffer) for about 3 hours at room temperature. After blocking the
membrane was incubated with the purified protein (Strep-EHB1, 2 pg/ml) in 2 ml
blocking solution in a sealed plastic bag shaken overnight in the cold room at 4°C.
The experiment was performed in the presence of different concentration of CaClz (0
KM, 100 uM).

Next day, the solution containing proteins was removed and the membrane was
washed five times for 10 min with TBST shaking on a vertical shaker in a Petri plate.
After washing the membrane was incubated in a sealed plastic bag with 1:1000

diluted a-Strep-tag antibody in blocking buffer and incubated for 1 h at room
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temperature on an orbital shaker. After antibody incubation, the membrane was
washed four times for 10 min with TBST shaking on a horizontal shaker in a Petri

plate. After washing ECL system (GE Health Care) was used to detect.

3.2.6.3 Preparation of Liposome

A 7525 (w/w) mixture of Phosphatidylcholine: Phosphatidylinositol or
Phosphatidylcholine:  Phosphatidylinositol ~4-phosphate  (Sigma-Aldrich) was
prepared by a freeze-thaw-sonication procedure as described by Linka et al (2008)
(Linka et al., 2008). Briefly, the phospholipids were sonicated (2 min on ice Branson
digital Sonifier 250, Amplitude 20%) to a final concentration of 2% (w/v) in 50 mM
HEPES, pH 6.8, 100 mM NaCl. the phospholipids were then aliquoted in Eppendorf
tube, the tubes were freeze chilled in liquid nitrogen. After several freeze-thaw
cycles, the liposomes were pulsed 10 times to yield unilamellar vesicles. Finally, the
liposomes were extruded by using mini-lipid extruder (Avanti lipids) with 0.2-um pore
size polycarbonate membrane to obtain the equal sized liposomes the liposomes

were passed several times through the membrane.

Liposome binding Assay

The generated liposomes were used to perform protein-lipid binding assay. 5 ug of
purified recombinant Strep tagged EHB1 protein were incubated with 50 uL of
liposomes for 30 min at 30°C. The solution was then centrifuged at 100,000 g for 30
min in an SW40Ti swinging rotor (Beckman) to separate supernatant and pellet
fractions. The protein should be present in the pellet fraction if it is binding with
liposomes (Phospholipids). The experiment was performed in the presence of
different concentration of CaCl2 (0 pM, 100 pyM). In the end, western blotting was

performed and the protein was detected by a dilution of anti-Strep antibody (1:1000).
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4. Results
4.1 EHB1 interacts via its signature domain with the large IRT1vr

In a yeast two-hybrid screen EHB1 was found as one of the potential interacting
partners of IRT1vr. To test whether this interaction takes place also in planta
bimolecular fluorescence complementation (BiFC) was performed. BiFC was used
because the technique is established in our lab and was successfully used to detect
the protein-protein interaction in vivo directly in the plant cell. Other advantages of
BiFC include low background signal and the stability and specificity of the
reconstituted fluorophore complex (Hu et al., 2002; Hu and Kerppola, 2003). The
technique is based on the interaction of two non-fluorescent segments of yellow
fluorescent protein (YFP), the non-fluorescent segments are fused to two different
proteins. When the proteins come close enough the split YFP is reconstituted and
gives the fluorescence signal. It is important to use proper negative controls to rule

out the possibility of a false positive signal (Kodama and Hu, 2012; Xing et al., 2016).

For the purpose to perform BiFC assay both EHB1 and IRT1vr were cloned into the
expression vector pBiFCt-2in1-CC (Grefen and Blatt, 2012). The vector pBiFCt-2in1-
CC contains two independent functional expression cassettes in the same vector
backbone and along with this it also contains a third expression cassette which
expresses a fluorescent cytosolic marker (mRFP) that can be used as a
transformation control (Grefen and Blatt, 2012). Tag orientation of the interacting
proteins is an important factor to be considered (Xing et al., 2016). Based on the
assumption, that EHB1 interacts with other proteins through its signature domain
which is located at its C-terminal end, both EHB1 and IRT1vr were cloned in CC
orientation (C-terminally tagged) to nYFP and cYFP, respectively, so that the tags
are in closer proximity than in the NN orientation. The final vector was introduced
into tobacco through Agrobacterium-mediated transformation and the fluorescence
was investigated under microscope. Two leaves per plant were transformed and the
images of the BiFC signals were obtained from many individual transformed leaf
epidermal cells.

A positive BiFC signal in figure 4.1 A indicated that EHB1 and IRT1vr interact in this
system. The mRFP signal in figure 4.1 C shows that the transformation was

successful.
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As a negative control in BiFC Sorting Nexin-1(SNX1) was tested against both EHB1
and IRT1vr. All the constructs were obtained by the same way as described above
for EHB1 and IRT1vr interaction. SNX1 is a member of the retromer complex and its
role has been shown in protein sorting during protein endocytosis in the model plant
Arabidopsis thaliana (Brumbarova et al., 2015; Robinson and Neuhaus, 2016). It has
been shown that SNX1 localized to TGN or developing MVBs (Stierhof et al., 2013;
Heard et al., 2015). No fluorescence was seen in the negative control which
suggests that neither EHB1 nor IRT1vr interacted with SNX1 (Fig. 4.1 M-R and
supplemental-Fig. S1. A-F.). As a positive control, the fluorescent signal was seen in
figure 4.1.S and Supplemental Fig. S1.G-l which shows that SNX1 interacted with
SNX1 and formed a homodimer, which has already been shown (Pourcher et al.,
2010).

To investigate the binding domain of EHB1, we deleted a 43-amino acid long
signature domain which is located at the C-terminal end of EHB1 (Fig. 4.1.i.). To get
the truncated version of EHB1 (EHB1-ASig) the signature domain from EHB1 was
deleted via PCR-driven overlap extension PCR (Fig. 3.2 and Fig. 4.1. ii.). Primer
sequences used to delete the signature domain from EHB1 are listed in materials
section 3.1.6. The truncated EHB1-ASig was then tested against IRT1vr in BiFC, No
BiFC signal was detected indicating that EHB1-ASig could not interact with IRT1vr
(Fig. 4.1. D-F.).

To further verify the interacting domain of EHB1 for interaction with other proteins.
We cloned only the signature domain of EHB1 and tested for interaction with IRT1vr
in BiFC. A positive BiFC signal was detected in figure 4.1. G suggesting that the
signature domain alone was able to interact with IRT1vr. With these results, we
could show that EHB1 needed the signature domain to interact with IRT1vr, because
in the absence of the signature domain (EHB1-ASig) EHB1 was not able to interact
with IRT1vr in the BiFC system. The involvement of the signature domain in protein-
protein interaction is consistent with previous reports (Rodriguez et al., 2014). As a
perspective, these findings can be further verified with other protein-protein

interaction methods like Y2H, Co-immunoprecipitation or FRET.

We also investigated the interaction of the C2 domain quadruple mutant EHB1
(EHB1-4X) with IRT1vr. EHB1-4X was generated by replacing four aspartic acids
(D31/D36, D82/D84) in the C2 domain with alanines (A) via site-directed
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mutagenesis (Fig. 4.1.iv.). These aspartic acid residues are reported to play a role in
Ca?* ion coordination in CAR-family proteins which in turn helps in Ca?*-dependent
phospholipid binding of CAR4 protein (Rodriguez et al., 2014). To check whether this
mutation has any effect on the protein interacting ability of EHB1 we subjected
EHB1-4x to BiFC against IRT1vr. EHB1-4x and IRT1vr constructs were generated in
the same way as described above. We observed that EHB1-4x did not lose the
ability to interact with IRT1vr (Fig. 4.1 J.). As mentioned earlier, an explanation could
be that the C2 domain is not needed for protein-protein interaction but rather
required for protein-lipid binding. That's why EHB1-4x was still able to interact with
IRT1vr suggesting that EHB1 uses another domain or motif to interact with other

proteins.
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Figure 4.1.Targeted BiFC: EHB1 physically interacts with IRT1vr via its Signature domain.
CLSM images of leaf epidermal cells of Nicotiana benthamiana two days after transformation with
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Agrobacterium containing pBIFCt-2in1-CC. (A-C) The signal in the YFP channel can be seen due to
the reconstitutions of functional YFP protein as a result of interaction between EHB1 and IRT1vr. The
fluorescence signal is indicated by white arrowheads. (i) Schematic representation of the EHB1
protein, the position of C2 domain and signature domain is indicated. (D-F) No YFP signal is present
in the YFP channel because EHB1-ASig did not interact with IRT1vr due the absence of Signature
domain in EHB1. (ii) Schematic representation of EHB1-ASig protein the position of the C2 domain is
indicated. (G-l) YFP signal can be seen in the YFP channel due to the interaction between Signature
domain and IRT1vr. The white arrowhead indicates the YFP signal. (iii) Schematic representation of
EHB1-Sig protein. (J-L) The interaction between EHB1-4x and IRT1vr, The fluorescence signal is
indicated with white arrowheads. (iv) Schematic representation of the EHB1-4X protein, mutated
aspartic acid are shown in red in the C2 domain. (M-R) Negative control: No YFP signal can be seen
because Sorting Nexin-1(SNX1) did not interact with EHB1 and IRT1vr. (S-U) SNX1 interact with
SNX1. The figure shows representative images derived from three independent experiments. Bars, 20
pm.

4.1.1 Identification of the specific interacting part of IRT1vr with EHB1

After confirming the interaction between EHB1 and IRT1vr, we were interested to
find out which specific part of the IRT1vr is interacting with EHB1. For this purpose,
we have cloned different parts of the IRT1vr (Fig. 4.2.) and subjected them to BiFC
against EHB1. Analysis of the predicted structure of IRT1 shows that the loop
consists of three helices and two disordered regions (DR1 and DR2) (Fig. 4.2 A.).
Two of the three helices are bordering the transmembrane domains. The histidine
motif is located in DR2 (lvanov and Bauer, 2016). Considering these structural
characteristics, the whole variable region was fragmented into four different regions
namely; IRT1vrA1, IRTvrA2, IRT1vrA3 and IRT1vrA4 (Fig. 4.2 C-F.). IRT1vrA1
covers the first part of the loop having two helices, one of which borders the
transmembrane domains, the entire DR1 and part of DR2 having the Histidine motif
(Fig. 4.2 C.). IRTvrA2 covers the last part of the loop having one transmembrane
domain bordering helices and the entire DR2 with the histidine motif (Fig. 4.2 D.).
IRT1vrA3 lacks both the first and last part of the variable region i.e. it does not
contain the two helices which border the transmembrane domains (Il and V). It
covers only the middle part of the variable region (DR2 with the histidine motif) (Fig.
4.2 E.). The 4" fragment IRT1vrAHis covers the first and last part of the loop (two
helices bordering the transmembrane domains, the whole DR1 and part of DR2) but
it lacks the entire histidine motif (Fig. 4.2 F.).
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Figure 4.2. Schematic representation of the generated deletion fragments of IRT1vr as defined
in lvanov and Bauer (2017). The cartoon on the tops shows the predicted structure of IRT1. It has 8
predicted transmembrane domains and a large cytoplasmic loop also known as variable region (vr)
between transmembrane domain Il and IV. Vr is highlighted in the dotted rectangle. (A) Amino acid
sequence and the important structural features of IRT1vr. (B) Full-length IRT1vr. (C) IRT1vrA1
contains the first part of the vr and the middle part (His-rich region) but missing the whole last part. (D)
IRT1vrA2, contains the last part of the vr and the middle part (His-rich region) but missing the whole
first part (E) Contains the His-rich region and small stretch of the last part but lacks the whole first part
and the little piece of the last part. (D) IRT1vrAHis, Full-length IRT1vr, except the His-rich region. DR:
disordered region.

