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Preface

1 Preface

This dissertation addresses novel regulatory aspects of the iron uptake regulating
transcription factor (TF) FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION
FACTOR (FIT) with focus on post-translational modification and subcellular organization in
plants. The overarching open questions and aims are addressed in an introductory part and
concluded in a final concluding remarks part. The main body of this thesis consists of three

publications and a submitted manuscript:

1. CIPK11-Dependent Phosphorylation Modulates FIT Activity to Promote Arabidopsis

Iron Acquisition in Response to Calcium Signaling

Regina Gratz*, Prabha Manishankar*, Rumen lvanov, Philipp Késter, Inga Mohr, Ksenia Trofimov,

Leonie Steinhorst, Johannes Meiser, Hans-Jorg Mai, Maria Drerup, Sibylle Arendt, Michael
Holtkamp, Uwe Karst, Jorg Kudla, Petra Bauer, and Tzvetina Brumbarova

* Authors contributed equally

published in Developmental Cell (2019), Volume 48, Issue 5, Pages 726-740

DOI: https://doi.org/10.1016/j.devcel.2019.01.006

In this publication, we identified a calcium-dependent protein kinase, that
phosphorylated FIT at Ser271/272. This phospho-site was found relevant for complementation
of fit mutant plants, localization and mobility of FIT within the cell, and homo- and
heterodimerization with an interacting partner of FIT, TF BASIC HELIX-LOOP-HELIX039
(bHLHO039). This work suggests that phosphorylation at Ser271/272 is of high importance for
FIT activity. | contributed to this work with my expertise in microscopy and conducted

interaction studies showing differences in the interaction strength of phospho-mutated FIT.

2. Phospho-mutant activity assays provide evidence for alternative phospho-
regulation pathways of the transcription factor FER-LIKE IRON DEFICIENCY-
INDUCED TRANSCRIPTION FACTOR

Regina Gratz, Tzvetina Brumbarova, Rumen lvanov, Ksenia Trofimov, Laura Tinnermann, Rocio

Ochoa-Fernandez, Tim Blomeier, Johannes Meiser, Stefanie Weidtkamp-Peters, Matias D.
Zurbriggen, and Petra Bauer

published in New Phytologist (2020), Volume 225, Issue 1, Pages 250-267

DOI: https://doi.org/10.1111/nph.16168

In this publication, we extended the knowledge on predicted phosphorylation sites for
FIT regulation and found that FIT was inactivated by phosphorylation at Tyr residues. We
observed differential interaction and cellular localization of FIT, depending on mutations at
different phosphorylation sites. FIT protein was rendered less active with phospho-mimicking

mutations at two Tyr residues. These mutant forms complemented insufficiently fit mutant
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plants, and turnover of FIT was promoted in one of the Tyr mutant form. Altogether, this work
shows that FIT activity is differentially regulated via phosphorylation. My contribution to this
work was my expertise in imaging and conduction of interaction studies, showing differentiating

FIT interaction upon phospho-mutation.

3. Mobility and localization of the iron deficiency-induced transcription factor bHLH039

change in the presence of FIT

Ksenia Trofimov*, Rumen Ivanov*, Monique Eutebach, Busra Acaroglu, Inga Mohr, Petra Bauer,

and Tzvetina Brumbarova

* Authors contributed equally

published in Plant Direct (2019), Volume 3, Issue 12, Pages 1-11
DOI: https://doi.org/10.1002/pld3.190

In this publication, we examined the subcellular localization of bHLHO39 in presence
and absence of FIT. We could show that subcellular localization of bHLH039 was dependent
on FIT. Without FIT, bHLHO39 was retained in immobile cytoplasmic foci close to the plasma
membrane. In presence of FIT, bHLH039 and FIT both were localized in the nucleus. Further,
we could show that the subcellular localization was also iron- and organ-dependent. This work
suggests that dynamic protein localization and subcellular partitioning are important for iron
uptake regulation. | contributed to this work by initially identifying this phenomenon and

conducting localization and biochemical studies to characterize the subcellular partitioning.

4. FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT)
accumulates in homo- and heterodimeric complexes in dynamic and inducible

nuclear condensates associated with speckle components

Ksenia Trofimov, Regina Gratz, Rumen Ivanov, Yvonne Stahl, Petra Bauer, and Tzvetina

Brumbarova

submitted

In this submitted manuscript we investigated the subcellular localization of FIT and
found that FIT formed condensates in the nucleus. We characterized the condensate formation
and function. We could show that FIT engaged in these nuclear bodies (NBs) in an inducible
and dynamic manner, most likely by liquid-liquid phase separation. Furthermore, FIT NBs were
homo- and heterodimerization sites and colocalized with splicing components, indicating a
possible transcriptional or post-transcriptional modification function of FIT NBs. This work
elucidated an unknown property of FIT and opened the possibility for iron uptake finetuning on
subnuclear scale. This work was mainly conducted by me, starting with the identification of FIT
condensation and subsequent detailed analysis of condensate formation and characteristics

by extensive application of microscopic techniques.
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2 Summary

Iron is an essential micronutrient for animals and plants. Within iron uptake in plants,
an important protein is the basic helix-loop-helix (bHLH) transcription factor (TF) FER-LIKE
IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT). Together with an
interaction partner, such as bHLHO039, FIT is upregulating gene transcription of the iron uptake
machinery upon iron deficiency. Iron uptake has to be tightly regulated to avoid deficiency or
excess. Thus, regulation of FIT activity is an important step in balancing the uptake. It was
proposed that FIT exists in two pools within the cell, an active and an inactive pool, but FIT
regulation was mainly described in the context of protein turnover. Therefore, an important
question to answer is how FIT is activated and deactivated to regulate iron uptake.
Identification of a protein kinase interacting with FIT opened the possibility of FIT being
phosphorylated. Therefore, one aim of this work was to investigate the influence of
phosphorylation on FIT activity. Apart from this, the subcellular localization of FIT and other
TFs involved in iron uptake was barely in focus of research, missing out on valuable information
on an additional regulatory level. Another aim was therefore to investigate the subcellular
localization of TFs involved in iron uptake regulation in more detail.

In my dissertation, | contributed to show that FIT activity was dually regulated via
phosphorylation. Ser271/272 was identified as an important phosphorylation site for FIT
activation, and | could show that upon mutation to a phospho-dead FIT form, this mutant FIT
showed reduced homo- and heterodimerization with bHLH039 compared to wild-type FIT. The
phospho-dead FIT form was not able to complement fit mutant plants and showed altered
localization and protein mobility. In further work, we predicted other phosphorylation sites and
showed that phosphorylation of Tyr residues deactivated FIT and subjected it to proteasomal
degradation. Phospho-mimicking tyrosine mutants showed altered localization, protein
mobility, and promoter transactivation activity. Also here, | could show that FIT mutants had
altered homo- and heterodimerization capacity with bHLH039 compared to wild-type FIT.

Iron uptake regulation could be further refined on subcellular level. As a result of an
extensive microscopy study, | identified that bHLHO39 was nucleocytoplasmically partitioned
depending on FIT. In absence of FIT, bHLHO39 was retained in cytoplasmic foci. With FIT,
bHLHO39 localized in the nucleus. Furthermore, | found that FIT underwent condensation
within the nucleus upon a light stimulus. The formation of these nuclear bodies (NBs)
functioned as a hub for FIT homo- and heterodimerization with bHLH039. Additionally,
colocalization studies pointed at a possible transcriptional or post-transcriptional function of
these FIT NBs.

This work provides detailed insight into finetuning of FIT activity via a dual post-
translational regulation in form of phosphorylation and uncovers the dynamic subcellular

localization of FIT and its interaction partner bHLH039.
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3 Zusammenfassung

Eisen ist ein essenzieller Mikronahrstoff flr Tiere und Pflanzen. Ein wichtiges Protein
bei der Eisenaufnahme in Pflanzen ist der basic helix-loop-helix (bHLH) Transkriptionsfaktor
(TF) FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT). Zusammen
mit einem Interaktionspartner wie bHLHO039 reguliert FIT die Gentranskription der
Eisenaufnahmemaschinerie bei Eisenmangel hoch. Die Eisenaufnahme muss streng reguliert
werden, um einen Mangel oder Uberschuss zu vermeiden. Daher ist die Regulierung der FIT-
Aktivitat ein wichtiger Schritt, um die Aufnahme auszugleichen. Es wurde vorgeschlagen, dass
FIT in zwei Pools innerhalb der Zelle existiert, einem aktiven und einem inaktiven Pool, aber
die FIT-Regulierung wurde hauptsachlich im Zusammenhang mit Proteinumsatz beschrieben.
Daher ist eine wichtige zu beantwortende Frage, wie FIT aktiviert und deaktiviert wird, um die
Eisenaufnahme zu regulieren. Die |dentifizierung einer Proteinkinase, die mit FIT interagiert,
erdffnete die Mdglichkeit, dass FIT phosphoryliert wird. Daher war ein Ziel dieser Arbeit, den
Einfluss der Phosphorylierung auf die FIT-Aktivitat zu untersuchen. Abgesehen davon stand
die subzelluldre Lokalisierung von FIT und anderen an der Eisenaufnahme beteiligten TF
kaum im Fokus der Forschung, wodurch wertvolle Informationen auf einer zusatzlichen
regulatorischen Ebene ausgelassen wurden. Ein weiteres Ziel war es daher, die subzellulare
Lokalisation von TF, die an der Regulation der Eisenaufnahme beteiligt sind, genauer zu
untersuchen.

In meiner Dissertation habe ich dazu beigetragen zu zeigen, dass die FIT-Aktivitat dual
Uber Phosphorylierung reguliert wird. Ser271/272 wurde als wichtige Phosphorylierungsstelle
fur die FIT-Aktivierung identifiziert, und ich konnte zeigen, dass nach Mutation zu einer nicht
phosphorylierbaren FIT-Form, das mutierte FIT im Vergleich zu Wildtyp-FIT eine reduzierte
Homo- und Heterodimerisierung mit bHLHO39 zeigte. Die nicht phosphorylierbare FIT-Form
war nicht in der Lage, mutante fit-Pflanzen zu komplementieren und zeigte eine veranderte
Lokalisierung und Proteinmobilitat. Des Weiteren sagten wir andere Phosphorylierungsstellen
voraus und zeigten, dass die Phosphorylierung von Tyrosinresten FIT deaktivierte und zu
einem proteasomalen Abbau fihrte. Phosphorylierungsnachahmende Tyrosin-Mutanten
zeigten eine veranderte Lokalisierung, Proteinmobilitat und Promotor-
Transaktivierungsaktivitat. Auch hier konnte ich zeigen, dass FIT Mutanten eine veranderte
Homo- und Heterodimerisierungsfahigkeit mit bHLH039 im Vergleich zu Wildtyp-FIT
aufwiesen.

Die Regulierung der Eisenaufnahme konnte auf subzellularer Ebene weiter verfeinert
werden. Als Ergebnis einer umfangreichen Mikroskopiestudie identifizierte ich, dass bHLH039
in Abhangigkeit von FIT nukleozytoplasmatisch partitioniert war. In Abwesenheit von FIT
wurde bHLHO039 in zytoplasmatischen Foci zuriickgehalten. Mit FIT lokalisierte bHLH039 im
Zellkern. AuRerdem fand ich heraus, dass FIT bei einem Lichtreiz im Zellkern kondensierte.

Die Bildung dieser Kernkorperchen fungierte als Zentrum fir die FIT Homo- und
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Heterodimerisierung mit bHLHO039. Zusatzlich wiesen Kolokalisierungsstudien auf eine
mdgliche transkriptionelle oder post-transkriptionelle Funktion dieser FIT-Kernkdrperchen hin.

Diese Arbeit bietet detaillierte Einblicke in die Feinjustierung der FIT-Aktivitat iber eine
duale post-translationale Regulation in Form von Phosphorylierung und deckt die dynamische

subzellulare Lokalisierung von FIT und seinem Interaktionspartner bHLHO039 auf.
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4 Introduction
4.1 Importance of iron for humans and plants

The micronutrient iron (Fe) is of high importance for human and plant health. In
humans, iron deficiency is the most common nutritional disorder worldwide
(http://www.who.int/nutrition/topics/ida/en/; Stoltzfus, 2001; McLean et al., 2008; Abbaspour et
al., 2014). Especially women and children are in high need of iron for proper development and
body function but also a geographical prevalence for higher risk of suffering from iron
deficiency is observed (McLean et al., 2008). Symptoms of iron deficiency are e.g., fatigue,
paleness, brittle nails, hair loss, irritability, and most prominently anemia (Al-Fartusie and
Mohssan, 2017; DelLoughery, 2017). Most iron is incorporated in hemoglobin as part of
erythrocytes (Hentze et al., 2004; Al-Fartusie and Mohssan, 2017). Speaking of the worldwide
population, the main source of iron is a plant-based diet. In countries with a low diet diversity,
iron malnutrition is hard to overcome (Naranjo Arcos and Bauer, 2016). Therefore,
understanding iron uptake, distribution, and storage in plants is crucial for future biofortification
to battle iron deficiency (Bouis et al., 2011; Briat et al., 2015; Connorton and Balk, 2019).