For BiFC analysis, EHB1 was always fused c-terminally with nYFP (EHB1-nYFP)
and the fragment(s) were fused c-terminally with cYFP. For transient expression of
proteins, tobacco leaves were transformed with the help of Agrobacterium and after
48-72 h CLSM was performed. The fluorescent signal in figure 4.3.A shows that
IRT1vrA1-cYFP interact with EHB1-nYFP. The same can be seen for IRT1vrA2-
cYFP and IRT1vrAHis-cYFP (Fig. 4.3.D and J.). No fluorescent signal can be seen
with IRT1vrA3-cYFP (Fig. 4.3. G), suggesting that IRT1vrA3-cYFP did not interact
with EHB1-nYFP. To exclude the possibility that one of the proteins might not have
been expressed, western blot analysis can be performed.

To summarize these results, it can be concluded that fragments IRT1vrA1, IRT1vrA2
and IRT1vrAHis interact with EHB1 (Fig. 4.3.A, D, and J.) while fragment IRT1vrA3
did not interact with EHB1 (Fig. 4.3. G.) in this system.
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Figure 4.3.Targeted BiFC: Interaction between different deletion fragments of IRT1vr and
EHB1. CLSM images of leaf epidermal cells of Nicotiana benthamiana two day after transformation
with Agrobacterium containing pBIFCt-2in1-CC. (A-C) YFP signal in YFP channel can be seen due to
the interaction between EHB1 and IRT1vrA1. The fluorescence signal is indicated by white
arrowheads. (D-F) The interaction between EHB1 and IRT1vrA2. (G-l) No YFP signal can be seen
because IRT1vrA3 did not interact with EHB1. (J-L) The interaction between EHB1 and IRT 1vrAHis.
Bars, 20 pm.

4.1.2 Co-immunoprecipitation to verify the EHB1-IRT1 protein-protein
interaction

In parallel to BiFC, Co-immunoprecipitation (Co-IP) was performed to confirm the
interaction between EHB1 and full-length IRT1. Co-IP of EHB1, conjugated with HA
tag and IRT1, conjugated with GFP tag was performed using anti-GFP magnetic
beads followed by immunoblotting with anti-HA and anti-GFP antibodies (Fig. 4.4.).
In the first attempt when Co-IP was performed the specific bands for HA-EHB1 and
IRT1-GFP was clearly visible following anti-GFP immunoprecipitation (Fig. 4.4. Il and
IV.). The band for HA-EHB1 in the IP fraction was very faint (Fig. 4.4. Il.). to enrich

EHB1 protein in the IP fraction, the Co-IP was performed in the presence of calcium
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(Ca?*) after reviewing the literature (Rodriguez et al., 2014; Diaz et al., 2016;
Dimmer et al., 2016). Ca?* might play a role in stabilizing EHB1 at the membrane
and in this way EHB1-IRT1 interaction might become more stable. So, we repeated
the Co-IP in the presence of 100 uM Ca?* and we were able to enrich HA-EHB1
protein after Co-IP (Fig. 4.4. IV.).

After the Co-IP, first immunoblot was performed by using anti-HA antibodies to
detect HA-EHB1 in the extracts. Two HA-EHB1 bands were observed in both, the
crude extract (input) and the IP fraction. The double bands suggest that EHB1 might
be present in different forms, one of which could be a post-translationally modified
form. The possibly post-translationally modified EHB1 form (higher band) could still
be able to interact with IRT1. The HA-EHB1 bands (expected size 25 kDa) in lane 3
and 4, which contained extract from leaves transformed with an HA-EHB1 construct
(input fraction) were the positive controls for the anti-HA antibody (Fig. 4.4 A-B. 1ll.).
No bands could be seen in negative controls for anti-HA antibody in lane 1 which
contains extract from non-transformed leaves and lane 2 which contains extract from
the leaves transformed with IRT1-GFP (Fig. 4.4 A-B. lll.). Analysing the positive and
negative controls it can be concluded that no contamination occurred in crude
extracts and IP fraction. Additionally, it confirms the successful transformation of
plants with the HA-EHB1 construct. The HA-EHB1 band can also be seen in lane 8
of the membrane loaded with extract from the IP fraction (Fig. 4.4 A-B. IV.). A very
weak band in lane 7 for HA-EHB1 can be seen which could be due contamination
from the crude extract (input) or might be due to some leaking from the lane 8, but in
comparison there is a very strong band in lane 8 for HA-EHB1 (Fig. 4.4 B. IV.)
suggesting that HA-EHB1 has been co-precipitated with IRT1-GFP as Co-IP was
performed with anti-GFP beads.

To verify the transformation and expression efficiency and to check whether IRT1
was pulled down during the Co-IP or not, the membrane was also probed with anti-
GFP antibody. Bands in lanes 2 and 4 in the membrane loaded with crude extracts
of the leaves transformed with IRT1-GFP (Fig. 4.4 A-B. l.) suggest that the
transformation was successful. No bands can be seen in lanes 1 and 3 which were
negative controls for the anti-GFP antibody because these lanes did not contain the
extracts which have the GFP tag. The correctly sized IRT1-GFP bands (63 kDa;
IRT1= 27 and GFP= 36 kDa) can be seen in lanes 6 and 8 (Fig. 4.4 A-B. Il.), on the
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membrane loaded with the IP fraction suggesting that IRT1-GFP was precipitated
and that Co-IP worked successfully. Full-size images of the data shown in figure 4.4

are available in Supplemental Fig. S2.

After the above analysis, it can be concluded that the Co-IP experiments worked
successfully and HA-EHB1 was co-immunoprecipitated with full-length IRT1-GFP.
These results confirmed that the two-full length protein EHB1 and IRT1 interact with
each other in planta and the presence of Ca?* enhances the interaction of EHB1 with
IRT1 suggesting that, in the plant cell environment Ca?* might stabilize EHB1 at the

membrane which can then interact with IRT1 more stably.
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Figure 4.4. Co-immunoprecipitation of Full-length IRT1-GFP and HA-EHB1.GFP trap assay. The
presence of IRT1 and EHB1 proteins is detected both in input fractions (total protein extracts) and IP
fraction. The indicated proteins IRT1-GFP (band at, 63 kDa) and HA-EHB1 (band at, 25 kDa) were
transiently expressed in Nicotiana benthamiana and detected in an immunoblot with anti-GFP and
anti-HA antibodies. The experiment was performed in the absence (0 pM) or presence (100 uM)
calcium. (A) IP: anti-GFP in the absence of calcium, a weak band can be seen in the IP fraction of
anti-HA immunoblot, meaning that EHB1 was co-precipitated with IRT1. (B) IP: anti-GFP in the
presence of calcium, a strong HA-EHB1 band can be seen in the IP fraction suggesting that HA-EHB1
was co-precipitated with IRT1-GFP. For full-size images see supplemental figure S2. The experiment
was performed twice and the represented blots are from two independent assays. MW: molecular
weight. KDa: kiloDaltons.
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4.2 Subcellular localization of EHB1

For the proper function of a protein, it is important to find out its subcellular
localization. Investigation of subcellular localization of a protein is a step forward in
understanding its function. IRT1 is required for iron-uptake and it has been shown
that it is localized in the cell at the plasma membrane as well as in trans-Golgi
network (TGN/EE) (Vert et al., 2002; Barberon et al., 2011; lvanov et al., 2014). So
for EHB1, to have an effect on the activity of IRT1 it is required that it colocalizes
with IRT1. EHB1 is a member of CAR family of plant proteins and members of this
family are reported to be peripheral membrane proteins, meaning that they are
present in the cell in two pools, cytoplasmic and membrane-associated (Rodriguez et
al., 2014; Diaz et al., 2016). To analyze EHB1 localization in the cell we used two
different approaches i.e. fluorescently labeled protein colocalization and cell
fractionation.

4.2.1 Fluorescently labeled protein colocalization

Fluorescently labeled proteins (GFP tagged) are widely used now to study protein
localization, dynamics, and interaction. In our studies, GFP tagged EHB1 was used
for colocalization with IRT1-mCherry and plasma membrane marker AHA1T-mRFP
(Fig. 4.5.). We also investigated the localization of GFP tagged EHB1-ASig and
EHB1-4x (Fig. 4.5.).

Translational fusion of EHB1 with GFP and IRT1 with mCherry were transiently co-
expressed in N. benthamiana leaves by using Agrobacterium infiltration method to
analyze their colocalization. After 48-72 h of tobacco transformation, fluorescence
microscopy and colocalization analysis were performed as described in methods
section 3.2.2.4. EHB1-GFP fusion expressed in tobacco epidermis cells showed a
broad localization pattern with signals also visible in the nucleus (Fig. 4.5 A.). We
performed a colocalization analysis between EHB1-GFP and IRT1-mCherry. Both
proteins were co-expressed in the same cell and yellow signals indicated overlaps
between the localization of EHB1-GFP and IRT1-mCherry (Fig. 4.5 B.). The two
proteins colocalized in the cell periphery however not fully. EHB1-GFP signal was
present in the cell periphery and nucleus but, being a membrane-bound protein,

IRT1-mCherry signal was absent from the nucleus (Fig. 4.5 A-C.).

We also tested the colocalization of EHB1-GFP with plasma membrane proteins
AHA1-mRFP and Ltiéb-mRFP (Kurup et al., 2005; Caesar et al., 2011). The two
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fusions displayed colocalization in the cell periphery (Fig. 4.5 D-F and G.
Supplemental Fig. S3. A-C.). The resolution is not sufficient to claim that it is at the

plasma membrane but EHB1 colocalized with these marker proteins.

These findings are consistent with published data where it has been reported that
CAR-family proteins are partially localized at the plasma membrane (Cheung et al.,
2010; Demir et al., 2013; Rodriguez et al., 2014).

A EHB1-GFP |B merged C IRT1 Full-mCherr

D gk F  AHA1-mRFP

1.0

G EHB1-GFP Colocalization

0.4

0.2

0.0

Pearson's coefficient correlation

IRT1 full-mCherry AHA1-mRFP

Figure 4.5. Subcellular localization of EHB1. (A-C) Colocalization between EHB1-GFP (A) and
IRT1-mCherry (C).

(B) Yellow fluorescence signal indicates colocalization due to the merger of A and C.

(D-F) Colocalization between EHB1-GFP (D) and AHA1-mRFP (F) [Plasma membrane marker].

(E) Yellow fluorescence signal indicates colocalization due to the merger of D and F.

(G) Pearson’s correlation coefficient (PCC) was calculated to estimate the degree of colocalization of
EHB1-GFP with IRT1-mCherry and AHA1-mRFP. Red line shows the minimum correlation required
for colocalization of two fluorophores. PCC for EHB1-GFP and IRT1-mCherry = 0.81+ 0.074, n=10.
And PCC for EHB1-GFP and AHA1-mRFP = 0.71+ 0.070, n=10. Bars = 20 ym

At least 10 images for each combination was analyzed.
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4.2.2 Deletion of signature domain or mutation in the C2 domain does not alter
EHB1 subcellular localization
We were interested to investigate whether the deletion of signature domain or

mutation in the C2 domain affected the colocalization of EHB1 with these marker
proteins. To address this question we tested the GFP tagged EHB1-ASig and EHB1-
4X for colocalization with IRT1-mCherry, AHA1-mRFP, and Lti6b-mRFP. Figure 4.6
A-C shows that both proteins were co-expressed in the same cell and yellow signals
indicated the overlap between the localization of EHB1-ASig-GFP and IRT1-
mCherry. Here again, the two proteins colocalized in the cell periphery but not fully.
The same pattern can be seen for EHB1-ASig-GFP colocalization with AHA1-mRFP
(Fig. 4.6 D-F and M) and Ltiéb-mRFP (Supplemental Fig. S3. D-F.)

Likewise, figure 4.6 G-I show that EHB1-4X colocalized with IRT1-mCherry, figure
4.6 J-L show colocalization of EHB1-4X with AHA1-mRFP and supplemental figure.
S3. G-I show colocalization of EHB1-4X with Lti6b-mRFP. These results suggest that
the deletion of signature domain or mutation in the C2 domain does not affect EHB1

localization.
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Figure 4.6.Subcellular localization of EHB1-ASig and EHB1-4x. (A-C) Colocalization between
EHB1ASig-GFP (A) and IRT1-mCherry (C).

(B) Yellow fluorescence signal shows colocalization due to the merger of A and C.

(D-F) Colocalization between EHB1ASig-GFP (D) and AHA1-mRFP (F)

(E) Yellow fluorescence signal shows colocalization due to the merger of D and F.

(G-1) Colocalization between EHB1-4X-GFP (G) and IRT1-mCherry (1).

(H) Yellow fluorescence signal shows colocalization due to the merger of G and I.

(J-L) Colocalization between EHB1-4X-GFP (J) and AHAT-mRFP (L).

(K) Yellow fluorescence signal shows colocalization due to the merger of J and L.

(M-N) Pearson’s correlation coefficient (PCC) was calculated to estimate the degree of colocalization
of EHB1ASig-GFP with IRT1-mCherry, PCC = 0.84% 0.021, n=10 and with AHA1-mRFP, PCC =
0.69+ 0.144, n=10. And for EHB1-4X with IRT1-mCherry PCC = 0.79% 0.079, n=10 and with AHA1-
mRFP PCC = 0.69+ 0.054, n=10. Red line shows the minimum correlation required for colocalization
of two fluorophores.

At least 10 images for each combination was analyzed. Bars = 20 ym
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4.2.3 Calcium enhances the interaction of EHB1 with plant membranes

In order to further evaluate the subcellular localization of EHB1, we performed cell
fractionation coupled with immunodetection. For this purpose, transgenic plants
expressing N-terminal HA epitope-tagged EHB1(HA-EHB1) were grown on Hoagland
agar medium supplemented either with 50 uM iron (+Fe) or without iron (0 yM —Fe)
for 8 days and then the cell fractionation experiment was performed as described
previously (Alexandersson et al., 2008) (Method section 3.2.3). Antibodies against
UDP-glucose pyrophosphorylase (UGPase) a soluble enzyme (Martz et al., 2002)
and H*-ATPase (plasma membrane marker) (Morsomme et al., 1998) were used as
controls in the experiment. UGPase protein (52 kDa) was predominantly present in
the soluble cytosolic fraction when the membrane was probed with an anti-UGPase
antibody (Fig. 4.7 A and C.). For H*-ATPase, a significant amount of protein (95 kDa)
was present in the microsomal fraction and a very slight band could also be seen in
the cytosolic fraction. H*-ATPase was detected by an antibody against H*-ATPase
(Fig. 4.7 Aand D.).

Because EHB1 contains the C2 domain, through which it can bind to membrane
phospholipids, we were interested to find out whether Ca?* affect this binding.
Therefore, we performed cell fractionation in the presence (100 uM) or absence (0
MM) of calcium (CaCl2 was added to the extraction buffer). The results show that in
the absence of calcium, no significant presence of the HA-EHB1 fusion could be
observed in the microsomal fraction. The presence of calcium, however, resulted in a
marked increase of membrane-associated HA-EHB1 (Fig. 4.7 A-B.). The effect could
be observed and was comparable both in standard-grown (+Fe) and iron-deficient (-
Fe) grown plants (Fig. 4.7 A-B.). This shows that in the presence of calcium a
substantial amount of EHB1 was present in the membrane-enriched microsomal
fraction.

The experiment was repeated three times and the results were reproducible
(Supplemental Fig S4 and Supplemental Fig S5). To estimate EHB1 abundance in
the cytosolic soluble fraction and the microsomal fractions, we calculated the EHB1
signal intensities in these fractions. The quantification data showed that about 20%
of the EHB1 protein was present in membrane-enriched microsomal fraction in the
presence of Ca?* and 80% in the cytosolic soluble fraction (Fig. 4.7 B.). While in
case of absence of calcium most of the EHB1 protein was present in the soluble

fraction and very little in the microsomal fraction (Fig. 4.7 B.). The quantification of
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UGPase showed that more than 90% of the UGPase was present in the cytosolic
soluble fraction and less than 10% in the microsomal fraction both in the presence
and absence of calcium (Fig. 4.7 C.). For PM-ATPase the quantification showed that
more than 90% of ATPase was present in the microsomal fraction and less than 10%
in the cytosolic soluble fraction both in the presence and absence of calcium (Fig.
4.7 D.). Full-size images of the data shown in figure 4.7 A are available in
Supplemental Fig. S4.A.

Taken together, this result showed that EHB1 is a peripheral membrane protein
which could bind to membrane phospholipids and that calcium is important for this
interaction in planta. At the same time, the data show that iron deficiency likely does

not affect the availability of EHB1 binding sites in plant membranes.
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Figure 4.7. EHB1 membrane-association. (A) Protein immunoblot showing the presence of EHB1 in
soluble (s) and microsomal fraction (m) of the protein extract from 8 days old seedling expressing HA-
EHB1. The experiment was performed in the absence (0 uM) and presence (100 uM) of calcium in the
extraction buffer. The samples were probed with antibodies against cytoplasmic marker UGPase (52
kDa), plasma membrane marker H*ATPase (95 kDa) and to detect HA-EHB1 (25 kDa) antibody
against HA tag was used. In the absence of calcium, significant amount of EHB1 is present in the
cytosolic soluble fraction, while the presence of calcium enhanced the amount of EHB1 in microsomal
fraction. (B-D) signal intensity quantification in fractions of HA-EHB1, UGPase, and PM-ATPase
respectively, were calculated as percentage of the total luminescence of both cytosolic and
microsomal fraction. Error bars represent SD of the mean (three replicates). Asterisks indicate
statistically significant difference in 100 pM calcium microsomal fraction in comparison to 0 yM
calcium microsomal fraction (P < 0.01). + And — represent +Fe and —Fe, s: soluble. m: microsomal
fraction. KDa: kiloDalton
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4.3 In vitro EHB1 interact with membrane phospholipids in a calcium-
independent manner
The localization experiment showed that the EHB1 protein colocalized with plasma

membrane marker proteins and cell fractionation also showed that a substantial
amount of EHB1 was present in the membrane-rich microsomal fraction. We were
then interested to establish an in vitro lipid-binding assay to further explore the lipid-
binding characteristics of EHB1 e.g. to find out which specific membrane
phospholipids it can bind.

4.3.1 Recombinant protein expression and purification

For in vitro protein-lipid binding assay we needed recombinant purified EHB1 protein.
For this, N-terminal Strep-tag Il constructs were generated by sub-cloning the cDNA
for both mutated (EHB1-4x and EHB1-ASig) and non-mutated EHB1 into the pET-
Strep-ll vector. The Strep-tag Il (Strep-tag from now on) is an eight amino acids long
peptide and it has high affinity to binds with Strep-Tactin (an engineered streptavidin
derivative) (Schmidt and Skerra, 2007). the pET-Strep-ll plasmid was used to
express the protein in E. coli (BL21). To optimize conditions for protein expression,
different time intervals, temperature, and concentration of /PTG were tested and the
best condition was then chosen which was, to express the protein for 1 h at 28 °C
and induce with 0.1 mM final /PTG concentration.

After expression, EHB1, EHB1-4x, and EHB1-ASig proteins were purified via the
affinity purification strep tactin system (Fig. 4.8 A.), which has been described in
detail in the methods section 3.2.6.1. These purified proteins were then used in
further experiments.

4.3.2 Protein-lipid overlay assay of strep tagged proteins using membrane lipid
strips™

To find out the association of EHB1 with membrane phospholipids, we used the
purified recombinant full-length EHB1 or the C2 domain quadruple mutant EHB1-4X
protein to test for direct lipid binding. Membrane strips with 100 pmol of 15 different
hydrophobic membrane lipids (Fig. 4.8 D.) were incubated with Strep-tagged EHB1
or EHB1-4X protein followed by anti-strep tag antibody detection. The experiment
was performed in the presence of (100 uM) or absence of calcium (0 pM). Two
phospholipids showed a strong binding with EHB1 both in presence or absence of

calcium. The same lipids also bound to EHB1-4X (Fig. 4.8 B & C.). It was expected
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that the C2 domain quadruple-mutated EHB1 may lose the phospholipid binding
ability, but it was not the case. The two lipids to which the proteins bound were,
phosphatidylinositol (Pl) and phosphatidylinositol-4-phosphate (PI(4)P). Interestingly,
both the proteins bind to phospholipids also in the absence of calcium, although the
presence of calcium (100 uM) enhanced the binding of the proteins with
phospholipids but still in the absence of calcium proteins were able to bind with lipids
(Compare fig. 4.8 B with 4.8 C.). This was somewhat surprising, but it could mean
that EHB1 might need calcium to bind to membrane phospholipids in a plant cell
environment but not in vitro.