Iron deficiency has equally severe consequences on plant vitality as on human health.
Plants lacking iron have reduced biomass and are chlorotic, since iron is abundantly present
in chloroplasts, with about 80% of total cellular content (Hansch and Mendel, 2009; Nouet et
al., 2011; Briat et al., 2015; Lépez-Millan et al., 2016). Besides, iron is important for the
respiratory chain in mitochondria (Nouet et al., 2011), where also co-factors for enzymatic
reactions are synthesized, such as heme and iron-sulfur clusters (Balk and Pilon, 2011; Jain
and Connolly, 2013; Balk and Schaedler, 2014; Briat et al., 2015). Iron deficiency triggers
changes in gene expression (Mai et al., 2016; Schwarz and Bauer, 2020) and morphological
changes of the root (Marschner et al., 1989; Schmidt, 1999; Giehl et al., 2013; Li et al., 2016a).
Still, as harmful as iron deficiency is for a plant, excess iron affects the plant as well. Bronzing
of the leaves and cell damage is the consequence of iron overaccumulation because iron
participates in the Fenton reaction generating reactive oxygen species (Hell and Stephan,
2003; Sperotto et al., 2010; Balk and Pilon, 2011; Distéfano et al., 2021). To avoid that, iron is
present in chelates, such as citrate chelates (xylem) or nicotianamine chelates (phloem)
(Durrett et al., 2007; Schuler et al., 2012), and is quickly stored in the vacuole or the apoplast
(Kobayashi et al., 2019a). Therefore, iron uptake must be tightly controlled.

Even though iron is a highly abundant element in the earth’s crust (Wedepohl, 1995),
its uptake is a challenge for plants because of its low soluble state in the soil. At neutral pH,
iron is mainly present in its oxidized, ferric form (Fe®*) and trapped in complexes not available
to the plant, and even more so in calcareous and alkaline soil (Rémheld and Marschner, 1986b;
Guerinot and Yi, 1994). In the light of global warming and the progressive calcification of the
soil, it is a major challenge to develop crops that can overcome these unfavorable soil

conditions and take up iron efficiently.
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4.1.1 Iron uptake in plants

Plants have evolved two iron uptake strategies that aim to make iron bioavailable for
uptake (Marschner et al., 1986; Guerinot and Yi, 1994). Strategy | is a reduction-based uptake
strategy employed by non-grasses, e.qg., Arabidopsis thaliana (Arabidopsis) and Solanum
lycopersicum (tomato). Strategy Il is a chelation-based strategy and utilized by the Poacea
family (grasses), e.g., Zea mays (maize), Oryza sativa (rice), and Hordeum vulgare (barley)
(Rémheld and Marschner, 1986b; Romheld, 1987; Marschner and Rémheld, 1994; Kobayashi
and Nishizawa, 2012; Martin-Barranco et al., 2021). Despite their differences, a strict
separation of the two strategies cannot be made since Strategy | plant utilize chelation of iron
as well (Rodriguez-Celma et al., 2013; Fourcroy et al., 2014; Schmid et al., 2014), and
Strategy Il plants express orthologues of Strategy | uptake genes (Eide et al., 1996; Bughio et
al., 2002; Ishimaru et al., 2006; Lee and An, 2009; Sun et al., 2013; Li et al., 2015). Especially
for rice a combination of both strategies due to its special growth under flooding conditions is
proposed (Ishimaru et al., 2006; Wairich et al., 2019; Martin-Barranco et al., 2021).

4.1.1.1 Strategy | — reduction-based iron uptake strategy

Strategy | underlies a three step-based reduction process of iron (Figure 1). As a first
step, the plasma membrane-localized proton extrusion pump ARABIDOPSIS H*-ATPASE2
(AHA2) acidifies the soil by pumping H* into the rhizosphere. The acidification releases iron
from insoluble complexes and solubilizes it (Santi and Schmidt, 2009). An additional step of
iron chelation by phenolic compounds of the coumarin class (scopoletin, esculetin, sideretin,
and fraxetin), traps iron and facilitates the solubilization (Rémheld and Marschner, 1983;
Rodriguez-Celma et al., 2013; Fourcroy et al., 2014; Schmid et al., 2014; Clemens and Weber,
2016; Sisé-Terraza et al., 2016; Tsai and Schmidt, 2017; Rajniak et al., 2018; Tsai et al., 2018).
This is mediated by the transporter PLEIOTROPIC DRUG RESISTANCESY (PDR9, or ATP-
BINDING CASSETTE G37 (ABCG37)). Secondly, the plasma membrane bound FERRIC
REDUCTASE-OXIDASE2 (FRO2) enzyme reduces Fe®* to ferrous iron (Fe?*; Yi and Guerinot,
1996; Robinson et al., 1999). In a final step, the plasma membrane localized divalent cation
transporter and transceptor IRON REGULATED TRANSPORTER1 (IRT1) takes up Fe?* into
root epidermal cells (Eide et al., 1996; Guerinot, 2000; Varotto et al., 2002; Vert et al., 2002;
Dubeaux et al., 2018; Cointry and Vert, 2019). IRT1 transports also other divalent metals like
cadmium (Cd), cobalt (Co), manganese (Mn), and zinc (Zn) (Korshunova et al., 1999;
Henriques et al., 2002; Lee and An, 2009). AHA2, FRO2, and IRT1 form a complex at the

plasma membrane (Martin-Barranco et al., 2020), most likely for an efficient iron uptake.

4.1.1.2 Strategy Il — chelation-based iron uptake strategy

The main difference between Strategy| and Strategy Il is the utilization of
phytosiderophores as chelators for trapping iron. The efflux transporter TRANSPORTER OF
MUGINEIC ACID1 (TOM1) releases phytosiderophores, such as mugineic acid (Takagi et al.,
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1984; Romheld and Marschner, 1986a; Nozoye et al., 2011). Chelated Fe** is taken up into
the epidermal root cell via a proton-coupled transporter YELLOW STRIPE1 (ZmYS1), e.g., in
maize (Curie et al., 2001; Schaaf et al., 2004), and homologues of YS1, YELLOW STRIPE1-
LIKEs (OsYSLs) in rice (Inoue et al., 2009), and (HvYSLs) in barley (Murata et al., 2006; Araki
et al., 2011).

| E
Epidermal cell PM ; Apoplast Rhizosphere

Figure 1. Strategy | — reduction-based iron uptake strategy.

Iron uptake strategy of Arabidopsis thaliana. The uptake takes place in epidermal root cells following
several individual steps. Iron is trapped in insoluble complexes within the soil. Excretion of protons via
ARABIDOPSIS H*-ATPASE2 (AHA2) acidifies the rhizosphere and solubilizes ferric iron (Fe3*). Additionally,
PLEIOTROPIC DRUG RESISTANCE9 (PDR9, or ATP-BINDING CASSETTE G37 (ABCG37)) secretes coumarins
to chelate Fe3* and further solubilizes it. FERRIC REDUCTASE-OXIDASE2 (FRO2) reduces Fe®* to ferrous iron
(Fe?*). Fe?* is finally taken up via IRON REGULATED TRANSPORTER1 (IRT1). The upregulation of FRO2, IRT1,
and necessary proteins for coumarin biosynthesis occurs upon iron deficiency and is regulated via a heterodimer
of basic helix-loop-helix (bHLH) transcription factors (TFs) FER-LIKE IRON DEFICIENCY-INDUCED
TRANSCRIPTION FACTOR (FIT) and bHLH038/bHLH039, described in the following in 4.1.2. Figure created with

BioRender.com.

4.1.2 Transcriptional regulation of iron uptake

To regulate iron uptake, an extensive signaling cascade of basic helix-loop-helix
(bHLH) transcription factors (TFs) is active (Figure 2; Heim et al., 2003; Gao et al., 2019).
BHLH TFs are conserved TFs present in animals and plants (Murre et al., 1989; Heim et al.,
2003; Pires and Dolan, 2010), and the third largest group of TFs behind MYB and
APETALAZ2/ethylene responsive element binding protein (AP2/EREBP) TFs in Arabidopsis

(Riechmann et al., 2000). They consist of a basic N-terminal DNA-binding domain and a helix-

10
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loop-helix (HLH) domain for interaction with other bHLH TFs and usually function as dimers in
order to bind to DNA (Ferré-D’Amaré et al., 1993; Ma et al., 1994; Shimizu et al., 1997; Heim
et al., 2003; Toledo-Ortiz et al., 2003). In Arabidopsis, bHLH TFs are organized in groups and
subgroups according to structural similarities (Heim et al., 2003).

Starting at the most upstream position in the Arabidopsis signaling cascade,
UPSTREAM REGULATOR OF IRT1 (URI, or bHLH121, subgroup IVb) interacts under iron
deficiency with the members of subgroup 1Vc, namely bHLH034, bHLH104, bHLH105 (or IAA-
LEUCINE RESISTANT3 (ILR3)), and bHLH115 (Kim et al., 2019; Gao et al., 2020; Lei et al.,
2020). Subgroup IVc is functionally redundant and regulates the transcription of subgroup Ib
and POPEYE (PYE, subgroup IVb; Zhang et al., 2015; Li et al., 2016b; Liang et al., 2017; Kim
et al.,, 2019; Gao et al.,, 2020). PYE is a TF involved in control of iron homeostasis and
translocation (Long et al., 2010). The homo- and heterodimerization of members of subgroup
IVc and PYE is an important part of the regulatory cascade (Long et al., 2010; Selote et al.,
2015; Zhang et al., 2015; Li et al., 2016b; Liang et al., 2017; Samira et al., 2018; Tissot et al.,
2019). With bHLH11 (subgroup 1Vb), transcription of subgroup Ib via subgroup IVc can be
repressed (Li et al., 2022). Subgroup Ib consist of bHLH038, bHLH039, bHLH100, and
bHLH101 (Wang et al., 2007). Even though these TFs show redundancy (Wang et al., 2007,
2013), they are not entirely redundant. bHLH038 and bHLHO039 are involved in the upregulation
of the iron uptake machinery, specifically FRO2 and /IRT1 (Yuan et al., 2008; Wang et al.,
2013), while bHLH100 and bHLH101 are involved in the distribution of iron and do not regulate
FROZ2 or IRT1 (Sivitz et al., 2012). Function of bHLH038 and bHLHO039 within the upregulation
of the iron uptake machinery is only possible in dimerization with the essential TF FER-LIKE
IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT, subgroup llla; Colangelo
and Guerinot, 2004; Jakoby et al., 2004; Yuan et al., 2005; Bauer et al., 2007; Yuan et al.,
2008; Wang et al., 2013) as an iron uptake module, supporting once more the importance of
dimerization of bHLH TFs for their functionality.

Between Arabidopsis and the Strategy Il plant rice this extensive iron uptake regulating
network is largely conserved (Kobayashi, 2019). Among the bHLH TFs in Arabidopsis, many
orthologues in rice were identified, e.g., OsbHLH057, OsbHLH058, OsbHLHO059, and
OsbHLHO60 (or POSITIVE REGULATOR OF IRON HOMEOSTASIS1 (OsPRI1)) as
orthologues of subgroup IVc (Zhang et al., 2017; Kobayashi et al., 2019b), IRON-RELATED
BHLH TRANSCRIPTION FACTORS3 (OsIRO3) as orthologue of PYE (Zheng et al., 2010),
OslIRO2 as orthologue of subgroup Ib (Ogo et al., 2007), and OsbHLH156 as orthologue of
FIT (Wang et al., 2020).

4.1.2.1 Transcriptional regulation of FIT
Work on the TF FER in tomato (Ling et al., 2002; Brumbarova and Bauer, 2005) led to
the identification of the homologue FIT in Arabidopsis. FER is upregulated under iron-deficient

conditions (Brumbarova and Bauer, 2005) and fer loss-of-function mutants show chlorosis and

11
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die without additional iron supply (Ling et al., 2002). Similarly, fit loss-of-function mutants are
chlorotic and FIT is upregulated under iron deficiency (Jakoby et al., 2004; Colangelo and
Guerinot, 2004). FIT is mainly expressed in the root and FIT promoter is active in epidermal
cells of the differentiation and elongation root zone, central cylinder and also in lateral roots
(Colangelo and Guerinot, 2004; Jakoby et al., 2004). Many genes involved in iron uptake are
regulated in a FIT-dependent manner, especially FRO2 and IRT1 (Figure 2; Colangelo and
Guerinot, 2004; Jakoby et al., 2004; Ivanov et al., 2012; Sivitz et al., 2012; Schmid et al., 2014;
Mai et al., 2015, 2016; Schwarz and Bauer, 2020). FIT, and subgroup Ib TFs, are upregulated
in an iron-deficient manner (Colangelo and Guerinot, 2004; Jakoby et al., 2004; Wang et al.,
2007; Naranjo-Arcos et al., 2017). FIT itself is regulated transcriptionally by itself and the FIT-
bHLHO039 heterodimer (Wang et al., 2007; Naranjo-Arcos et al., 2017). Apart from repressing
transcription of subgroup Ib, bHLH11 also represses FIT expression (Tanabe et al., 2019; Li
et al., 2022). FIT transcription levels are also reduced in Mediator complex subunit mutants
under iron deficiency (Yang et al., 2014).