The specificity of EHB1 for these lipids was further verified with liposome binding
assay.
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Figure 4.8. Phospholipid binding of purified recombinant Strep-EHB1/ Strep-EHB1-4X protein
using membrane lipid Strips (Echelon, P-6002). (A) Strep-tactin purification of recombinant EHB1,
EHB1-4x, and EHB1-ASig protein expressed in E. coli (BL21). Coomassie-stained SDS gel of the total
protein (left) and purified protein (right) after elution from the strep-tactin column, bands for the
purified proteins are indicated by black arrows. (B) Binding of EHB1 and EHB1-4X with Pl and PI(4)P
in the absence of calcium (0 pM). (C) Binding of EHB1 and EHB1-4X with Pl and PI(4)P in the
presence of calcium (100 uM). The proteins were detected with an antibody against Strep-tag. (D) A
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sample of Echelon membrane strip spotted with different lipids, each spot contains 100 pmol of each
lipid. M: Marker, Ul: Un-induced.

4.3.3 Liposome binding assay

The liposome binding assay is a method of choice to examine protein-lipid binding
because it is a simple and inexpensive method. With this technique, one can
determine affinity and specificity of the protein-lipid binding. Another reason to use
liposome is that it closely resembles the biological membranes. So, to ensure EHB1-
lipid binding further we generated liposome and performed EHB1 liposome binding
assay.

Based on the results of the membrane lipid binding assay, where EHB1 was able to
bind preferentially to Pl and PI(4)P. We decided to use the same phospholipids in
the liposome binding assay as well. The Iliposomes prepared from
phosphatidylcholine (PC), phosphatidylinositol 4, 5-bisphosphate (PI(4,5)P2) and
phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3) were used as controls in the
experiment.

Three different versions of EHB1 proteins, namely full-length non-mutated EHB1,
EHB1-4X, and EHB1-ASig were used in the assay to investigate its lipid binding
ability. The liposome were prepared as described in the methods section 3.2.6.3.
The assay was performed by incubating 5 ug of purified recombinant Strep-tagged
proteins with 50 pl of liposome for 30 min at 30°C and then were processed further.
To determine the dependency of EHB1 protein-lipid binding on calcium, the
experiment was performed in the presence (100 uM) or absence (0 pM) of calcium.
For the evaluation of protein binding profiles, SDS-PAGE was performed followed by
immunodetection with an anti-Strep antibody. For negative controls, the same
amount of proteins was mixed with 50 ul buffer without liposomes and also Strep-
tagged FIT-c (12.2 kDa) purified protein was used. FIT is a known transcription factor
and a central regulator of the iron uptake machinery of the model plant Arabidopsis
thaliana and does not bind phospholipids (Fig. 4.9 B).

The results shown in figure 4.9.C confirm the binding of EHB1 with Pl (Fig. 4.9 C. IV
and 4.9. D.) and PI(4)P (Fig. 4.9 C. V and 4.9. D.). The bands in the pellet fraction
(P) means that EHB1 proteins were co-pelleted with liposome due to its binding with
phospholipids present in these liposomes. And if the proteins are not binding with the
liposome they will be present in the soluble fraction. Figure 4.9 C. I-lll shows that
EHB1 did not bind to the liposome prepared from PC, PI(4,5)P2 and PI(3,4,5)P3
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phospholipids because the bands can be seen in the soluble (S) fraction of the
mixture, not in the pellet fraction. It was expected because in the results of the
protein-lipid membrane strips binding assay EHB1 did not bind to PC, PI(4,5)P2 and
PI1(3,4,5)Ps. That's why we decided to use these lipids as a negative control in this
experiment.

The bands in the soluble fraction (S) in figure 4.9 C. IV and V can be explained. It is
possible that the amount of protein present in the mixture exceeded the amount of
liposome and at some point, during the binding assay, no more free liposome were
available for further protein binding and instead to be present in the pellet fraction
together with liposome some unbound protein remained in the soluble fraction.

Like the protein-lipid binding membrane strips assay, this experiment was also
performed in the presence (100 uM) or absence (0 uM) of calcium (Fig. 4.9 C.). The
presence of calcium enhanced the binding of EHB1 with PI (Fig. 4.9 C. IV and 4.9
D.), but overall, the protein was able to bind to phospholipids both in the presence
and absence of calcium. Full-size images of the data shown in figure 4.9. C are
available in Supplemental Fig. S6. This result confirms that EHB1 did not require
calcium for binding to phospholipids in in vitro situation. The experiment was

performed three times yielding comparable results (Supplemental Fig. S6).
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Figure 4.9. Liposome binding assay for EHB1 binding to Pl and PI(4)P. (A) Scheme of the
liposome binding assay to detect protein-phospholipid interaction. The protein-phospholipid vesicles
were pelleted by ultracentrifugation and were analyzed with immunoblotting. (B) FIT-c protein showed
no binding with liposome, used a negative control. (C) 5 ug of the indicated protein was incubated
with liposome at 30°C for 30 min before ultracentrifugation, 15 yl was loaded on the gel for each
sample. EHB1 bind to PI (IV) and PI(4)P (V) both in the presence (100 uM) and absence (0 M) of
calcium. While it did not bind to PC (I), PI(4,5)P2 (ll) and PI(3,4,5)Ps (lll). Quantification of the data
presented in (C) represents the means of ratios of luminescence signal in soluble (S) fraction versus
pellet (P) fraction in PC, PI, and PI(4)P. The ratio was calculated using the Taylor expansion method
(Livak, 1997). Error bars represent SD of the mean (three replicates) Letters indicates statistical
significance difference obtained with one way ANOVA-Tukey's P <0.05. MW: molecular weight, P:
pellet, S, soluble, PC: phosphatidylcholine, PI(4,5)P2: phosphatidylinositol 4, 5-bisphosphate,
P1(3,4,5)P3: phosphatidylinositol 3, 4, 5, trisphosphate, PIl: phosphatidylinositol, PI(4)P:
phosphatidylinositol 4 phosphate,

Like the non-mutated EHB1 protein, we also tested the phospholipid binding ability of
mutated EHB1-4X the C2 domain quadruple mutant (4 aspartic acid residues were
replaced with 4 alanine) and EHB1-ASig in the liposome binding assay (Fig. 4.10.).
We did not observe any change in lipid binding and specificity of both the mutant
EHB1-4X (Fig. 4.10 A-B.) and EHB1-ASig (Fig. 4.10 C-D.). They showed the same
binding like EHB1 i.e. to Pl and PI(4)P. Here again, the presence of calcium
enhanced the binding of EHB1-4X (Fig. 4.10 B.) and EHB1-ASig (Fig. 4.10 D) to

89



4. Results

phospholipids but the proteins were also able to bind with liposome in the absence of
calcium. Full-size images of the data shown in figure 4.10.A and C are available in
Supplemental Fig. S7 and S8. The experiment was performed three times yielding
comparable results (Supplemental Fig. S7 and Supplemental Fig. S8). For EHB1-
ASig it was expected that it will retain the phospholipid binding ability because it
contained the whole intact C2 domain which is required for lipid interaction. The only
deleted part was the signature domain which it uses to interact with other proteins.

To sum up the protein-phospholipid binding, it can be concluded from the results of
both the in vitro protein-lipid membrane binding assay and liposome binding assay
that EHB1, EHB1-4X, and EHB1-ASig preferentially bind to Pl and PI(4)P and the
presence of calcium enhanced the binding of EHB1 with phospholipids, suggesting

that the capacity of EHB1 to bind lipids might be enhanced in the presence of

calcium.
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Figure 4.10. Liposome binding assay for EHB1-4X and EHB1-ASig binding to Pl and PI(4)P. (A
and C) 5 ug of the indicated protein was incubated with liposome at 30°C for 30 min before
ultracentrifugation, 15 pl was loaded on the gel for each sample. EHB1-4X / EHB1-ASig bind to PI
(IV) and PI(4)P (V) both in the presence (100 uM) and absence (0 uM) of calcium. While they did not
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bind to PC (1), PI(4,5)P2 (II) and PI(3,4,5)Ps (lll). (B and D) Quantification of band intensity of EHB1-
4X | EHB1-ASi in PC, PI, and PI(4)P presented in (A and C) represents the means of ratios of
luminescence signal in soluble (S) fraction versus pellet (P) fraction in PC, PI, and PI(4)P. The ratio
was calculated using the Taylor expansion method (Livak, 1997). Error bars represent SD of the
mean (n = 3). Letters indicates statistical significance difference obtained with one way ANOVA-
Tukey’s P <0.05. MW: molecular weight, P: pellet, S, soluble.

4.4 Verification of EHB1 function as a negative regulator of iron uptake

4.4.1 EHB1 affects plant responses to iron deficiency

During the early investigations it was noted that, unlike wild-type (WT) Columbia
plants (Col-0), the iron deficiency responses were elevated in ehb1 mutant plants
grown on —Fe conditions (0 yM FeNaEDTA). The mutant plants performed better in —
Fe conditions compared to WT and overexpression EHB1 lines (2xCAMV35S: HAs-
EHB1). During our study, we analyzed two EHB1 loss-of-function alleles, ehb7-1 and
ehb1-2, for which we confirmed the absence of full-length EHB1 transcript (Fig. 4.11
A-B.)

We were interested to understand how the interaction between EHB1 and IRT1
affects the plant capacity to acquire iron. To estimate the role of EHB1 in iron
acquisition, we first performed root Fe reductase assay to check the Fe reductase
activity of FROZ2, which indirectly indicates the efficiency of iron uptake. For this,
plants were grown on media containing 50 uM iron (+Fe) for two weeks and then, the
plants were transferred to either fresh +Fe or -Fe plates for 3 days (two-week growth
system). Afterwards, Fe reductase activity was measured. The assay was performed
with WT, ehb?1 mutant and HA-EHB1 plants. As expected, the FRO2 activity was
strongly increased under iron-deficiency in all tested genotypes. At —Fe conditions
the root Felll-reductase activity of mutant ehb1 plants (ehb7-1 and ehb1-2) was
found significantly higher compared to that of WT (Col-0) and overexpressing EHB1
plants [HA-EHB1(2) and HA-EHB1(3)] (Fig. 4.11 C and supplemental Fig. S9. A.). It
could be that EHB1 might directly affect the activity of FROZ2. This result
demonstrates that in the absence of EHB1 the plant iron acquisition system is more

active suggesting that EHB1 might function as a negative regulator of iron uptake.

To explore further the negative effect of EHB1 on the iron uptake ability of IRT1, the
total chlorophyll content was measured. Chlorophyll content of the leaves is an
important parameter which indicates the development of leaf chloroplasts, the
photosynthetic ability and general health of the plant (Wu et al., 2008; Pavlovic et al.,

2015). Plants respond to Fe deficiency by a marked decrease in photosynthetic
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activity due to compromised chlorophyll synthesis which leads to interveinal chlorosis
in developing young leaves (Rodriguez-Celma et al., 2013b). For chlorophyll content
measurement plants were grown under two-week growth system. It sufficient iron
condition (+Fe) the chlorophyll content of young developing leaves was significantly
higher in ehb71-1 mutant plants as compared to HA-EHB1(2), the total chlorophyll
content of ehb71-1 and WT was comparable (Fig. 4.11 D.). To summarize this, EHB1
affects Fe mobilization and Fe deficiency responses which in turn has an effect on

chlorophyll content in the young developing leaves.

In addition, alterations were noted in the primary root growth (Fig. 4.11 E. and
supplemental Fig. S9. B.). Therefore, the plants were grown on +Fe and -Fe
conditions for 8 days. Under standard iron conditions (+Fe) there was no obvious
change in root length, but under limited iron situation (-Fe) roots of ehb7 mutants,
lines grew longer as compared to WT and HA-EHB1 (Fig. 4.11 E.). The
compensatory root growth was more prominent in ehb? mutant line as compared to
WT and HA-EHB1 plants.

It can be concluded from these results that, EHB1 serves as a negative regulator of

iron uptake responses in the model plant Arabidopsis thaliana.
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Figure 4.11. Physiological data showing the negative effect of EHB1 on the iron uptake. (A)
Schematic representation of the EHB1 gene and the two alleles used in the study. The primers used
for genotyping the two alleles are indicated.(B) Presence of full-length EHB1 transcript. cDNA from
wild-type, EHB1-overexpressing, and two independent homozygous T-DNA insertion plants was
tested using primers EHB1f and EHB1r, to amplify the full-length coding EHB1 sequence. The
expected product size was 525 base pairs. As expected, the HA-EHB1 line contained large amounts
of EHB1 transcript, while amplification was not possible in the two ehb1 mutant alleles.(C) Iron
reductase activity of 17 d old seedlings grown on + Fe medium (14 d +Fe and 3 d £ Fe). Note that the
reductase activity of ehb7-1 and ehb1-2 is significantly higher than WT, HA-EHB1(2), and HA-
EHB1(3) at —Fe condition. Error bars represent standard deviation (SD) of the mean (n = 5). (D) Total
chlorophyll content quantified in the extract of young developing leaves of the plants grown on + Fe
medium (14 d +Fe and 3 d + Fe). The chlorophyll content of ehb1-1 is significantly higher than HA-
EHB1 at +Fe. Error bars represent standard deviation (SD) of the mean (n = 5). (E) Root lengths of
Col-0, ehb1-1, ehb1-2 and HA-EHB1 plants grown for 8 d under +Fe or —Fe conditions. Error bars
represent SD of the mean (n = 15), root length was calculated using Jmicrovision-1.2.7. Roots of the
EHB1 mutant ehb7-1 and ehb1-2 grows longer at —Fe condition. Letters indicate statistical
significance obtained with one way ANOVA-Tukey’s P <0.05. The results were obtained from three
biological replicates. FW: fresh weight, NC: negative control.

4.4.2 EHB1 suppresses the import of apoplastic iron and seed iron content
To understand cellular Fe homeostasis it is needed to have both quantitative and
qualitative information about the subcellular pools of iron in plant tissues

(Roschzttardtz et al., 2013). To dig in more into the negative effect of EHB1 on iron
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homeostasis, we investigated the role of EHB1 in apoplastic iron import. Perls/DAB
staining was performed to visualize the apoplastic iron in the roots of different
genotypes (WT, ehb1-1, HA-EHB1(2), and fit) grown for 8 days under standard iron
supply. The outer epidermal cell walls were stained in the tested genotypes which
suggests the accumulation of iron in the apoplast (Fig. 4.12 A-O.). Roots of Col-0
showed moderate staining at the base of the root (Fig. 4.12 A-B.), which decreased
in the early differentiation zone (Fig. 4.12 A-C.). On the other hand, the roots of fit-3
mutant, which did not express IRT1, were stained much stronger than WT (Fig. 4.12
M-O.), as shown previously for IRT1 loss-of-function plants (lvanov et al., 2014). In
comparison to Col-0, the roots of ehb7 mutant plants showed strongly decreased
iron staining (Fig. 4.12 D-l.), while roots of HA-EHB1 plants showed enhanced
staining in the early differentiation zone in comparison to Col-0 (Fig. 4.12 J-L.).
These results are consistent with the observation on the physiological data of EHB1
loss- and gain-of-function plants and showed that EHB1 affects the import of
apoplastic iron which is mediated by IRT1.

After the qualitative measurement of iron localization in plant roots, we were
interested to analyze the effect of EHB1 quantitatively on stored iron content in the
sink tissues. Studies involving many crops shows that seed iron concentration is a
useful indicator which helps in identifying the genotypes which possess high
resistance to iron deficiency (Wiersma, 2012). For plants, seeds are an important
sink and the end point of the long-distance transported nutrients (Wiersma, 2012;
Grillet et al., 2014). To further elaborate the effect of EHB1 on iron homeostasis, we
then examined the iron content in seeds of soil grown plants (Fig. 4.12 P.). In
addition to the Fe content, Zn and Mn contents of seeds were also determined (Fig.
412 Q-R.) because IRT1 can also transport these divalent metals. The
concentrations of these metals also serve as a fingerprint for iron deficiency (Eide et
al., 1996; Palmer et al., 2013a). Figure 4.12 P shows that seed iron content of EHB1
loss of function (ehb7-1) and WT are significantly higher as compare to HA-EHBA1.
The iron content of the seeds of ehb7-1 was as high as of WT (Fig. 4.12 P.).

As mentioned, in addition to Fe, IRT1 is also capable of taking up Zn as well. The Zn
content of seeds is shown in figure 4.12 Q. The Zn content in ehb7-1 was higher
than in HA-EHB1 (Fig. 4.12 Q).

The Mn content of seeds is shown in figure 4.12 R, the seed Mn content of the HA-
EHB1 plants was higher than in WT and ehb7-1 seeds while the seed Mn contents of
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WT and ehb1-1 seeds were almost the same and no statistical difference could be
seen between the two (Fig. 4.12 R.). Altogether, these results suggest that EHB1
suppresses the uptake of apoplastic Fe (Fig. 4.12 A-O.) and that EHB1 also affects

the Fe content of the seeds.
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Figure 4.12. Effect of EHB1 on Iron import activity and iron storage in Arabidopsis. Visualization
of iron (Fe®*) in roots of Col-0, ehb1-1, ehb1-2, HA-EHB1(2) and fit-3 plants grown for eight days
under iron-sufficient conditions. For each genotype, an overview image of the root (A, Col-0; D, ehb1-
1; G, ehb1-2; J, HA-EHB1(2) and M, fit-3) and three close-ups (B-C, Col-0; E-F, ehb1-1; H-l, ehb1-2;
K-L, HA-EHB1(2) and N-O, fit-3) are shown. The dark staining along the roots shows the presence of
iron. Results shown represent 3 independent repetitions. The experiment was performed on three
biological repetitions. At least five plants per genotype were observed in each repetition. Bars = 2 mm.
(P) Seed iron content of Col-0, ehb1-1, ehb1-2 and HA-EHB1(2) plants. The seed iron content of
ehb1-1 is significantly higher than HA-EHB1(2). (Q) Seed Zn content of Col-0, ehb1-1, ehb1-2 and
HA-EHB1(2) plants. The seed Zn content of ehb1-1 is significantly higher than HA-EHB1(2). (Q) Seed
Mn content of Col-0, ehb1-1, ehb1-2 and HA-EHB1(2) plants. The seed Mn content of HA-EHB1(2) is
significantly higher than Col-0 and ehb7-1. The seeds were collected from the soil grown plants. Error
bars represent SD, n=3. Letters indicate statistical significance obtained with one way ANOVA-
Tukey’s P <0.05. The results were obtained from three replicates. DW: dry weight.
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4.4.3 EHB1 loss-of-function changes the expression pattern of iron deficiency-
related genes

Whether reduced iron uptake in overexpression EHB1 (HA-EHB1) results in a
feedback regulation of the expression of key iron uptake genes, to answer this
question and to analyse the effect of EHB17 on those key genes which are involved in
iron uptake regulation (IRT1, FROZ2, FIT and FER1) we used reverse transcription
real-time quantitative PCR (RT-qPCR) to determine their expression. The gene
expression was investigated in Col-0, ehb1-1, HA-EHB1 and irt1 plant lines grown in
the 2-week growth system (14 d +Fe and 3 d * Fe). Expectedly and based on the
previous studies (Vert et al., 2002; Colangelo and Guerinot, 2004; Jakoby et al.,
2004), all the genes related to iron homeostasis were upregulated at —Fe condition
and were downregulated at +Fe condition except FER1 which is upregulated at +Fe
instead of —Fe (Reyt et al., 2015).

EHB1 expression level tends to be downregulated at —Fe condition compared to +Fe
condition in the tested genotypes suggesting that the iron status of the plant affect
EHB1 gene expression. At —Fe, the expression of EHB1 in irt1 and WT was
comparable however at +Fe in irt1 mutant the expression was stronger than in the
WT (Fig. 4.13 A.). The observed downregulation at —Fe is consistent with the
proposed negative role of EHB1. We further investigated the role of EHB1 during
iron-deficiency by evaluating the expression of marker genes related to Fe
homeostasis. Most of these key genes are upregulated at —Fe condition in the
ehb1-1 loss-of-function mutant as compared to WT and HA-EHB1 (Fig. 4.13 B-D.).
IRT1 (Fe transporter) expression was upregulated at —Fe in HA-EHB1 plant line. And
the induction of /RT1 was less pronounced in ehb1-1 as compared to the WT (Fig.
4.13 B.). This could be explained by the fact that, in the presence of EHB1
(HA-EHB1 line) at —Fe condition most of the IRT1 is not actively functioning in the
plant and because of this, plants might sense that they need more IRT1 that is why
IRT1 transcript is in abundance in HA-EHB1 and the observed reduced gene
expression in ehb71-1 might be a compensatory mechanism to suppress the
overproduction of IRT1 (Fig. 4.13 B.).