Transcriptional regulation of FIT is also influenced by other regulatory cascades
(Figure 2). Briefly, auxin, nitric oxide, and ethylene application under iron deficiency are a
positive regulator of FIT expression (Lucena et al., 2006; Chen et al., 2010; Garcia et al., 2010;
Yang et al., 2013), while jasmonic acid, cytokinin, and H.O, have a negative effect on FIT
expression (Séguéla et al., 2008; Le et al., 2016; Cui et al., 2018). Despite transcriptional
control of FIT, FIT regulation mainly occurs on post-translational level and will be elucidated in

section 4.1.3.1.

4.1.3 Post-translational regulation of iron uptake

Post-translational modifications are a versatile tool to finetune signaling cascades
(Friso and Van Wijk, 2015; Millar et al., 2019; Yin et al., 2019; Han et al., 2022). This is also
true for the regulation of iron uptake. Post-translational regulation can be found at different
positions of the iron uptake signaling cascade (Figure 2), most prominently among them are
ubiquitination and phosphorylation.

The E3 ligase BRUTUS (BTS) targets URI/bHLH121 and members of the subgroup IVc
for proteasomal degradation (Long et al., 2010; Selote et al., 2015; Kim et al., 2019). BTS
homologue BRUTUS-LIKE1 (BTSL1; Hindt et al., 2017) is proposed to mediate subgroup IVc
and PYE degradation (Lichtblau et al., 2022). In absence of subgroup I\Vc, subgroup Ib genes
are not transcribed, hence iron uptake is negatively regulated. Two orthologues of BTS,
HAEMERYTHRIN MOTIF-CONTAINING REALLY INTERESTING NEW GENE - AND ZINC-
FINGER PROTEIN1 and 2 (OsHRZ1/0OsHRZ2), exist also in rice (Kobayashi et al., 2013).
Depending on the concentration of different non-iron metals, IRT1 is monoubiquitinated by a
RING E3 ubiquitin ligase IRT1 DEGRADATION FACTOR1 (IDF1) and degraded (Barberon et
al., 2011; Shin et al., 2013). This mechanism avoids overaccumulation of iron and other non-

essential metals due to the poor selectivity of IRT1. Phosphorylation of IRT1 by CBL-
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INTERACTING PROTEIN KINASE23 (CIPK23) facilitates the degradation process by IDF1
(Dubeaux et al., 2018), and is additionally shown to reduce FRO2 activity (Tian et al., 2016).
Phosphorylation is also observed for URI/bHLH121. Phosphorylated URI/bHLH121 is
accumulated under iron-deficient conditions and proposed to be the form of URI/bHLH121 that
interacts with subgroup IVc. In turn, under iron-sufficient conditions, phosphorylated
URI/bHLH121 is targeted for degradation by BTS (Kim et al., 2019). A combination of both
activation and deactivation via phosphorylation by the calcium-dependent protein kinase
CIPK11 is observed for AHA2 (Fuglsang et al., 2007, 2014).

4.1.3.1 Post-translational regulation of FIT

FIT protein stability is widely subject to regulation, by either stabilizing or destabilizing
the protein (Figure 2). Ethylene is produced under iron deficiency and the TFs ETHYLENE
INSENSITIVE3 (EIN3) and ETHYLENE INSENSITIVE3-LIKE1 (EIL1) acting in the ethylene
signaling pathway are proposed to stabilize FIT protein by direct interaction (Romera et al.,
1999; Lingam et al., 2011). By this, FIT is less prone to undergo proteasomal degradation,
which has a positive effect on iron uptake regulation. Ethylene synthesis inhibitors as well as
ein3 eil1 mutants have the opposite effect (Lingam et al., 2011). Additionally, EIN3/EIL1
interact with a subunit of the Mediator complex, MED25, which in turn associates with MED16
(Yang et al., 2014). MED16 interacts with FIT and can recruit the FIT-subgroup Ib heterodimer
to the promoters of FRO2 and IRT1 under iron deficiency (Zhang et al., 2014b). Similar to
ethylene, nitric oxide has also a stabilizing effect on FIT protein. In presence of nitric oxide,
FIT does not undergo proteasomal degradation. Inhibitors of nitric oxide reduce FIT protein
abundance and also FIT activity (Meiser et al., 2011).

As suspected in Lingam et al. (2011) and Meiser et al. (2011), FIT undergoes
proteasomal turnover. Under iron deficiency, FIT protein is accumulated but is also rapidly
degraded. This is most likely the consequence of FIT target gene promoter binding and the
‘used’ protein being removed, allowing a new FIT protein to bind (Sivitz et al., 2011). Recently,
it was shown that FIT degradation is promoted by BTSL2 (Hindt et al., 2017) by
polyubiquitination under iron-deficient conditions (Rodriguez-Celma et al., 2019), but the
reported interaction of BTSL1 and BTSL2 with FIT in Rodriguez-Celma et al. (2019) could not
be verified in the work of Lichtblau et al. (2022). bHLH TFs of the subgroup [Va, namely
bHLH18, bHLH19, bHLH20, and bHLH25, interact with FIT and redundantly lead to FIT
degradation in presence of jasmonic acid (Cui et al., 2018). Inhibition of the iron uptake
machinery via protein interaction is also show in the gibberellin context. Gibberellin-regulated
DELLA proteins interact with bHLH038, bHLH039, and FIT, preventing the proteins from
associating with the target gene promoters (Wild et al., 2016). Similarly, ZINC FINGER OF
ARABIDOPSIS THALIANA12 (ZAT12) is also trapping FIT in an interaction preventing it from
action (Le et al., 2016).
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Figure 2. Transcriptional and post-translational regulation of the iron signaling cascade with focus on FIT.

Iron uptake is regulated through an extensive signaling cascade of basic helix-loop-helix (bHLH)
transcription factors (TFs), which are divided into subgroups. Phosphorylated UPSTREAM REGULATOR OF IRT1
(URI, or bHLH121, subgroup IVb) interacts with the members of subgroup 1Vc (bHLH034, bHLH104, bHLH105 (or
IAA-LEUCINE RESISTANT3 (ILR3)), bHLH115) to transcriptionally upregulate subgroup Ib (bHLH038, bHLHO039,
bHLH100, bHLH101). bHLH11 (subgroup IVb) can repress subgroup Ib expression by repressing subgroup IVc
activity. bHLH038/bHLHO039 together with FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR
(FIT, subgroup llla) upregulate the expression of FERRIC REDUCTASE-OXIDASE2 (FROZ2) and IRON
REGULATED TRANSPORTER1 (IRT1). FIT alone and together with bHLHO39 can upregulate its own transcription.
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FIT transcription is promoted by auxin, nitric oxide, and ethylene, and repressed by bHLH11, jasmonic acid, H202,
and cytokinin. FIT protein stability is promoted by nitric oxide, and ethylene via ETHYLENE INSENSITIVE3 (EIN3)
and ETHYLENE INSENSITIVE3-LIKE1 (EIL1), and destabilized by H202 via ZINC FINGER OF ARABIDOPSIS
THALIANA12 (ZAT12), gibberellin via DELLA proteins, and jasmonic acid via subgroup IVa (bHLH18, bHLH19,
bHLH20, bHLH25). E3 ligase BRUTUS (BTS) targets URI/bHLH121 and subgroup IVc for proteasomal degradation,
while BTS homologues BRUTUS-LIKE1 and BRUTUS-LIKE2 (BTSL1/BTSL2) might negatively regulate subgroup

IVc and FIT, respectively. Figure created with BioRender.com.

FIT is regulated differently from its target genes. While e.g., FRO2 and IRT1 are
transcribed during the light period, FIT is transcribed during the night (Vert et al., 2003; Santi
and Schmidt, 2009). This suggests that FIT protein is available during the light period and
therefore the regulation of FIT should rather occur on the post-translational level. This perfectly
makes sense considering that fast adjustment of iron uptake is needed either to upregulate
iron uptake and ensure iron nutrition, but also to downregulate iron uptake to avoid
overaccumulation. Hence, de novo synthesis of FIT protein may be too time consuming to
keep up with the rapid environmental changes. Protein turnover is a way to regulate FIT protein
abundance, but it is not clear how FIT activity is regulated before degradation. Thus, finetuning

of FIT regulation still remains unclear.

4.1.4 Long distance signaling in iron uptake

As sink and source tissue are physiologically distinct, plants must have a way to signal
iron demand in the shoot and upregulate iron uptake in the root. Split-root assays and grafting
experiments already showed that such a signal exists, but it remains unclear what kind of
signaling is coupling demand and acquisition. Local and systemic signals promote a response
by the iron uptake machinery (Vert et al., 2003; Kumar et al., 2017; Nguyen et al., 2022), but
the actual long distance signal is not known. Proposed candidates are oxygen/redox status,
heme, iron sulfur cluster, phloem mobile iron and nicotianamine (Kobayashi and Nishizawa,
2014). In fact, phloem levels of iron seem to be important for a proper communication of shoot
and root iron status. When phloem is loaded with iron, no iron uptake takes place. In this,
OLIGOPEPTIDE TRANSPORTERS3 (OPT3) is important for proper shoot-to-root signaling and
translocation of iron (Stacey et al., 2008; Garcia et al., 2013, 2018; Zhai et al., 2014; Khan et
al., 2018). Recently, evidence of involvement of small effector proteins in shoot-to-root iron
signaling is rising (Grillet et al., 2018; Hirayama et al., 2018; Li et al., 2021; Kobayashi et al.,
2021; Lichtblau et al., 2022).

Since light is one the most fundamental environmental cues, it is not surprising that it
is the input for many molecular mechanisms. To adjust the uptake of nutrients according to
changes in light and thereby to plant need is a way to avoid deficiency or toxicity of the
respective nutrient. Calcium (Ca), copper (Cu), and magnesium (Mg) homeostasis are
influenced by light and also the circadian clock (Dalchau et al., 2010; Hermans et al., 2010;
Zhang et al., 2014a; Perea-Garcia et al., 2016; de Melo et al., 2021; Riviére et al., 2021; Xu et
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al., 2022). In case of iron, several studies previously showed that expression or transcript
abundancies of BHLH039, FRO2, IRT1, and AHA2 are under diurnal or circadian clock
regulation or altered by a shoot-borne signal (Vert et al., 2003; Santi and Schmidt, 2009; Hong
et al.,, 2013; Xu et al., 2019). Also, the circadian period of clock components is lengthened
under iron deficiency, in dependency with iron concentration, or in iron uptake-deficient
mutants (Chen et al., 2013; Hong et al., 2013; Salomé et al., 2013). In turn, promoter activity
of BHLHO039 and IRT1 cycles in continuous light, similar to clock components (Hong et al.,
2013). Chloroplasts, as major iron sinks, must have a way communicate their iron need.
Therefore, they are thought to be responsible for the lengthening of the circadian period under
iron deficiency to ensure iron uptake (Chen et al., 2013). Another study suggested that
photoactivated phytochromes (phy) act as direct input on the circadian clock and through the
induced photomorphogenesis, the chloroplast development creates an iron sink, but the exact
signals to coordinate this remain unknown (Salomé et al., 2013; Tissot et al., 2014). In tomato,
red light-activated phyB is responsible for accumulation of the basic leucine zipper (bZIP) TF
ELONGATED HYPOCOTYLS (HY5) and its movement to the root, where it induces the
transcription of FER, by binding to the ACE motif of FER promoter (Guo et al., 2021).
Interestingly, also FIT promoter has an ACE motif. Similarly, light mediated HY5 also acts as
a long-distance signal for nitrate and phosphorus uptake (Chen et al., 2016; Sakuraba et al.,
2018). HY5 is also important for mediation of blue light regulated phosphate deficiency-induced
primary root growth inhibition, and also here HY5 acts as a shoot-derived signal (Gao et al.,
2021). The same study also showed that iron accumulation is high under blue light in the apical
meristem and decreases up to the elongation zone in Col-0 but is lowest in the cry? cry2 and
hy5 mutant. This makes the blue light photoreceptors cryptochrome1 and 2 (cry1/cry2) as well
as HY5 possible candidates for signal mediation of light regulated iron uptake. Nevertheless,
only little work was conducted in recent years to understand the connection between light and

iron acquisition.

4.2 Subcellular protein partitioning

Post-translational modification is an important tool to regulate activation and
deactivation of a protein. Nevertheless, the localization of a protein is also crucial for a
functioning signal transduction (Meier and Somers, 2011; Allen and Strader, 2021). Finetuning
of protein activity can be achieved by a changing localization between two cell compartments.
Such an example is nucleocytoplasmic partitioning. Three possible ways to achieve this
partitioning are described (combinations are possible): (i) protein modification or
conformational change unmasking a nuclear localization signal (NLS) or nuclear export signal,
(i) heterocomplex formation that allows a protein to follow the interactors’ relocation or remain
in cytoplasm or nucleus via interaction, and (iii) retention in cytoplasm via membrane
association and release by proteolysis (Meier and Somers, 2011; Allen and Strader, 2021). An

example for conformational change is the relocation of photoreceptor phyB from the cytoplasm
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into the nucleus. phyB is abundantly present in the cytoplasm in darkness. Light illumination
leads to the release of the N- and C-terminal interaction within the protein, exposing the NLS
and shuttling phyB into the nucleus (Chen et al., 2005). PhyA, on the other hand, requires an
interaction partner. The small proteins FAR-RED ELONGATED HYPOCOTYL1 (FHY1) and
FAR-RED ELONGATED HYPOCOTYL-LIKE (FHL) possess a phyA-binding domain and an
NLS. Also here depending on light illumination, FHY1 and phyA interact and are translocated
together into the nucleus due to the NLS of FHY1 (Hiltbrunner et al., 2005, 2006; Résler et al.,
2007; Genoud et al., 2008). An example for retention at a membrane with proteolysis is
ETHYLENE INSENSITIVEZ2 (EIN2). EIN2 is located at the endoplasmic reticulum membrane.
Ethylene-triggered dephosphorylation of EIN2 leads to C-terminal cleavage and EIN2 can
enter the nucleus and positively act on target gene transcription (Ju et al., 2012; Qiao et al.,
2012; Wen et al., 2012). More examples for nucleocytoplasmic partitioning exist in hormone,
temperature, and pathogen signaling.

A lot of effort was put in understanding of iron uptake regulation in plants but subcellular
distribution of the key players within iron uptake was barely in focus up to now, even though
finetuning of subcellular localization could be an additional form of regulation. Therefore, an
open question remains how the precise localization of TFs involved in iron uptake could be
dictating TF function (Gao et al., 2019). Slowly, evidence of nucleocytoplasmic partitioning
within iron uptake regulation is rising. Two studies demonstrated that subgroup IVc proteins
alter the localization of two other bHLH TFs. URI/bHLH121 has a dual localization in cytoplasm
and nucleus but changes to a nuclear localization when subgroup IVc proteins are present. It
is also observed that URI/bHLH121 has a dual localization under iron-sufficient conditions and
localizes to nucleus, only, under iron-deficient conditions. This nuclear localization could be
facilitated by the interaction with subgroup IVc proteins, as subgroup IVc proteins are
upregulated under iron deficiency (Lei et al., 2020). Also bHLH11, the closest homologue of
URI/bHLH121, has a dual localization in cytoplasm and nucleus and shows a nuclear-only
localization upon interaction with the subgroup IVc proteins. This allows the inhibition of
subgroup IVc proteins and the downregulation of subgroup Ib genes and consequently iron
uptake (Li et al., 2022). Interestingly, in parallel to this thesis, change of subcellular localization
of bHLHO39 orthologue OsIRO2 in rice was observed. The orthologue of FIT, OsbHLH156,
has a nuclear localization (Wang et al., 2020), and the presence of OsbHLH156 changes the

cytoplasmic localization of IROZ2 to a nuclear localization (Liang et al., 2020; Wang et al., 2020).

4.21 Condensation

Cellular organization is a fundamental and highly sophisticated part of cell function.
Enclosed regions within the cell enable separated biochemical reaction and are essential for
cell functioning. Transcription in the nucleus, translation in the cytosol, degradation, and
subsequent recycling in the endosomal compartments display a functioning eukaryotic cell.

For a long time, membrane-separated organelles were in focus in terms of cellular
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organization. With the advancement of microscopy, further compartments were identified,
namely (biomolecular) condensates. These condensates are widely diversified membraneless
subcompartments. Their occurrence in mammalian and plant field underlines their suggested
ancient nature of further compartmentalization of the cell, creating microenvironments for
interaction and signaling, and displaying another level of regulatory mechanism (Emenecker
et al., 2020). Examples of combined nucleocytoplasmic partitioning and condensation only
begin to show the possibilities of how these two cellular organizations can act hand in hand
(Powers et al., 2019; Allen and Strader, 2021; Jing et al., 2022).

Condensates can be of dynamic or stable nature. Their formation can occur as phase
separation, meaning a solution separating into two or more phases (Emenecker et al., 2020).
This can happen as liquid-liquid phase separation (LLPS). LLPS is a rather dynamic
condensate formation with dynamic protein exchange. The liquid state can further undergo a
phase transition into a gel-like state, an intermediate state, that can lead to a final solid-like
state. Solid-like condensates occur as stable compartments, rather associated with terminated
reactions, degradation, or diseases (Shin et al., 2017). Experimentally, these properties can
be assessed by testing the dynamics of protein exchange and morphology of the condensates
(Shin et al., 2017; Weber, 2017).

A prerequisite for proteins to localize in condensates is multivalency, the ability to form
numerous interactions. Proteins that have many interaction partners also often have
intrinsically disordered regions (IDRs) or are intrinsically disordered proteins, which favor a
flexible protein structure and by this enable multiple interactions (Tarczewska and Greb-
Markiewicz, 2019; Emenecker et al., 2020). To note, an intrinsically disordered protein or a
protein with IDRs does not necessarily have to localize in condensates. Within IDRs, the amino
acid composition is an important feature that has influence on the morphology and dynamics
of condensates (Powers et al., 2019; Emenecker et al., 2021; Huang et al., 2022). The
regulation of condensate formation can occur within these IDRs, e.g., via post-translational
modifications such as phosphorylation (Owen and Shewmaker, 2019). In the formation of
condensates, some proteins can act as scaffolds, meaning these proteins are driving the
formation of condensates. Other proteins may act as clients, meaning that these proteins are

not essential for the formation but are localizing in condensates (Banani et al., 2017).

4.2.2 Condensation in plants

In general, condensation in plants is less well studied compared to the mammalian
field. Still, this topic has advanced a lot in the past years and evidence is provided that many
plant proteins undergo condensation. As plants are exposed to constant environmental
changes, condensates could provide a way to spatially concentrate cell components by
creating a hub for action when needed (Meyer, 2020). One can distinguish between several
condensate types that have a particular function in the cell. Animals and plants share

condensate types, but also possess animal- or plant-specific condensates. Partly, proteins that
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undergo condensation are identified, but the condensate type is not specified. These
condensates are often named after the protein itself. Condensates are mainly found in
cytoplasm and nucleus. The following sections will briefly introduce selected condensates

found in plants (Figure 3).

4.2.2.1 Cytoplasmic condensates

Processing bodies (P-bodies, also found in animals), repress translation and are
responsible for mMRNA decay (Parker and Sheth, 2007). They are ribonucleoprotein (RNP,
RNA-protein complexes) granules. Their composition is mMRNA, proteins repressing
translation, proteins involved in 5-to-3° mRNA decay, decapping, RNA modifying enzymes,
and RNA binding proteins (Maldonado-Bonilla, 2014; Luo et al., 2018). In animals, P-bodies
are described as dynamic condensates and their formation is shown to occur via LLPS
(Kedersha et al., 2005; Kroschwald et al., 2015; Riback et al., 2020). Post-translational
modifications, such as phosphorylation and ubiquitination, are a possible way to regulate P-
body formation (Chiang et al., 2013; Tenekeci et al., 2016).

Stress granules (SGs, also found in animals), appear upon a stress stimulus (e.g., heat
and salt stress) and are of transient nature. During stress, they arrest translation, but unlike P-
bodies, their reinstall translation after overcoming stressful conditions. Components of SGs
therefore are mMRNA, RNA-binding proteins, non-RNA-binding proteins, and factors for
translation initiation (Protter and Parker, 2016). Because of their overlapping functions, SGs
share some components with P-bodies (Kedersha et al., 2005). Also for SGs, LLPS is a
suggested formation process in animals (Kedersha et al., 2005; Riback et al., 2020), and post-

translational modification a suggested assembly and disassembly control (Cao et al., 2020).

4.2.2.2 Nuclear condensates

The most prominent and essential component of the nucleus and condensate is the
nucleolus (also found in animals). It harbors ribosomal DNA and RNA and is mainly site of
ribosomal DNA transcription, ribosomal RNA processing, and ribosome biogenesis (Kalinina
et al.,, 2018; Lafontaine et al., 2021). Additional proteins involved in splicing and RNA
modification (e.g., small nucleolar and small nuclear RNPs) are also found in the nucleolus,
indicating also possible other functions (Shaw and Brown, 2004; Pendle et al., 2005; Shaw
and Brown, 2012; Ohtani, 2018). The nucleolus is further divided into subcompartments, that
are not well studied (Shaw and Brown, 2004, 2012), but are liquid phases with different
properties, making the nucleolus a multiphase condensate that underlies LLPS (Brangwynne
et al., 2011; Feric et al., 2016; Riback et al., 2020). In animals, dephosphorylation processes
are important for proper nucleolus assembly (Lyon et al., 1997).

One of the oldest known nuclear condensates are Cajal bodies (also found in animals).
Cajal bodies are connected with the nucleolus and therefore share some of their components,

like small nucleolar and small nuclear RNPs (Boudonck et al., 1999; Love et al., 2017; Trinkle-
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Mulcahy and Sleeman, 2017; Ohtani, 2018). The biogenesis of these components takes place
in Cajal bodies and since these components are precursor forms of the slicing machinery, they
are passed on the nucleolus and speckles (Sleeman and Lamond, 1999). An important protein
for Cajal body formation, but not essential in plants, is coilin (Collier et al., 2006; Makarov et
al., 2013). Phosphorylation of coilin influences Cajal body formation (Hearst et al., 2009). Since
Cajal bodies are dynamic condensates, it is suggested, but not shown, that they form via LLPS
(Neugebauer, 2017; Riback et al., 2020). Cajal bodies vary in number depending on cell type,
cell cycle, and developmental stage (Boudonck et al., 1998, 1999).

Another, and very diverse, type of condensates are speckles (also found in animals).
Here, the splicing machinery is located (Reddy et al., 2012; Galganski et al., 2017). Parts of
the splicing machinery are small nuclear RNPs and splicing factors, like the serine-arginine
proteins (Lorkovi¢ et al., 2004; Shaw and Brown, 2004). The high diversification of speckles
most likely bears different tasks for the respective subtype (Lorkovi¢ et al., 2008).
Phosphorylation of serine-arginine proteins has an influence on both the protein dynamics and
proper speckle formation (Ali et al., 2003; Reddy et al., 2012; Greig et al., 2020), which is
shown in animals in form of LLPS (Xue et al., 2019; Greig et al., 2020). Speckles are also
responsive to changes in temperature and transcription activity (Ali et al., 2003; Reddy et al.,
2012).

Photobodies (PBs) are plant-specific condensates that are sites for photomorphogenic
regulation via photoreceptors and involved proteins (Ronald and Davis, 2019; Pardi and
Nusinow, 2021). The most prominent PBs contain the red/far-red light phytochrome
photoreceptors and the bHLH TFs PHYTOCHROME INTERACTING FACTORs (PIFs).
Photoactivated phytochromes are relocated from the cytoplasm into the nucleus and form PBs
(Kircher et al., 2002; Chen et al., 2005; Hiltbrunner et al., 2005, 2006; Rdsler et al., 2007;
Genoud et al., 2008; Van Buskirk et al., 2012, 2014). Phytochromes form two types of PBs, a
transient and a stable type (Kevei et al., 2007; Chen, 2008). One important task of PBs is PIF
degradation that promotes photomorphogenic responses. This occurs upon interaction with
phytochromes which in turn leads to PIF phosphorylation and ubiquitination (Bauer et al., 2004;
Monte et al., 2004; Park et al., 2004; Shen et al., 2005, 2007; Al-Sady et al., 2006; Lorrain et
al., 2008; Ni et al., 2013, 2017; Van Buskirk et al., 2014; Dong et al., 2017). Besides, also the
blue light cryptochrome photoreceptors form PBs. Cryptochrome PBs are sites for proteasomal
degradation of cryptochromes after photoactivation (Yu et al., 2009; Zuo et al., 2012) and for
interaction with other proteins (Lian et al., 2011; Zuo et al., 2011, 2012; Wang et al., 2021).
Recently, formation of cry2 PBs via LLPS was shown (Wang et al., 2021). Because of their
direct responsiveness to external stimuli like light and temperature (and circadian clock), PBs
are considered to translate this information into a developmental readout in form of gene
regulation (Kaiserli et al., 2015; Meyer, 2020; Pardi and Nusinow, 2021).

20



Introduction

LGy . \

- /:’f;-.f:’"—";" = Cryptochrome photobody
o /! /4 ,,: 2507
4 ;'.:";'Z/,f_d// __—Phytochrome photobody
[~ I
i 1
IHHI?,‘.',' Nucleolus

i 111171 ¢
\ f

N WL Cajal body

——Speckle (diverse subtypes)

-
-
4:
(g
r
A\
D
P S
e e
{::"'
£ el
i

Stress granule

Figure 3. Overview over selected condensates within a plant cell.

Apart from cell organelles that are separated from other cellular compartments by a membrane (in the
figure shown: nucleus, rough and smooth endoplasmic reticulum, Golgi apparatus, Golgi vesicles, mitochondria,
peroxisomes, chloroplast, and vacuole), condensates without membranes coexist with organelles. These structures
are microenvironments with particular tasks and can be found mainly in cytoplasm and nucleus. Cytoplasmic
condensates are e.g., processing bodies (P-bodies) for repression of translation, and stress granules (SGs) for
translation initiation after stressful conditions. Nuclear condensates are e.g., cryptochrome or phytochrome
photobodies (PBs) for photomorphogenesis and gene regulation, nucleoli for ribosome biogenesis, Cajal bodies for
biogenesis of precursor forms of the splicing machinery, and speckles for splicing. Figure created with

BioRender.com.