On the other hand, the function of EHB1 might uncoupled the regulation of FROZ2
and /RT1 because unlike IRT1, FROZ2 (Ferric reductase) expression was significantly
higher in ehb1-1 line as compared to WT and HA-EHB1 plants (Fig. 4.13 C.). This

effect was consistent with the measured ferric reductase activity in these plants (Fig.
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4.11 A.). The expression pattern of FRO2 was similar in irt1 and ehb7-1 mutant lines
(Fig. 4.13 C.).

In comparison to +Fe the expression of FIT (central transcriptional regulator) was
upregulated in response to iron-deficiency in WT, ehb7-1 mutant and HA-EHB1 (Fig.
4.13 D.). FIT expression was markedly increased in irt1 plants as compared to WT
under both + and —Fe conditions (Fig. 4.13 D.). It is known for FER1 (iron-storage
protein) that it responds positively to the amount of iron present in the plant (Reyt et
al., 2015). The expression of FER1 under the +Fe condition was significantly higher
in ehb1-1 plants as compared to WT and HA-EHB1 plants (Fig. 4.13 E.). This
suggests that roots accumulate higher amounts of iron in the absence of EHB1. The
observed elevated transcript abundance of FER1 in the gene expression analysis fits
well to the observed reduced iron uptake abilities in the presence of EHB1 (Fig. 4.12
P.). From these results it can be concluded that the expression pattern of some of
the key genes involved in Fe homeostasis changes in the ehb1 loss-of-function plant
line (Fig. 4.13 B-E.). See Supplemental Fig. S10 for another repetition of the gene

expression analysis.
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Figure 4.13. EHB1 loss of function changes the expression pattern of iron deficiency-related
genes. Seeds were germinated and grown for 2-weeks growth system (14 d +Fe and 3 d + Fe). Roots
were harvested and processed to determine gene expression by quantitative RT-qPCR. The genes
(A) EHB1, (B) IRT1, (C) FRO2, (D) FIT and (E) FER1 were investigated. The represented results are
from three biological repetitions. The experiment was repeated three times and the results obtained
were comparable. Bars represent expression level under sufficient-iron (50 mM Fe; black) and
deficient-iron (0 mM Fe; grey) conditions. Error bars represent SD of the mean (n = 3). Letters
indicate statistical significance difference obtained with one way ANOVA-Tukey’'s P <0.05.
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5. Discussion

The ability of iron to change its oxidation state makes it an essential part of many
biological processes, however, due to its presence oxidative damage can have an
adverse effect on the cell. Therefore, for the cell, it is essential to have regulatory
mechanisms for limiting iron import capacity that can ultimately overcome cell
damage. Although IRT1 is not the only transporter which is capable of iron import at
the root surface (Castaings et al., 2016), but its expression in the root hair cells of
the early differentiation zone makes it the principal iron importer in Strategy | plants
(Blum et al., 2014; Marqués-Bueno et al., 2016). The regulation of IRT1 is extremely
important because the uncontrolled constitutive iron acquisition can harm the plant
cell (Reyt et al., 2015).

Here, in search for the interacting regulatory proteins of iron uptake transporter IRT1,
we have identified the small peripheral membrane protein EHB1 in a yeast two-
hybrid screen (Y2H) of an iron-deficient root cDNA library as an interactor and
negative regulator of IRT1. We showed that EHB1 interacts with IRT1 via its
signature domain. We report that this interaction required the presence of calcium.
We further identified specific parts of IRT1vr that are involved in interaction with
EHB1. We could show that EHB1 can bind membrane phospholipids in vitro. Our
physiological data show that EHB1 act as a negative regulator of the iron uptake
machinery of the model plant Arabidopsis thaliana. We suggest that EHB1 negatively
affects the activity of IRT1 and promotes its degradation in a calcium-dependent

manner.

As mentioned EHB1 was identified in a Y2H screen as an interacting partner of
IRT1vr, we have confirmed the protein-protein interaction between EHB1 and IRT1vr
in planta via bimolecular fluorescence complementation (BiFC) and with co-
immunoprecipitation. The in planta confirmation of the interaction was important to
check if the interaction is happening directly at the interaction site in plant where the
native surroundings are preserved, whereas in yeast the site of interaction is only

nucleus (Xing et al., 2016).

Therefore, first, we performed BiFC to confirm the interaction between EHB1 and
IRT1vr. The positive YFP signal in figure 4.1 A-C indicated that EHB1 interacts with
IRT1vr in planta in this system, confirming the results obtained from the Y2H
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experiment. This result is in agreement with results obtained by Rodriguez et al
where they showed that members of the CAR family proteins interacted with
PYR/PYL in the BiFC analysis (Rodriguez et al., 2014).

After this confirmation, we were interested to identify which domain/part of EHB1 is
responsible for the protein-protein interaction. To this end, we deleted the C-
terminally located predicted signature domain from EHB1 and generated a truncated
EHB1-ASig which does not contain the signature domain. Crystallographic analysis
of CAR4 shows that in addition to the C2 domain it contains a plant-specific
conserved 43-amino acid long CAR signature domain that is likely used for
interaction with other proteins by the CAR family members. We tested EHB1-ASig
against IRT1vr in BiFC, Figure. 4.1. D-F showed that EHB1-ASig was no longer able
to interact with IRT1vr, suggesting that deletion of signature domain abolishes the
protein interacting ability of EHB1. This result is in agreement with Rodriguez et al.
2014, where they studied the interaction of CAR4-ASig with ABA receptors
PYL1/PYL6. They reported that CAR4-ASig loses the ability to interact with
PYL1/PYL6 (Rodriguez et al., 2014). Although we observe that EHB1 deletion
construct EHB1-ASig did not interact with IRT1vr, we then went a step further and
tested the interaction between IRT1vr and only the signature domain of EHB1
(EHB1-Sig). The positive YFP signal in the figure. 4.1. G-l suggests that EHB1-Sig
interacts with IRT1vr. With these results, we confirm that EHB1 interact in planta with

IRT1vr through its signature domain.

We also tested the C2 domain mutant EHB1-4X in BiFC for interaction with IRT1vr.
EHB1-4X was able to interact with IRT1vr (Fig. 4.1 J-L.) suggesting that mutation in
the C2 domain did not affect the interaction of EHB1 with IRT1vr. The possible
reasons to explain this is that C2 domain is required for binding with membrane
phospholipids and recruitment of proteins to targeted membranes, rather than for
protein-protein interaction (Cho, 2001), and the signature domain which was needed
for protein-protein interaction was still intact, So due to these reasons EHB1-4X
retained the ability to interact with IRT1vr. Other plant proteins also use C2 domains
for binding to membrane phospholipids, OsPBP1 involved in pollen fertility in rice
binds membrane phospholipids (PC/PS) in a calcium-dependent manner via its C2
domain. Similarly, another rice small C2 domain protein OsERG1a also bind PC/PS

in a calcium-dependent manner (Yang et al., 2008; Kang et al., 2013). Very recently
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Liu et al, 2017, identified a 16 member family of multiple C2 domain and
transmembrane region proteins (MCTPs) in Arabidopsis. QUIRKY (QKY, MCTP14) a
membrane-anchored protein belongs to MCTPs family contains four C2 domains.
QYK is localized to plasmodesmata and play an important role in tissue

morphogenesis (Liu et al., 2017).

After the confirmation of EHB1 interacting domain, we were interested to identify the
specific part of IRT1vr that is interacting with EHB1. As described in the results, it is
predicted that IRT1vr contains three helices and two disordered regions (DR1 and
DR2). Two of these three helices are bordering the transmembrane domains (Il and
IV) and the predicted metal-binding histidine motif is located in DR2 (Fig. 4.2 A.)
(lvanov and Bauer, 2017). We fragmented the whole cytosolic variable region of
IRT1 into different pieces and subjected these deletion fragments to BiFC against
EHB1 (Fig. 4.2.). All the deletion fragments (IRT1vrA1, IRT1vrA2, and IRT1vrAHis)
interacted with EHB1, except the fragment (IRT1vrA3). The deletion fragment
IRT1vrA3 was lacking the helical regions that precede the membrane-spanning
transmembrane domains Ill and IV, suggesting that, these helical regions are
important for protein-protein interactions in the post-translational regulation of IRT1
(Fig. 4.3. G.). Our data provide the first direct evidence that the predicted helices in
the variable region are involved in protein-protein interaction. In all the previous
studies for the identification of IRT1 interacting proteins, the full-length whole
variable region was tested. The presence of EHB1 close to the TM-IlIl and TM-IV
could affect the transport activity of IRT1 because the structural analysis of the ZIP
family of transporter suggests that there are certain conserved amino acids and
metals binding binuclear centres in close proximity of TM-IlIl and TM-IV which are
considered extremely important for the transport activity of IRT1 (Eng et al., 1998b;
Rogers et al., 2000; Zhang et al., 2017). Due to the presence of EHB1, these sites

may become hidden and dysfunctional.

For the interaction, IRT1 and EHB1 in Y2H and BiFC analysis, only variable region of
IRT1 were tested. In the native situation (inside the cell) EHB1 should be able to
interact with the full-length IRT1 protein. To address this question, we tested the

interaction between EHB1 and IRT1 in Co-IP analysis.
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The first attempt of the Co-IP was successful, both proteins HA-EHB1 and IRT1-GFP
were expressed but the band for HA-EHB1 in the IP fraction was very weak (Fig. 4.4.
A. IV.). After reviewing the published literature, Co-IP was performed in the presence
of 100 uM calcium (Ca?*). The Co-IP was successful, EHB1 was co-precipitate with
IRT1 and the presence of 100 uM Ca?* enhanced the co-precipitated EHB1 (Fig. 4.4
B. IV.). Calcium might cause structural rearrangement in EHB1 and stabilizes the
protein at the membrane due to which EHB1-IRT1 interaction might become more
stable. The Ca?*-dependent lipid-binding protein (AtCLB) which negatively regulates
the responses to abiotic stress in Arabidopsis thaliana binds phospholipids via C2
domain in a calcium-dependent manner (de Silva et al., 2011). This is consistent with
the analysis of other members of the CAR family (CAR1 and CAR4) that they bind
membrane phospholipids in a calcium-dependent manner in in vitro situation
(Rodriguez et al., 2014; Diaz et al., 2016). Using lipid co-sedimentation assay and
electron microscopy (EM) it has been shown that CAR4 can bind membrane
phospholipids, and furthermore, that increase in calcium concentration leads to
membrane insertion of the oligomerized CAR4 causing curvatures in the membrane
(Diaz et al., 2016). With cell fractionation, we showed that EHB1 could exist as both
soluble and membrane-associated. We could show that calcium enhances the
association of EHB1 with membranes, which is pointing towards the importance of
calcium for EHB1 membrane—binding (Fig. 4.7.). The stimulus-driven (wounding)
relocalization from the cytoplasm to the plasma membrane of rice CAR family protein
OsGAP1 has been shown (Cheung et al., 2010). EHB1 has been found associated
with detergent-resistant Arabidopsis membranes in the preparations of leaf plasma
membrane by using mass spectrometry (Demir et al., 2013). Furthermore, we
showed the presence of EHB1 in the nucleus, the cytoplasm and colocalization with
membrane proteins (Fig. 4.5. and supplemental Fig. S3. A-C). Such a subcellular
localization is consistent with its effect on the IRT1 transporter and resembles the
reported localization of other CAR-family proteins, using fluorescently labeled protein
colocalization and biochemical fractionation dual localization of CAR1, CAR4, and
CARS has been shown (Rodriguez et al., 2014). Dual localization at the plasma
membrane and nucleus is reported for other small C2-domain proteins of plants
(Wang et al., 2009).
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In our study of special interest was the discovery that EHB1 showed a specific
affinity for phosphoinositides, such as phosphatidylinositol (Pl) and
phosphatidylinositol 4 phosphate (PI(4)P). EHB1 was able to preferentially bind both
these phospholipids both membrane-immobilized (membrane strips, Fig. 4.8 B.) and
membrane form (liposomes, Fig. 4.9 C.). Phosphoinositides are low abundant lipids
which represent only 1-2% of total phospholipids in living cells. PI(4)P is highly
anionic and accumulates massively at the plant plasma membrane and contributes
to generate electrostatic field at the plasma membrane (Simon et al., 2016; Platre
and Jaillais, 2017). The surface charge generated at the plant plasma membrane
due to the presence of PI(4)P plays a critical role in the plasma membrane
localization of the regulatory proteins PINOID and BRI1 KINASE INHIBITOR1
(Simon et al.,, 2016). We showed that calcium is critically important for EHB1
association with the membrane. In the absence of calcium, EHB1 was mostly
present in the cytosolic fraction while in the presence of calcium a significant amount
of EHB1 was present in microsomal fraction as well (Fig. 4.7 A.). This phenomenon
cannot be explained in the situation when EHB1 binds phosphoinositides in vitro
(Fig. 4.9 C.). The dependence on calcium by EHB1 in binding to Pl and PI(4)P that
were observed in liposomes binding experiment was comparable and was not like
the complete on-off situation which was seen in the fractionation experiment (Fig. 4.7
A.). This suggests that it could be that EHB1 targets additional membrane
phospholipids.

We also tested the C2 domain mutant EHB1-4X for in vitro lipid binding. The
mutation of four conserved aspartic acids in the CBLs did not abolish the ability of
EHB1-4X to bind to Pl and PI(4)P (Fig. 4.10 A.). This suggests that in addition to C2
domain there could be other sites in EHB1 which can be essential for phospholipid
binding. Indeed it has been reported that members of CAR-family proteins in addition
to calcium-dependent C2 domain, contains a positively charged lysine-rich polybasic
lipid binding site which can bind to lipids independently and contribute to CARs
stabilization on the membrane (Diaz et al., 2016). It has been reported for other C2-
domain-containing proteins as well that they contain a lysine-rich polybasic cluster
which can bind PI(4,5)P2 both in the presence and absence of calcium (Guerrero-
Valero et al., 2009; Groffen et al., 2010; Honigmann et al., 2013). The cationic lysine

residues interact directly with the phosphate of inositol ring (Corbalan-Garcia and
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Gomez-Fernandez, 2014). Members of the CAR-family proteins are quite diverse in
phospholipid binding, it has been shown for CAR1 and CAR4 that they bind
phosphatidylcholine and phosphatidylserine (Rodriguez et al., 2014).

We report the involvement of calcium in the interaction between EHB1 and IRT1
which suggests a possible role of calcium bursts in the regulation of iron uptake. The
role of calcium in the acquisition of iron by plants has not yet been clear but it has
been reported that cytoplasmic concentration of calcium increases in response to
iron-deficiency in roots (Tian et al., 2016). However, calcium signature is produced in
response to different stresses which may vary in intensity and duration (Whalley and
Knight, 2013; Steinhorst and Kudla, 2014). It has been shown that CARs are calcium
sensors having basal phospholipid binding activity (Diaz et al., 2016), Therefore,
specific short-term pulses of calcium waves might trigger the association of EHB1
with membrane and EHB1-IRT1 interaction sequentially. It is possible that EHB1
switch-off the iron uptake under certain specific conditions. Particularly, once the
plant has acquired sufficient amounts iron, the iron uptake machinery needs to be
switch-off to avoid excessive accumulation of iron. This is consistent with our data,
we could show that the expression of EHB1 enhances under iron-sufficient condition
(Fig. 4.13 A)).

The physiological data that we conducted in this study are in agreement with the
hypothesis that EHB1 is a negative regulator of the iron-uptake machinery of
Arabidopsis. We could show that in the absence of EHB1 the iron reductase activity
of FRO2 was strongly induced at —Fe as compared to WT, on the contrary, FRO2
activity was reduced under the same conditions in comparison to WT and ehb1
alleles (Fig. 4.6 A.). The expression of the principal root-surface ferric reductase
FROZ2 is upregulated upon iron-deficiency and its activity indirectly indicate the
efficiency of iron uptake system mediated by IRT1 (Robinson et al., 1999; Colangelo
and Guerinot, 2004), also the expression of FRO2 and IRT1 are coordinately
controlled (Connolly et al., 2003). This step has been proposed as the rate-limiting
step in iron acquisition by Strategy | plants (Robinson et al., 1999). It could also be
possible that FRO2 and IRT1 proteins form a complex for the enhancement of iron
import by IRT1. The possibility that EHB1 might directly affect the activity or the
regulation of FRO2 cannot be ruled out. Our data is in agreement with this notion, as

FROZ2 expression was strongly upregulated in the absence of EHB1 at —Fe condition
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as compared to WT and HA-EHB1 plant lines (Fig. 4.13 C.). This effect was

consistent with the measured ferric reductase activity in these plants (Fig. 4.11 C.).

We also investigated if the absence of EHB1 can have an effect on the chlorophyll
content of young developing leaves. Our data showed that in sufficient Fe condition
the chlorophyll content of young developing leaves was significantly higher in EHB1
mutant plants (ehb7-1) as compared to HA-EHB1 (Fig. 4.11 D.). Chlorophyll content
of leaf is an important parameter which indicates the development of leaf chloroplast,
the photosynthetic ability and general health of the plant (Ling et al., 2011). Plants
respond to iron-deficiency by a marked decrease in photosynthetic activity due to
compromise chlorophyll synthesis which leads to interveinal chlorosis in developing

young leaves (Rodriguez-Celma et al., 2013b).

We also showed that the presence of EHB1 suppresses iron assimilation. We
performed Perls-DAB staining for the visualization of apoplastic iron. The roots of
ehb1 mutant plants showed strongly decreased staining as compared to WT (Fig.
4.12 A-l.). On the other hand, HA-EHB1 showed enhanced staining in the early
differentiation zone in comparison with WT (Fig. 4.12 J-L.) suggesting that the roots
of ehb1 loss-of-function plants were able to take up more iron from the apoplast than
the roots of HA-EHB1 and WT. Modulation of IRT1 activity has been shown to affect
the uptake of iron from apoplast (Ivanov et al., 2014). The iron content measurement
reveals that the seeds of ehb7 possess more iron as compared to HA-EHB1. Seeds
are an important sink and the end point of the long-distance transported nutrients
(Grillet et al., 2014). It has been reported that seed iron concentration is a useful
indicator which helps in identifying the genotypes which possess high resistance to
iron deficiency (Wiersma, 2012), And high seed iron content in wheat can improve
resistance to chlorosis (Shen et al., 2002). Our results from the Perls-DAB staining
and iron content measurement are consistent with iron reductase activity assay and
gene expression analysis, which showed that in the absence of EHB1 the iron
acquisition system is more active. This further ensures the role of EHB1 as a
negative regulator of iron uptake system. The significantly decreased Zn content in
HA-EHB1 (Fig. 4.12 Q.) could be explained if in addition to its negative affect on the
transport activity of IRT1, EHB1 might also negatively affect the activity of other zinc
transporters of the ZIP transporter family. However, this observation requires further

investigation. We also observed a significant increase in seed Mn content of the
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HA-EHB1 seeds in comparison to WT and ehb1-1 seeds (Fig. 4.12 R.). The high Mn
content in the seeds of HA-EHB1 can be explained by the fact that in addition to
IRT1, metal transporters of the NRAMP family are involved in the uptake of Mn in
Arabidopsis (Pittman, 2005; Sasaki et al., 2012). Hence, the high Mn content in
HA-EHB1 could be due to the additive effect of the NRAMPs transporters (Fig. 4.12
R.).

Furthermore, to verify the direct connection between the negative effect of EHB1 on
the iron acquisition and the function of IRT1, Dr. Rumen Ivanov in our group
performed a yeast complementation assay. To this end, the fet3fet4 mutant yeast
strain was used as a model (Eide et al., 1996), This strain is incapable of iron import
due to the lack of functional multicopper oxidase FET3 and a bivalent iron
transporter FET4. It has been observed that IRT1 successfully complemented the
iron import defective yeast strain fet3fet4. The addition of HA-EHB1 to the system
reverted almost entirely this IRT1-mediated complementation. For control, wild-type
yeast showed that EHB1 did not have any effect on its iron acquisition meaning that
the EHB1 effect was direct and specific for inhibiting IRT1 activity. These results
suggest that EHB1 is directly and negatively effecting IRT1-mediated iron import

(lvanov et al., unpublished).