Creating microenvironments for a fast regulation of molecular mechanisms could
display an adaptation of plants to an ever-changing environment. In total 6% of all Arabidopsis
proteins are TFs (Riechmann et al., 2000). Interestingly, they are enriched in IDRs (Salladini
et al., 2020; Strader et al., 2022). Vertebrate, invertebrate, and plant bHLH TFs all possess
IDRs as well, so a flexible protein sequence is a conserved feature of bHLH TFs (Tarczewska
and Greb-Markiewicz, 2019; Salladini et al., 2020). Although transcriptional regulation within
plant condensates is a proposed and also shown function (Kaiserli et al., 2015; Pardi and
Nusinow, 2021; Huang et al., 2022), condensation of TFs is a relatively poorly examined but
slowly rising topic (Khan et al., 2014; Perez et al., 2019; Burkart et al., 2022; Huang et al.,
2022; Shuai et al., 2022). Especially in the context of nutrition, information on TF condensation

is lacking.
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5 Thesis objectives

Even though it must display a crucial step in the iron uptake regulation, it is not clear
how FIT activity is modulated apart from protein turn-over. A pool of active and inactive FIT is
proposed (Lingam et al., 2011; Meiser et al., 2011; Sivitz et al., 2011), but how is the finetuning
of FIT activation or deactivation occurring in detail? Our group identified the calcium-dependent
protein kinase CIPK11 as an interacting partner of FIT. This indicates a potential involvement
of post-translational modification in form of phosphorylation on FIT. Despite the extensive work
on molecular and physiological aspects of iron uptake, only little to no information exists on the
subcellular localization of the involved TFs. Since subcellular localization dynamics can be a
way of finetuning molecular regulation, what are the subcellular localization and dynamics of

TFs involved in iron uptake? Therefore, two main objectives guided my work:

1. Examine the influence of phosphorylation on the iron uptake module FIT-bHLH039
The FIT-bHLHO39 heterodimer is an important regulatory module for iron uptake. A
possible activation and deactivation of FIT will most likely influence the action of this module
and thereby alter iron uptake. It was therefore of interest to investigate how the possibility of
FIT phosphorylation could influence FIT interaction. For this, phospho-mutant forms of FIT
were tested for their capacity to homo- and heterodimerize with bHLHO039. This question was
assessed with fluorescence resonance energy transfer-after photobleaching (FRET-APB)

measurements and partly by bimolecular fluorescence complementation (BiFC) microscopy.

2. Decipher the subcellular localization of the iron uptake module FIT-bHLH039
Subcellular localization, and especially changes in subcellular localization, can alter the
regulation of molecular processes. As no information on FIT and bHLHO039 was available, it
was of interest to investigate their subcellular localization in detail and to close this gap of
knowledge. To examine this, an initial extensive microscopy study on the subcellular
localization of FIT and bHLHO039 was conducted. The observations made in this initial work
revealed that (i) bHLHO39 showed nucleocytoplasmic partitioning depending on FIT, and that
(i) FIT formed condensates in the nucleus, short nuclear bodies (NBs). Firstly,
nucleocytoplasmic partitioning of bHLH039 was examined. To understand the importance of
FIT on bHLHO039 localization, bHLHO39 localization was examined in different expression
systems, alone or in combination with FIT, and quantification of microscopy and biochemical
data was performed to verify the observations. Secondly, characterization and assignment of
a function to FIT NBs was performed. FIT NBs were examined in different expression systems.
To characterize FIT NBs, quantification of protein dynamics via fluorescence recovery after
photobleaching (FRAP), formation, number, size, and morphology was conducted. To assign
a function to FIT NBs, homo- and heterodimerization differences between NBs and cytoplasm
were quantified via anisotropy (homo-FRET) and FRET-fluorescence lifetime imaging

microscopy (FLIM) measurements, and co-expression with marker proteins was performed.
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SUMMARY

Nutrient acquisition is entangled with growth and
stress in sessile organisms. The bHLH transcription
factor FIT is a key regulator of Arabidopsis iron (Fe)
acquisition and post-translationally activated upon
low Fe. We identified CBL-INTERACTING PROTEIN
KINASE CIPK11 as a FIT interactor. Cytosolic Ca®*
concentration and C/IPK11 expression are induced
by Fe deficiency. cipk11 mutant plants display
compromised root Fe mobilization and seed Fe con-
tent. Fe uptake is dependent on CBL1/CBL9. CIPK11
phosphorylates FIT at Ser272, and mutation of this
target site modulates FIT nuclear accumulation,
homo-dimerization, interaction with bHLH039, and
transcriptional activity and affects the plant’s Fe-up-
take ability. We propose that Ca**-triggered CBL1/
9-mediated activation of CIPK11 and subsequent
phosphorylation of FIT shifts inactive into active
FIT, allowing regulatory protein interactions in the
nucleus. This biochemical link between Fe defi-
ciency and the cellular Ca®* decoding machinery
represents an environment-sensing mechanism to
adjust nutrient uptake.

INTRODUCTION

Plant growth is influenced by a changing environment. This re-
quires precise and coordinated decisions on plant development,
physiology, and stress response. Iron (Fe) uptake regulation is a
model system for investigating integration of signaling events.
Nutrient, particularly Fe, availability is of crucial importance for
plant growth and, hence, for the amount and quality of food avail-
able for humans. Fe is highly abundant in the soil but poorly
accessible for plants (Guerinot and Yi, 1994). Plants can actively
mobilize Fe in the soil. Many species, including Arabidopsis, use

726 Developmental Cell 48, 726-740, March 11, 2019 © 2019 Elsevier Inc.

a reduction-based strategy, where Fe is solubilized through
active proton (H*) extrusion, reduced at the root surface and
imported as bivalent Fe (Brumbarova et al., 2015). Lack of Fe
triggers the induction of several gene clusters responsible for
the maintenance of Fe homeostasis (lvanov et al., 2012; Mai
et al., 2016). The basic helix-loop-helix (bHLH) FER-LIKE IRON
DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT) is a
key regulator of Fe acquisition, balancing beneficial and poten-
tially harmful effects of Fe in the cells. FIT upregulates the genes
encoding the FERRIC REDUCTASE-OXIDASE2 (FRO2) and the
metal transporter IRON-REGULATED TRANSPORTER1 (IRT1)
(Colangelo and Guerinot, 2004; Jakoby et al., 2004).

FIT overexpression is not sufficient to induce downstream
target genes. When overexpressed, FIT is very abundant but
inactive upon Fe sufficiency, representing a large pool of inac-
tive FIT. In Fe-deficient WT, FIT protein is hardly detectable
but active in downstream gene activation, representing a
small pool of active FIT (Lingam et al., 2011; Meiser et al.,
2011). The same regulation is found for the tomato homolog,
indicating a general mechanism (Ling et al., 2002; Brumbarova
and Bauer, 2005). FIT 26S proteasome-mediated turnover
is very pronounced under Fe deficiency, where FIT activity
is crucial. Current models suggest that the active FIT form is
rapidly degraded and replaced by new molecules from a
pool of inactive FIT (Lingam et al., 2011; Meiser et al., 2011;
Sivitz et al., 2011).

FIT activity responds to the plant Fe status but also to plant
hormones, such as ethylene and gibberellin, and oxidative
stress. The integration of this information flow occurs through
post-translational regulation of FIT activity and results in adjust-
ing Fe deficiency response to the environmental conditions. The
same regulation is found for the tomato homolog, indicating a
general mechanism (Brumbarova and Bauer, 2005; Brumbarova
etal., 2015; Le et al., 2016; Wild et al., 2016). FIT activity is exten-
sively regulated through protein-protein interactions. Four
subgroup Ib bHLH proteins, bHLH038, bHLH039, bHLH100,
and bHLH101, are upregulated by Fe deficiency (Wang et al.,
2007). Their physical interaction with FIT activates it and induces
FIT target genes (Yuan et al., 2008; Wang et al., 2013).
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Figure 1. FIT and CIPK11 Co-localize and Interact with Each Other

(A) Targeted Y2H screen between the C-terminal part of FIT (FIT-C), fused to the GAL4 DNA-binding domain (BD), and the full 26-member CIPK family, fused
to the GAL4 activation domain (AD). Yeast co-transformed with different BD and AD plasmid combinations were spotted in parallel in 10-fold dilution series
(Asoo = 107'=10%) on SD-LW (co-transformation control) and on SD-LWH + 0.5 mM 3-AT plates (selection for protein interaction). CIPK23/cAKT1, positive
control, FIT-C/empty plasmid, negative control. The two strongest interactions are marked with red boxes.

(B) Targeted Y2H interaction assay between BD-FIT-C and AD-CIPK11, as in (A). Empty BD with empty AD, and empty BD with CIPK11-AD, negative controls. An
arrow indicates the physical interaction between FIT-C and CIPK11.

(C) Promoter-driven GUS repoerter activity in roots. Transgenic plants with ProFIT:GUS and ProCIPK11:GUS (lines 1 and 3) were grown in the 6-day system under
sufficient (+ Fe) or deficient (- Fe) Fe supply and stained for GUS activity. Rectangles in the left side seedling picture indicate the positions of the enlarged images
corresponding to, from top to bottom, differentiated root zone, early differentiation zone, and root tip. Bars: 1 mm. See also Figure S1A.

(D) Subcellular localization of FIT-GFP and GFP-CIPK11. Laser-scanning confocal images show the fluorescence of the GFP in FIT-GFP and GFP-CIPK11 in
tobacco leaf epidermis cells. Arrowheads indicate nuclear and cytoplasmic GFP signals (filled and empty, respectively). Bars: 50 um. See also Figure S1B.

(legend continued on next page)
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The ethylene-responsive transcription factors ETHYLENE-
INSENSITIVE3 (EIN3) and EIN3-LIKE1 (EIL1) also interact with
and activate FIT, linking Fe uptake regulation and ethylene
signaling at the molecular level (Lingam et al., 2011). On the other
hand, the abiotic stress-induced transcription factor ZINC
FINGER OF ARABIDOPSIS THALIANA12 (ZAT12) negatively
regulates FIT by scavenging it in an inactive complex to prevent
reactive oxygen species (ROS) accumulation under prolonged
Fe deficiency or excess Fe (Le et al., 2016). The gibberellin
signaling DELLA proteins inhibit FIT activity by preventing FIT
binding to its target promoters (Wild et al., 2016). It is tempting
to speculate that active FIT molecules engage in functional inter-
actions while interactions with negative FIT regulators keep FIT
inactive. However, it is unclear how the pools of active and inac-
tive FIT are molecularly distinguished and which mechanisms
guide the formation of FIT protein complexes.

Increased cytosolic calcium concentration [Caz+]cyt is a sec-
ond messenger in the plant response to many environmental
changes. It is a versatile ancient mechanism to transmit
information among cells and cellular compartments. CBL-
INTERACTING PROTEIN KINASEs (CIPKs), together with
calcineurin B-like proteins (CBLs), are a class of Ca®* signal
decoders catalyzing serine/threonine protein phosphorylation
elicited by environmental stimuli (Batistic and Kudla, 2012;
Edel et al., 2017). CIPKs target enzymes and membrane trans-
porters (Xu et al., 2006; Fuglsang et al., 2007; Ho et al., 2009;
Drerup et al., 2013; Dubeaux et al., 2018) as well as transcrip-
tion factors (Song et al., 2005; Lumba et al., 2014; Zhou
et al.,, 2015).

Here, we identified the Fe deficiency-induced CIPK11 as FIT
interactor. cipk11 and ch/1/9 mutant plants display fit-like phe-
notypes, suggesting that CIPK11 activation is triggered by an
increased [Ca?*].,: sensed through plasma-membrane-localized
CBL1/CBL9. We demonstrate that FIT is phosphorylated in
plants. CIPK11 phosphorylates FIT at Ser272, and this target
site impacts FIT activity. Phosphomutant analysis shows altered
FIT mobility, protein interaction, and transcriptional activity in
planta. The regulation of FIT phosphorylation status is a funda-
mental mechanism to dynamically adjust the pool of active FIT
protein, thereby altering the plant’s Fe utilization capacity in
response to environmental cues.

RESULTS

FIT Interaction with CIPK Family Members Is Highly
Selective

Observations that FIT exists in active and inactive forms promp-
ted us to search for proteins involved in FIT modification. A
previously reported yeast two-hybrid (Y2H) screen identified
relevant FIT-interacting transcription factors (Lingam et al.,
2011; Le et al., 2016). In the same screen, we retrieved a CIPK

protein kinase. Apart from the currently known FIT-interacting
transcription factors, a Ca®*-responsive protein kinase as a FIT
interactor suggests a new FIT regulation mechanism, linking
Ca®" signaling and Fe-deficiency responses. We addressed
the interaction specificity of the C-terminal part of FIT (FIT-C)
(Lingam et al., 2011) toward all 26 full-length CIPK family mem-
bers (Weinl and Kudla, 2009) by targeted yeast two-hybrid
(Y2H) assay. Only two of them, CIPK11 and CIPK21, clearly inter-
acted with FIT (Figure 1A). Both CIPK11 and CIPK21 genes are
Fe-regulated in seedlings. CIPK11 is upregulated, while
CIPK21 is downregulated under Fe deficiency (Mai et al.,
2016). A third member, CIPK7 is also Fe-regulated but the pro-
tein did not interact with FIT in this assay. CIPK11 is upregulated
in the early root differentiation zone (Dinneny et al., 2008), which
is primarily responsible for Fe uptake and where FIT activity is
required most (lvanov et al., 2012; Blum et al., 2014). Based on
their expression, we figured that CIPK11 might be FIT-activating,
while CIPK21 could have a negative impact on FIT-mediated Fe
uptake. The result of the Y2H screen points out that the interac-
tion of FIT with CIPK proteins is highly selective and involves
Fe-regulated members of the family. With CIPK11, we identified
a promising candidate for a phosphorylation-based FIT activa-
tion mechanism.

FIT and CIPK11 Interact in Plant Cells

To validate the FIT-CIPK11 interaction, we reconfirmed the inter-
action between FIT-C and CIPK11 inyeast (Figure 1B). We inves-
tigated whether FIT and C/PK11 are expressed in similar parts of
the plant by analyzing Arabidopsis stably transformed with F/T or
CIPK11 promoters driving B-glucuronidase (GUS) reporter gene.
The spatial expression pattern revealed that FIT and CIPK11 are
expressed in similar root zones (Figures 1C and S1A). ProFIT ac-
tivity was detected throughout the root differentiation zone, as
reported (Jakoby et al., 2004). ProCIPK11 was inactive at the
root tip, but, similarly to ProFIT, active in the early root differen-
tiation zone, where CIPK11 can affect FIT. The expression of the
two genes in the central cylinder (Figures S1A and S1C) shown
for ProFIT and ProCIPK11 (Jakoby et al., 2004; Fuglsang et al.,
2007) may be important, however, not central to the process of
Fe acquisition. FIT and CIPK11 also share similar subcellular
localization. Nuclear and cytoplasmic GFP signals were de-
tected for both FIT-GFP and GFP-CIPK11 (Figure 1D), and
expression of full-length fusion proteins was confirmed by immu-
noblot analysis (Figure S1B). Both proteins co-localize within
plant cells, and their localization did not change when FIT-
mCherry and GFP-CIPK11 were co-expressed (Figure 1E). In
planta interaction between FIT and CIPK11 was confirmed by
bimolecular fluorescence complementation (BiFC) (Figure 1F).
Yellow fluorescent protein (YFP) fluorescent signals, indicative
of FIT-CIPK11 interaction, were detected predominantly in the
nucleus and weakly in the cytoplasm. No interaction was

(E) Co-localization of FIT-GFP and GFP-CIPK11 in tobacco leaf epidermis cells. Laser-scanning confocal images show co-localization of GFP-CIPK11 and FIT-
mCherry. Arrowheads show examples of co-localized GFP and mCherry fluorescent signals in the nucleus (filled arrowheads) and in the cytoplasm

(empty arrowheads). Bars: 50 um.

(F) BiFC with mRFP transformation control. Laser-scanning confocal images show BiFC signals of nYFP-CIPK11 and cYFP-FIT in tobacco leaf epidermis cells.
nYFP-CIPK11 and cYFP-bHLHO039, as well as nYFP-CIPK15 and cYFP-FIT, negative controls with a non-interacting related bHLH and a non-interacting CIPK,
respectively. Reconstituted YFP signals are indicated by arrowheads (filled for nuclear YFP, empty for cytoplasmic YFP). FIT-CIPK11 interaction was detected

predominantly in the nucleus. Bars: 50 um. See also Figure S1C.
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observed between CIPK11 and the Fe-regulated FIT partner
bHLHO39 and between FIT and CIPK15 (Figure 1A), although
the respective protein fusions were properly expressed
(Figures 1F and S1C). These negative BiFC controls underline
the specificity of the FIT-CIPK11 interaction. Thus, FIT and
CIPK11 are induced by Fe deficiency. The proteins interact
with each other and function in the same subcellular compart-
ments and root zones.

CIPK11 Is a Positive Regulator of FIT-Dependent Fe
Deficiency Responses
To genetically address the function of CIPK11 in FIT-dependent
Fe acquisition, we examined the Fe deficiency responses of
cipk11 loss-of-function mutant plants and three independent
cipk11-complemented plant lines. The cipk?1 mutant used in
our study is widely employed (Fuglsang et al., 2007; Yang et al.,
2010; Lumba et al., 2014; Zhou et al., 2015), To assess the level
of Fe responsiveness in cipk11, we compared it to wild-type
(WT) and fit loss-of-function plants. fit mutants fail to induce Fe
acquisition responses and do not acquire sufficient Fe, displaying
severe leaf chlorosis and reduced growth unless supplemented
with foliar Fe (Colangelo and Guerinot, 2004; Jakoby et al.,
2004). Under Fe deficiency, WT plants had increased root length
compared to +Fe conditions, potentially representing a foraging
strategy of exploiting the medium for Fe, while at the same
time, the severely Fe-deficient fit mutant was unable to sustain
this growth response (Figures S2A and S2B). Main root length
increase upon Fe deficiency was reported before for WT Arabi-
dopsis and other eudicot species, while the opposite was the
case upon FIT failure in Arabidopsis or its tomato ortholog (Ling
et al., 2002; Zhang et al., 2015; Le et al., 2016). Compared with
WT, cipk11 displayed an even further increased root length under
both Fe conditions, a phenotype that was reverted in cipk11-
complemented lines (Figures S2A and S2B). The root phenotype
of cipk11 indicated a role of CIPK11 in Fe acquisition responses.
We tested the hypothesis that CIPK11 might affect Fe defi-
ciency responses through regulating FIT. FRO2 and IRT1 are
FIT target genes used as markers for the plant responsiveness
to limited Fe supply (Colangelo and Guerinot, 2004; Jakoby
et al., 2004). CIPK11 gene expression was highly compromised
in cipk11, while CIPK11 in the three cipk11-complemented lines
exceeded WT levels (Figure 2A). CIPK11 was induced in WT
roots upon —Fe and expressed at similar level in WT and fit (Fig-
ure 2A), confirming that CIPK71 is not a FIT target gene (Mali
et al., 2016). FIT transcript levels were not significantly deregu-
lated in cipk11. One out of three complemented lines showed

enhanced FIT expression at —Fe versus +Fe condition (Fig-
ure 2B). BHLHO039 is upregulated by Fe deficiency (Wang et al.,
2007), serving as a robust marker gene (lvanov et al., 2012). Its
transcript abundance is not dependent on FIT but increased in
fit mutants due to their high level of Fe deficiency (Wang et al.,
2007). We found that BHLH039 expression was not dependent
on CIPK11, indicating that the Fe deficiency signaling upstream
of FIT and BHLH039 was not perturbed in cipk11 (Figure 2C).
However, lack of functional CIPK11 led to the downregulation
of the FIT targets FRO2 (Figure 2D) and IRT7 (Figure 2E) under
—Fe, although not to the same extent as in fit. In the cipk77-com-
plemented lines, FRO2 and IRT1 expression were restored to at
least WT levels (Figures 2D and 2E). Fe homeostasis genes
co-regulated with BHLH039, NICOTIANAMINE SYNTHASE4
(NAS4), and FERRIC REDUCTASE OXIDASE3 (FRO3) were not
affected by the lack of functional CIPK11 (Figures 2F and 2G),
similarly to BHLHO039. These findings argue against a function
of CIPK11 upstream of FIT and bHLHO039. CIPK11 plays a posi-
tive role in regulating the FIT targets /RT7 and FROZ2 but not in
regulating Fe responsive genes that are not FIT targets.

Physiological analyses further confirmed the Fe deficiency
response phenotype of cipk11. Root ferric reductase activity
represents a physiological read-out to Fe limitation (Robinson
etal., 1999). Indeed, cipk11 plants had reduced Fe reductase ac-
tivity in comparison to WT under Fe deficient conditions,
whereas the activity in cipk17-complemented lines was similar
to the WT, consistent with the FRO2 transcript abundance in
these plants (Figure 2H). Reduced Fe content per dry weight of
cipk11 seeds reflected the decreased capacity of the mutant
to acquire Fe. Importantly, cipk17-complemented lines restored
the seed Fe content to WT levels (Figure 2I).

Since CIPK11 decodes Ca®* signals, we asked whether Fe
deficiency alters [Ca®'].,; in our growth conditions. Using the
genetically encoded Ca®* sensor Yellow Cameleon 3.6 (YC3.6)
(Krebs et al., 2012), we confirmed an Fe-deficiency-dependent
[Cag*]cy. increase in the early root differentiation zone, both in
the central cylinder and in the epidermis (Figures 2J, S2C, and
S2D). The existence of a Ca®* signal in the context of Fe defi-
ciency suggests sensing at a certain subcellular compartment
through a CBL. We examined the Fe mobilization capacity of
the double loss-of-function mutants cbl2/3 (Eckert et al., 2014)
and cb/1/9 (Xu et al., 2006), representing plants deficient in
Ca®* perception at the tonoplast and the plasma membrane (Ba-
tistic et al., 2010), respectively. The Fe reductase activity of
chl2/3 was not significantly different from that of WT under
both Fe supplies. However, cbl/1/9 was unable to induce Fe

Figure 2. CIPK11 Is a Positive Regulator of FIT-Dependent Fe Deficiency Responses

(A-1) Analysis of Fe deficiency responses of cipk?1 mutant and complemented lines. cipk?1 mutant, three cipk?1-complemented lines (compl #1, #2, and #3)
(see also Figures S2A and S2B) were analyzed in comparison to WT and fit mutant. Plants were grown in the 2-week system with sufficient (+Fe, black bars) or
deficient (—Fe, gray bars) Fe supply. Data are represented as mean = SD. Different letters indicate statistically significant differences (p < 0.05).

(A-G) Gene expression analysis in roots, (A) CIPK11, (B) FIT, (C) BHLH039, (D) FRO2, (E) IRT1, (F) NAS4, and (G) FRO3 (n = 3). (H) Root Fe reductase activity (n=4).
(I) Seed Fe content per dry weight (n = 3).

(J) Free [Ca®*].,» changes in response to Fe deficiency in roots by ratiometric imaging of the Ca®* sensor YC3.6. cpVenus-to-ECFP emission ratios of fluorescence
intensities indicative of free [Caz*]c,lwere measured in roots of plants grown under sufficient (+Fe, black bars) or deficient (—Fe, gray bars) supply. [(2&12‘]“l was
measured in the meristematic (MZ) and elongation (EZ) zones of the root tip and in the central cylinder (CC) and epidermis (Epi) of the early root differentiation
zone. Data are represented as mean + SD (n = 12). Asterisks indicate statistically significant differences (p < 0.05) to the respective Fe sufficient condition of the
same genotype. See also Figures S2C and S2D.

(K-0) Analysis of Fe deficiency responses of cbl mutants. cb/2/3 and cbl1/9 double loss-of-function mutant plants were grown and analyzed, including statistics,
as described in (A)(H). (K) Root Fe reductase activity (n = 4). (L-O) Gene expression analysis in roots, (L) FIT, (M) FRO2, (N) IRT1, and (O) BHLH039 (n = 3).
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reductase activity under —Fe (Figure 2K). In order to test whether
the effect of CBL1/9 on Fe reductase activity reflected a change
in FIT activity, we investigated the expression of FIT target
genes. While FIT expression was not significantly affected in
the cbf mutants (Figure 2L), both FROZ2 and IRT1 transcript levels
were significantly decreased in cb/1/9 compared to WT under
—Fe (Figures 2M and 2N). Consequently, BHLH039 was signifi-
cantly upregulated in cb/7/9 under —Fe in comparison to WT
(Figure 20), underlining the inability of cb/1/9 to upregulate FIT-
dependent Fe deficiency responses. These data suggest that
the plasma-membrane-localized CBL1 and CBL9, similar to
CIPK11, act as positive regulators of Fe uptake and are needed
for proper FIT activation under Fe deficiency. In summary,
CIPK11, potentially activated by CBL1/9-mediated Ca®*
sensing, positively affects FIT activity.