Thus far, it is not so clear that how EHB1 inhibit the activity of IRT1. There could be
two possibilities to explain this. The first possibility is based on the interaction site of
IRT1, which involves the two helices in close proximity to the transmembrane
domains (TM) Il and IV in IRT1vr. A predicted aspartic acid (D136) lies at the end of
TM-IIl is reported to be essential for iron import, mutation of this residue resulted in
the elimination of iron and manganese transport by IRT1 (Rogers et al., 2000). In
addition, there is conserved histidine (H197) and serine (S198) in TM-IV which binds
metals and are necessary for the function of the transporter (Eng et al., 1998a;
Rogers et al., 2000). Furthermore, structural analysis of BbZIP showed that it
contains conserved substrate binding binuclear metal centers (M1 and M2) and
metals chelating amino acid residues (""’HNAPEG'?) at TM-IV. A conserved
glutamic acid (E181) on TM-IV functions to bridge M1 and M2. Additionally, the two
conserved aspartic acids (D113 and D305) at the entrance cavity is crucial for metals
recruitment and an absolutely invariant serine (S106) present at the bottom of the

entrance cavity function in guiding metals during its import (Zhang et al., 2017).
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These sites may become hidden and dysfunctional due to the presence of EHB1 in
the proximity. Furthermore, EHB1 binding can force a conformational change in their
orientation and make them incapable of transferring iron across the plasma
membrane (Fig. 5.1 A.). A second possibility for the EHB1 to inhibit the activity of
IRT1 is based on the finding that CAR4 can bend the membranes, it is shown that
CAR4 causes tubulation in liposome membrane in a calcium-dependent manner in
vitro (Diaz et al., 2016). Thus, it was proposed that it would initiate membrane
curvatures in response to a stress-induced calcium signature, which would serve as
a platform for signaling proteins to control ABA-mediated stress response (Diaz et
al.,, 2016). In our case, EHB1 can cause membrane tubulation in a calcium-
dependent manner thus promoting the endocytosis of IRT1. This will cause a
reduction in the plasma membrane-localized IRT1 which ultimately will reduce the
amount of available IRT1 protein for importing iron. The physiological data which we

presented in this study is in agreement with this mechanism.

To summarize, we show that the peripheral membrane protein EHB1 can interact
with the primary iron transporter IRT1. EHB1 is recruited to the plasma membrane
(might be in a calcium-dependent manner) to inhibit the overaccumulation of iron in
the cell. The presence of calcium promotes the interaction between EHB1 and IRT1
resulting in the inhibition of IRT1 activity by enhancing its degradation (Fig. 5.1 B.).
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Figure 5.1. Model: Possibilities of how EHB1 might affect IRT1-mediated iron import.

(A) Schematic representation of EHB1 binding with IRT1, the two helices in IRT1vr which interacts
with EHB1 are bordering the TM-IIl and IV and are shown in green, red color represents the rest of
the VR. EHB1 is also shown as a cartoon, EHB1 bind to the plasma membrane via its C2 domain and
interacts with IRT1vr through its signature domain. TM-IIl and IV which harbors conserved amino
acids and metals binding centers important for metal import, due to the presence of EHB1 in close
proximity these sites may become hidden and dysfunctional.

(B) IRT1 import iron from the rhizosphere to the inside of the root epidermal cells. Calcium signature
might promote EHB1 binding with plasma membrane and IRT1. This interaction might cause
membrane tubulation containing IRT1, which after internalization can lead to IRT1 degradation. And
in this way, EHB1 might inhibit the activity of IRT1. PM: plasma membrane, TMs: transmembrane
domains.
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Supplemental Figure S1. Additional images for BiFC controls. CLSM images of leaf epidermal
cells of Nicotiana benthamiana two days after transformation with Agrobacterium containing pBIFCt-
2in1-CC. (A-F) Negative control: No YFP signal can be seen because Sorting Nexin-1(SNX1) did not
interact with EHB1 and IRT1vr. (G-1) SNX1 interact with SNX1, positive YFP signal is indicated with
white arrow heads. Bars, 20 ym.
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Supplemental Figure S2. Co-immunoprecipitation of IRT1-GFP and HA-EHB1. Full images of the
Co-IP data shown in figure 4.4 in the main text. GFP trap assay. The presence of IRT1 and EHB1
proteins is detected both in input fractions (total protein extracts) and IP fraction. The indicated
proteins IRT1-GFP (band at, 63 kDa) and HA-EHB1 (band at, 25 kDa) were transiently expressed in
Nicotiana benthamiana and detected in an immunoblot with anti-GFP and anti-HA antibodies. The
experiment was performed in the absence (0 uM) or presence (100 pM) calcium. (A) IP: anti-GFP in
the absence of calcium, a weak bands can be seen in the IP fraction of anti-HA immunoblot, meaning
that EHB1 was co-precipitated with IRT1. (B) IP: anti-GFP in the presence of calcium, a strong HA-
EHB1 band can be seen in the IP fraction suggesting that HA-EHB1 was co-precipitated with IRT1-
GFP. The second band in anti-HA immunoblot around 35 kDa could be a modified version of HA-
EHB1 while the double bands around 36 kDa in anti-GFP immunoblot in B is free GFP. MW:
molecular weight. KDa: kiloDaltons.

EHB1-GFP | B merged Lti6b-mRFP

Ltieb-mRFP

G Lti6b-mRFP

Supplemental Figure S3. Subcellular localization of EHB1-GFP, EHB1-ASig and EHB1-4x with
plasma membrane protein Lti6b.

(A-C) Colocalization between EHB1-GFP (A) and Lti6b-mRFP (C).

(B) Yellow fluorescence signal shows colocalization due to the merger of A and C.
(D-F) Colocalization between EHB1-ASig-GFP (D) and Lti6b-mRFP (F)

(E) Yellow fluorescence signal shows colocalization due to the merger of D and F.
(G-I) Colocalization between EHB1-4X-GFP (G) and Lti6b-mRFP (I).

(H) Yellow fluorescence signal shows colocalization due to the merger of G and |I.
Bars = 20 um
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Supplemental Figure S4. EHB1 membrane-association. Full images of the cell fractionation data
shown in figure 4.7 in the main text. Protein immunoblot showing the presence of EHB1 in soluble (s)
and microsomal fraction (m) of the protein extract from 8 days old seedling expressing HA-EHB1. The
experiment was performed in the absence (0 uM, I-1ll) and presence (100 yM, IV-VI) of calcium in the
extraction buffer. The samples were probed with antibodies against (Il and V) cytoplasmic marker
UGPase (52 kDa), (lll and VI) plasma membrane marker H*ATPase (95 kDa) and to detect (I and 1V)
HA-EHB1 (25 kDa) antibody against HA tag was used. In the absence of calcium, significant amount
of EHB1 is present in the cytosolic soluble fraction, while the presence of calcium enhanced the
amount of EHB1 in microsomal fraction. + and — represent +Fe and —Fe, s: soluble. m: microsomal
fraction. KDa: kiloDalton
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Supplemental Figure S5. EHB1 membrane-association 2" and 3™ replicates. (A and B) Protein
immunoblot showing the presence of EHB1 in soluble (s) and microsomal fraction (m) of the protein
extract from 8 days old seedling expressing HA-EHB1. The experiment was performed in the absence
(0 pM, I-1ll) and presence (100 uM, IV-VI) of calcium in the extraction buffer. The samples were
probed with antibodies against (Il and V) cytoplasmic marker UGPase (52 kDa), (lll and VI) plasma
membrane marker H*ATPase (95 kDa) and to detect (I and IV) HA-EHB1 (25 kDa) antibody against
HA tag was used. In the absence of calcium, significant amount of EHB1 is present in the cytosolic
soluble fraction, while the presence of calcium enhanced the amount of EHB1 in microsomal fraction.
The second band in s and m in Il, lll, V, and VI is binding immunoglobulin protein (BiP2, 73 kDa)
probed with anti-BiP2 antibody. + and — represent +Fe and —Fe, s: soluble. m: microsomal fraction.
KDa: kiloDalton
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Supplemental Figure S6. Liposome binding assay for EHB1 binding to Pl and PI(4)P three
replicates. Following incubation with Strepll-EHB1, the liposomes were pelleted and the pellet (P,
membrane), and soluble (S) fractions analyzed by immunoblot. Presence of Strepll-EHB1 in the
membrane fraction (P) indicates binding. EHB1 bind to Pl and PI(4)P both in the presence (100 uM)
and absence (0 uyM) of calcium. While it did not bind to PC. PC: phosphatidylcholine, PI:
phosphatidylinositol, PI(4)P: phosphatidylinositol 4 phosphate. MW: molecular weight, P: pellet, S,

soluble, KDa: kiloDalton
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Supplemental Figure S7. Liposome binding assay for EHB1-4X binding to Pl and PI(4)P three
replicates. Following incubation with Strepll-EHB1-4X, the liposomes were pelleted and the pellet (P,
membrane), and soluble (S) fractions analyzed by immunoblot. Presence of Strepll-EHB1-4X in the
membrane fraction (P) indicates binding. EHB1-4X bind to PI and PI(4)P both in the presence (100
pM) and absence (0 uM) of calcium. While it did not bind to PC. PC: phosphatidylcholine, PI:
phosphatidylinositol, PI(4)P: phosphatidylinositol 4 phosphate. MW: molecular weight, P: pellet, S,
soluble, KDa: kiloDalton
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Supplemental Figure S8. Liposome binding assay for EHB1-ASig binding to Pl and PI(4)P three
replicates. Following incubation with Strepll-EHB1-ASig, the liposomes were pelleted and the pellet
(P, membrane), and soluble (S) fractions analyzed by immunoblot. Presence of Strepll-EHB1-ASig in
the membrane fraction (P) indicates binding. EHB1-ASig bind to Pl and PI(4)P both in the presence
(100 pM) and absence (0 pM) of calcium. While it did not bind to PC. PC: phosphatidylcholine, PI:
phosphatidylinositol, PI(4)P: phosphatidylinositol 4 phosphate. MW: molecular weight, P: pellet, S,
soluble, KDa: kiloDalton
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Supplemental Figure S9. Repetition of the data shown in figure 4.11. C and E in the main text.

(A) Iron reductase activity of 17 d old seedlings grown on + Fe medium (14 d +Fe and 3 d + Fe). The
reductase activity of ehb7-1 and ehb1-2 is significantly higher than WT and HA-EHB1(2) at —Fe
condition. Error bars represent standard deviation (SD) of the mean (n = 5). (B) Root lengths of Col-0,
ehb1-1, ehb1-2 and HA-EHB1 plants grown for 8 d under +Fe or —Fe conditions. Error bars represent
SD of the mean (n = 15), root length was calculated using Jmicrovision-1.2.7. Roots of the EHB1
mutant ehb1-1 and ehb1-2 grows longer at —Fe condition. Letters indicate statistical significance
obtained with one way ANOVA-Tukey's P <0.05.
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Supplemental Figure S10. Repetition of the data shown in figure 4.13 in the main text. Seeds were
germinated and grown for 2-weeks growth system (14 d +Fe and 3 d + Fe). Roots were harvested
and processed to determine gene expression by quantitative RT-qPCR. The genes (A) EHB1, (B)
IRT1, (C) FRO2, (D) FIT and (E) FER1 were investigated. Bars represent expression level under
sufficient-iron (50 mM Fe; black) and deficient-iron (0 mM Fe; grey) conditions. Error bars represent
SD of the mean (n = 3). Letters indicate statistical significance difference obtained with one way
ANOVA-Tukey’s P <0.05.
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