CIPK11 Phosphorylates FIT at Ser272

Since FIT interacts with a protein kinase affecting Fe acquisition,
we asked whether differences in FIT activity could be attributed
to differences in FIT phosphorylation status. We were unable to
demonstrate FIT phosphorylation through peptide analysis
because of the low FIT protein abundance. Instead, we em-
ployed phosphate affinity Zn?*-Phos-tag SDS-PAGE, which
leads to retarded electrophoretic mobility of phosphorylated
proteins in comparison to their corresponding non-phosphory-
lated forms (Bekesova et al., 2015) in combination with HA-FIT
immunodetection in transgenic HA;-FIT plants. Standard SDS-
PAGE resulted in a single HA-FIT protein band (Figure 3A),
whereas Phos-tag analysis revealed a mobility shift with three
distinct HA-FIT bands (Figure 3B). Calf intestinal phosphatase
(CIP) treatment of the protein extracts prior to Phos-tag separa-
tion led to a decrease in the relative protein abundance of the low
mobility (LM) FIT form versus the total FIT pool under both Fe
supply conditions (Figure 3C), indicating the presence of phos-
phorylated HA-FIT in roots of Fe-sufficient and Fe-deficient
plants. The HM FIT forms represented two bands at +Fe and
—Fe, whereby the upper HM bands were slightly shifted
following CIP treatment. HM FIT bands were potentially non-
phosphorylated or had a lower phosphorylation grade. Extracts
from both +Fe- and —Fe-grown plants showed the presence of
a phosphorylated LM HA-FIT form. It is likely that FIT is phos-
phorylated at different positions depending on the Fe supply,
potentially by different protein kinases and with different out-
comes for FIT activity.

A second proof for FIT phosphorylation in planta came from 2D
SDS-PAGE and immunodetection (Figure 3D). Several HA-FIT
forms with different isoelectric points (pl) were detected, a
main group of FIT spots at the expected HA-FIT pl of 4.3 (Fig-
ure 3D, black ellipses) and several other spots spread further in
the acidic pH range down to pH 3.4 (Figure 3D, red ellipses). In
both +Fe and —Fe extracts, the acidic FIT isoforms disappeared
after phosphatase treatment, confirming their phosphorylated
nature. The presence of several main and weak HA-FIT spots
in 2D-PAGE analysis correlates with main and weak HM bands
in Phos-tag mobility shift assay. Thus, a small portion of FIT pro-
tein is highly phosphorylated, while a large portion of FIT might
be not or less phosphorylated.

We next tested whether CIPK11 phosphorylates FIT. Since the
FIT-CIPK11 interaction in yeast involved the C-terminal part of

FIT, we performed an in silico prediction of potential phosphory-
lation sites in this region (Figure 3E), considering site conserva-
tion between FIT and its tomato homolog SIFER. This led to
the identification of Ser272 as a potential FIT/SIFER phosphory-
lation site (Figure 3E). Site-directed mutagenesis was used
to create non-phosphorylatable, FITm(AA), and phospho-
mimicking, FITm(E), FIT forms at the Ser272 position to investi-
gate the potential impact of Ser272 phosphorylation (Figure 3E).
We observed phosphorylation of FIT and FIT-C by CIPK11
in vitro (Figure 3F). CIPK11 also underwent auto-phosphoryla-
tion, which served as CIPK11 activity control. FIT or FIT-C,
without exposure to CIPK11 and Strepll-GST protein incubated
with CIPK11, were not phosphorylated, confirming the speci-
ficity of the detected FIT phosphorylation by CIPK11. FITm-
C(AA) and FITm-C(E) displayed weaker radioactive signals than
the non-mutagenized FIT-C when incubated with CIPK11 (Fig-
ure 3F), suggesting that Ser272 is a prominent CIPK11 target
site. Taken together, we show that a small portion of FIT protein
is phosphorylated in planta, and that FIT is phosphorylated at
Ser272 by CIPK11.

Ser272 Phosphorylation Target Site Mutation Modulates
FIT Localization, Mobility, and Activity

Next, we investigated whether Ser272 phosphorylation status
impacts FIT function. For this, we generated plant lines constitu-
tively expressing GFP-tagged FIT forms. FIT-GFP/fit plants (FIT/
fit) expressed constitutively mRNA and full-length FIT-GFP pro-
tein under both Fe supply conditions (Figures S3A and S3B).
Their root length response to Fe deficiency was similar to WT
as was the BHLH039 expression level (Figures S3C and S3D).
FRO2 and /RT1 were similarly expressed and induced by —Fe
in FIT/fit and WT (Figures S3E and S3F). As a consequence,
FIT/fit plants displayed WT-like Fe reductase activity and seed
Fe content levels (Figures S3G and S3H), illustrating that FIT-
GFP fusion can fully rescue the Fe-deficient phenotype of fit
plants.

The presence of this functional FIT-GFP in the nucleus and in
the cytoplasm described above (Figures 1D and 1E) was also
seen in FIT/fit roots exposed to + and —Fe (Figure S3I). This im-
plies that the amount of transcriptionally active nuclear FIT may
be regulated through a partitioning between the nucleus and the
cytoplasm. Interestingly, the non-phosphorylatable FITm(AA)-
GFP displayed enhanced accumulation in the cytoplasm
compared to FIT-GFP, while the phospho-mimicking FITm(E)-
GFP form did not show a difference in subcellular distribution
(Figure 4A). The expression of full-length GFP-fusion proteins
for all three FIT forms was verified by immunoblotting (Fig-
ure S4A). In addition, fluorescent recovery after photobleaching
(FRAP) revealed the increased mobility of the FITm(AA)-GFP
form in comparison to FIT-GFP and FITm(E)-GFP (Figures 4B,
S4B, and S4C). This suggests that FIT abundance and mobility
in the nucleus are modulated by its phosphorylation status at
Ser272.

We reported previously that full-length FIT coupled to the Gal4
binding domain (BD-FIT) has the capacity to self-activate reporter
gene expression in yeast without requiring the Gal4 activation
domain (Lingam et al., 2011). Interestingly, Ser272 mutations
affected this self-activation capacity of BD-FIT. Indeed, BD-FIT-
m(AA) caused a decreased transcriptional self-activation in
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Figure 3. CIPK11 Phosphorylates FIT at
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comparison to BD-FITm(E) and BD-FIT (Figure 4C), pointing out
the importance of Ser272 phosphorylation for BD-FIT transcrip-
tion factor activity. Taken together, we demonstrate that Ser272
affects the cellular localization and nuclear mobility of FIT-GFP
and the self-activation capacity of BD-FIT.

Ser272 Phosphorylation Target Site Mutation Disturbs
FIT Homo- and Hetero-Dimerization

We investigated the functionality of FIT phosphomutants as tran-
scription factors. Proteins from the bHLH transcription factor
family are known to form dimers (Heim et al., 2003). FIT can
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tag SDS-PAGE. The same protein extracts as in (A)
were used. Weak low-mobility (LM) and strong
high-mobility (HM) bands are visible. The LM band
disappears after phosphatase treatment, indi-
cating a phosphorylated FIT isoform. Red rect-
angle, image area used for quantifying LM FIT
forms in each sample. Bracket, image area used
for quantifying HM FIT forms. The assay was
performed two times showing similar results. (C)
Quantification of Phos-tag results shown in (B).
Relative LM FIT abundance was calculated versus
total LM + HM FIT, as normalized LM FIT
signal intensity. (D) Two-dimensional SDS-PAGE.
Different FIT isoforms spread between the pl of
HA;-FIT (pH 4.3, black ellipses) and the more
acidic pH. The FIT isoform at pH 3.4 (red ellipses)
disappears after phosphatase treatment. The
assay was performed two times showing similar
results.

(E) Phosphorylation site prediction. FIT protein
scheme with NetPhos2.0-predicted phosphoryla-
tion sites (highlighted in red and underlined).
Serine S272 (in yellow) is conserved between
AtFIT and SIFER, and was selected as target site
for further investigations. Non-phosphorylatable,
FITm(AA), and phosphomimicking, FITm(E), FITm
forms created in this work are shown under the
alignment.

(F) In vitro kinase assay. Affinity-purified recom-
binant Strepll-CIPK11 and Strepll-tagged sub-
strates were incubated together, as specified.
Strepll-FIT-C was assayed non-mutagenized and
phospho-mutagenized as Strepll-FITm-C(AA) and
Strepll-FITm(E) (AA and E). Strepll-GST, negative
control. Lower panel, protein staining as loading
control. Upper panel, auto-radiography image
showing phosphorylation signals. Respective
protein bands are indicated on the right side.
CIPK11 aute-phosphorylation served as a positive
control for CIPK11 activity. The assay was per-
formed two times showing similar results.

(A, D, and F) Protein molecular weight (in kDa) is
indicated.
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interact with itself, yet the function of FIT homo-dimerization is
unknown (Yuan et al., 2008). Overexpression of FIT alone
does not lead to enhanced Fe deficiency responses unless
BHLHO039 is also present, indicating that FIT dimers are inactive
(Jakoby et al., 2004; Meiser et al., 2011; Figure S3). bHLH039
activates FIT (Yuan et al., 2008; Naranjo-Arcos et al., 2017).
Since the protein interactions of FIT are crucial for FIT transcrip-
tion factor activity, we figured that Ser272 could mediate the
cellular decisions for non-activating and activating FIT interac-
tions. Thus, FIT activity might be modulated through CIPK11
phosphorylation at Ser272. FIT-C, devoid of the bHLH domain,

41



Paper |

" 8
e b
o
g 74
3 ab
5 64
w
3 l
3 51 a
] o
£ 44
P
2 =
5
g 21
FIT-GFP  FITm(AA)}-GFP FITm(E)-GFP

FIT-GFP

FITm(AA)-GFP JFITm(E)-GFP

>

B 100
% ] a b ab
z T T i
§ 8
E 70 ] |
% |
= 60 -
50 [
FIT-GFP  FITm(AA)-GFP FITm(E)-GFP
(o] SD-LWH + SD-LWH +
SD-LW 30 mM 3-AT 60 mM 3-AT
10'1 10410' 104 101 104
BD:
FIT
FITm(AA)
FITm(E)
empty

Figure 4. Mutation at Ser272 Alters FIT Cellular Localization, Protein Mobility, and Self-Activation

(A-B) Box plots; Inter-Quartile Range (IQR) 25 to 75%; whiskers, 25" percentile -1.5"IQR, 75" percentile +1.5*IQR; median, line within IQR box; mean, small
square in IQR box; x, values outside +1.5*IQR range. Different letters indicate statistically significant differences (p < 0.05).

(A) Subcellular localization of FIT and FITm-GFP. Upper part, box plot showing quantification of cytoplasm-to-nucleus GFP signal ratios for FIT-GFP (black),
FITm(AA)-GFP (red) and FITm(E)-GFP (blue) (n = 3). Lower part, representative laser-scanning confocal images of GFP signals in tobacco leaf epidermis cells. Full
and empty arrowheads indicate nuclear and cytoplasmic GFP signals, respectively. Bars: 50 pm. See also Figure S4A.

(B) Protein mobility analysis of FIT-GFP and FITm-GFP by FRAP in plant cells. Box plot showing the percentage of the mobile protein fraction for FIT-GFP (black),
FITm(AA)-GFP (red) and FITm(E)-GFP (blue) was calculated from the GFP fluorescence recovery rate (n = 12-21). See also Figures S4B and S4C.

(C) FIT and FITm transcriptional self-activation capacity assay in yeast. Yeast co-transformed with BD-FIT or BD-FITm and empty AD vector were spotted in
parallel on SD-LW (co-transformation control) and on SD-LWH + 30 and 60 mM 3-AT plates (selection for self-activation), as described in Figure 1. Empty BD

plasmid, negative control. Arrowheads indicate self-activation.

was sufficient for homo-dimerization in yeast. FITm(AA)-C
showed a decreased, while FITm(E)-C had an increased homo-
dimerization, compared to FIT-C (Figure 5A). FIT homo-dimer
formation and its dependence on Ser272 phosphorylation status
were further confirmed for full-length FIT forms in planta by
Forster resonance energy transfer-acceptor photo bleaching
(FRET-APB) in plant nuclei and BiFC analyses. FRET efficiency
was scored as an indication of protein interaction. Non-phos-
phorylatable FITm(AA) displayed a reduced and phospho-
mimicking FITm(E) an increased FRET efficiency compared to
WT FIT (Figure 5B). BiFC assays showed homo-dimer formation
for FIT and FITm(E) pairs but not for FITm(AA) (Figure S5A). In all
cases, the respective nYFP- and cYFP-tagged proteins were
detectable by immunoblot (Figure S5B).

Since the presence of bHLHO39 is crucial for FIT target gene
activation (Yuan et al., 2008; Naranjo-Arcos et al., 2017), we
investigated the effect of Ser272 mutation on FIT-bHLHO039 het-
ero-dimerization. The yeast assay did not show significant differ-
ences in interaction strength between FIT-C and bHLH039 or
between any FITm-C and bHLHO039 (Figure 5C). However,
FRET-APB analysis in plant nuclei revealed a decrease in FRET
efficiency for the bHLH039-GFP/FITm(AA)-mCherry but not
the bHLH039-GFP/FITm(E)-mCherry pair (Figure 5D). This sug-
gests that Ser272 phosphorylation positively affects FIT homo-
dimerization and FIT-bHLHO39 hetero-dimerization in plant
nuclei. In summary, phospho-mimicking FITm(E) formed interac-
tions similarly to WT. On the other hand, the non-phosphorylat-
able FITm(AA) form had decreased homo-dimerization and

bHLHO039 interaction capacity, compared to WT FIT. This
decreased ability of FITm(AA) to participate in protein-protein
interactions may explain its reduced activity.

CIPK11 Target Site Mutation Affects FIT Target Gene
Activation In Vivo

Based on their altered interaction affinity to bHLH039, we pre-
dicted that FITm protein forms may have different activity. To
study this aspect at the whole-plant level, we performed a fit
mutant complementation assay (Figure S3). Two FITm(AA)/fit
(AA#1 and AA#2) and FITm(E)/fit (E#1 and E#2) lines were gener-
ated, constitutively expressing FITm(AA)-GFP or FITm(E)-GFP
(Figures 6A, 6B, S6A, and S6B). The fit mutant phenotype of
reduced root length at —Fe supply versus +Fe supply was not
changed in AA#1 and AA#2, while it was rescued in E#1 and
E#2 (Figures 6C and S6C). This indicates that FITm(AA) in contrast
to FITm(E) does not complement fit. Consistently, target gene
activation by FITm(AA), reflecting its transactivation capacity,
was compromised. The AA#1 and AA#2 lines were not able to up-
regulate FROZ2 and IRT1 upon —Fe, contrary to WT, E#1 and E#2
(Figures 6D, 6E, S6D, and S6E). BHLH039 expression levels were
similar in AA#1, AA#2, and fit (Figure 6F). On the other hand,
BHLHO39 expression was comparable between WT, E#1 and
E#2 (Figure S6F). Consequently, ferric reductase activity re-
mained low upon —Fe in AA#1 and AA#2, as in fit, but was
elevated in E#1 and E#2, as in WT (Figures 6G and S6G). Seed
Fe contents of AA#1 and AA#2 were low as in fit seeds in contrast
to WT, E#1 and E#2 (Figures 6H and S6H). Therefore, the FITm(E)-
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Figure 5. Mutation at Ser272 Alters FIT Homo-Dimerization and FIT-bHLHO039 Interaction
(A and B) Mutant FIT protein homo-dimerization capacities. (A) FIT homo-dimerization assay in yeast. Yeast co-transformed with different combinations of non-
mutagenized and mutagenized BD- and AD-FIT-C/FITm-C vectors were spotted in parallel as described in Figure 1. Arowheads indicate homo-dimerization.
(B) FIT and FITm homo-dimerization in planta. Box plot showing FRET-APB for GFP- and mCherry-tagged FIT and FITm pairs, measured to assess the strength of
homo-dimer formation in plant cell nuclei. GFP-tagged fusions, donor-only (negative) controls. GFP-mChemrry-tagged fusions for intra-molecular FRET, positive
controls. Significant increase in FRET efficiency (Errgr) is indicative of protein interaction. See also Figure S5.
(C and D) Mutant FIT-bHLH039 protein interaction capacities. (C) FIT-bHLH039 protein hetero-dimerization assay in yeast. Yeast co-transformed with different
combinations of non-mutagenized and mutagenized BD-FIT-C/FITm-C and AD-bHLHO39 vectors were spotted as in (A). Arrowheads indicate hetero-dimer-
ization. (D) bHLHO39 and FIT/FITm interaction in planta. Box plot showing FRET-APB for GFP-tagged bHLH039 and mCherry-tagged FIT/FITm pairs, measured
as in (B) to assess the strength of hetero-dimer formation in plant cell nuclei.
(B-D) Box plots; Inter-Quartile Range (IQR) 25 to 75%; whiskers, 25" percentile -1.5"IQR, 75" percentile +1.5'IQR; median, line within IQR box; mean, small
square in IQR box; x, values outside +1.5*IQR range. (n = 10). Different letters indicate statistically significant differences (p < 0.05). mC, mCherry; GFP-mC, and

GFP-mCherry.

GFP fusion fully complemented the fit phenotype, indicating an
active FIT form, while FITm(AA)-GFP represented an inactive
form. Similar to the observations in tobacco leaf epidermis cells,
FITm(AA)-GFP in both AA#1 and AA#2 lines showed quantitatively
increased GFP fluorescence in the cytoplasm in comparison to
WT FIT-GFP. The fluorescence and localization of FITm(E)-GFP
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in E#1 and E#2 was similar to non-mutagenized FIT-GFP (Figures
61, S6él, and S7). These results support the conclusion that non-
phosphorylatable mutation at Ser272 renders FIT less active,
impeding its role as a transcriptional activator. FITm(E), on the
other hand, is active upon Fe deficiency. When overexpressed,
FITm(E) does not have an enhancing effect on Fe uptake. This is
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Figure 6. Non-phosphorylatable FITm(AA) at
Ser272 Has Reduced Activity in Arabidopsis
The fit mutant complementation assay with FITm(AA)-
GFP. Two FITm(AA)-GFP/fit lines (AA#1 and AA#2)
were analyzed in comparison with WT and fit plants.
Plants were grown with sufficient (+Fe, black bars) or
deficient (—Fe, gray bars) Fe supply in 6 days (C and I)
and 2-week growth assays (A, B, and D-G). See also
Figures S3 and S6.

(A) FIT gene expression in roots, represented in
base-10 logarithmic scale (n = 3).

(B) Anti-GFP immunodetection of full-length FITm(AA)-
GFP fusion protein (indicated by an arrow) in plants.
WT plants, negative control. PonceausS staining of the
membrane, loading control. Protein molecular weight
(in kDa) is indicated.

(C) Root lengths of plants (n = 10).

(D-F) Gene expression analysis in roots of FRO2 (D),
IRT1 (E) and BHLHO39 (F) (n = 3).

(G) Root Fe reductase activity (n = 4).

(H) Seed Fe content per dry weight (n = 3).

(I) Laser-scanning confocal images of GFP-FITm(AA) in
roots. Bars: 50 um. See also Figure 57.

(A and C-H) Data are represented as mean + SD.
Different letters indicate statistically significant differ-
ences (p < 0.05).
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likely due to the regulated presence of the activating partner
bHLHO039. In summary, our data show that phosphorylation of
FIT at Ser272 under Fe deficient conditions may prime FIT for
participation in an active transcriptional complex with bHLHO39.

DISCUSSION

Here, we identified the protein kinase CIPK11 as a positive regu-
lator of Fe acquisition, phosphorylating FIT and priming it for
interaction with bHLHO39 for downstream target gene activation.
This is consistent with the existence of two pools of FIT protein,
active and inactive. In this study, we distinguish two pools of FIT
based on its phosphorylation and show that FIT phosphorylated
at position Ser272 has characteristics that would allow discrim-
inating it as active FIT from the non-phosphorylated inactive FIT.

CIPK11 Acts as a Positive Regulator of Fe Acquisition by
Forming a Pool of Active FIT

CIPK11 exerts its positive function in Fe deficiency response
regulation by acting predominantly on FIT. This is supported
by three findings. First, CIPK11 specifically interacts with FIT
and phosphorylates it at Ser272. Second, CIPK11 and FIT act in
the same root tissues and cell compartments. Upon Fe defi-
ciency, CIPK11 is expressed similarly to FIT in the early differen-
tiation root zone, where Fe uptake predominantly takes place.
Third, genetic analyses show that cipk?1, cbl1/9 and the non-
complementing FITm(AA)-GFP/fit (#AA1 and #AA2) lines share
the same phenotypes of inability to fully induce Fe uptake, sug-
gesting that in these lines FIT cannot achieve full activation. WT
and complemented FITm(E)/fit (#E1 and #E2) plants had active
FIT. FITm(E) does not increase Fe uptake alone, due to the
independent regulation of bHLHO39 partner of the active FIT com-
plex. Therefore, FIT phosphorylation at Ser272 primes FIT for
participation in an active transcriptional complex with bHLH039
under Fe deficiency, for activating Fe uptake. The identi-
fication of CIPK11 as an enzyme, that interacts with and post-
translationally modifies FIT, allows better understanding of the
mechanisms leading to the attachment of regulatory marks on FIT.

FIT Activation via CIPK11 Involves Nucleocytoplasmic
Redistribution and Differential Protein Interaction
Capacity

Subcellular localization studies found both FIT and CIPK11 in the
nucleus and in the cytoplasm. The interaction between the two
proteins was detected predominantly in the nucleus but also in
the cytoplasm. Therefore, it is possible that FIT phosphorylation
by CIPK11 occurs at both cellular locations. Nevertheless, active
FITm(E) had a preference for nuclear localization compared
to the more mobile and cytoplasmically-enriched inactive
FITm(AA), which was particularly evident in root cells. The conse-
quence of the interaction among active FIT molecules is currently
unclear. FIT dimerization or FIT multimerization is facilitated
upon CIPK11-mediated phosphorylation at Ser272 and the
FIT-FIT complex formation could be at the origin of nuclear accu-
mulation and decreased mobility of FIT. Protein phosphorylation
is one of the potential mechanisms involved in regulated nucleo-
cytoplasmic partitioning of transcription factors (Meier and Som-
ers, 2011). Phosphorylation may lead to a conformational
change that either masks or exposes a nuclear localization signal
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(NLS) or a nuclear exclusion signal (NES). Phosphorylation may
also affect FIT interaction with a nuclear shuttle protein or with
a protein that retains FIT in the cytoplasm. One of these or a com-
bination of these mechanisms may be responsible for the
observed increased mobility and decreased nuclear accumula-
tion of the non-phosphorylatable FITm(AA) form. In addition,
FIT-FIT interaction could be a prerequisite for further attraction
of bHLH subgroup Ib proteins such as bHLH039 into this com-
plex. We could show that in yeast FIT homo-dimerization and
interaction with bHLHO39 can occur through the FIT C-terminus.
This suggests that phosphorylation-induced alterations in FIT-C
conformation may contribute, together with the bHLH domain, to
the overall strength of FIT homo- and hetero-dimer formation.
Subsequently, bHLH039-FIT complexes further stimulate FIT
gene induction and Fe acquisition (Naranjo-Arcos et al., 2017).
FIT, FITm(AA), and FITm(E) proteins were detectable upon suffi-
cient and deficient Fe supply in roots of the transgenic lines, indi-
cating that protein stability is not directly dependent on this
phosphorylation site. The tobacco cells used for transient
expression experiments have proven a good model system to
study FIT localization and interactions, probably because a
CIPK11-like activity is present there. In Arabidopsis, CIPK11 is
expressed in leaves and the CIPK11 activity is reduced in
cipk11 mutants but reconstituted in complemented cipk717 lines
(Fuglsang et al., 2007). This indicates that leaf cells do contain
CIPK11-like activity explaining the different behavior of FIT and
FITm forms in the leaf epidermis assays. In summary, the regu-
lation of FIT phosphorylation status presents a mechanism to
dynamically adjust the pool of functionally active FIT protein in
the nucleus where it is available for protein-protein interactions,
affecting the plant’s Fe utilization capacity (Figure 7).

CIPK11-Mediated FIT Activation Is Integrated with the
Plant Stress Response Networks

The mechanism of CIPK11 activation by Fe deficiency is an inter-
esting aspect of the role of this protein kinase in Fe acquisition.
CIPK11 is upregulated by Fe deficiency, irrespective of FIT,
possibly by subgroup IVc bHLH transcription factors that posi-
tively regulate Fe homeostasis upstream of FIT and bHLHO038/
039/100/101 (Zhang et al., 2015; Li et al., 2016; Liang et al.,
2017). At post-translational level, CIPK11 is likely activated by
one of the 10 CBLs (Weinl and Kudla, 2009) in response to Fe
deficiency-induced elevation of cytosolic Ca®* concentration.
A variety of extracellular stimuli lead to the generation of Ca®*
transients to regulate cellular responses (Steinhorst and Kudla,
2014). We observed an increase in [Ca""’]m in the early root dif-
ferentiation zone after several days of Fe deficiency, consistent
with the report by Tian et al. (2016). The perception of Fe defi-
ciency is not as rapid as responses to chemical stimuli. Physio-
logical and molecular data on the cbf1/9, cipk11, and FITm/fit
complementation lines demonstrate that active FIT is needed
after 3 days of Fe deficiency. This is not surprising since in a
previous study (Le et al., 2016), we could show that FIT activity
regulation is still needed even after 10 days of Fe deficiency.
Therefore, our data demonstrate the need for Ca®*, CBL, and
CIPK involvement in FIT activity regulation upon 3 days of Fe
deficiency. Interestingly, the increase in [Caz"]m upon -Fe is sig-
nificant in both epidermis and central cylinder, where both FIT
(Jakoby et al., 2004) and IRT7 (Marqués-Bueno et al., 2016)
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Figure 7. CIPK11-Mediated FIT Phosphorylation Promotes FIT Activity and Fe Acquisition

Model on the role of CIPK11 as a positive regulator of FIT target gene expression. Left side, in WT, Fe deficiency leads to elevated [Caz*]m perceived by Ca®*
sensors CBL1/9. CBL1/9 in turn activate CIPK11. Lack of Fe up-regulates independently C/PK11, BHLH039, and FIT. GIPK11 interacts with and phosphorylates
FIT at Ser272. We propose that this phosphorylation discriminates between two FIT protein pools, namely a small pool of active FIT (Ser272-phosphorylated) and
a large pool of inactive FIT (non-Ser272-phosphorylated). Phosphorylation at Ser272 triggers nucleocytoplasmic redistribution and FIT mobility changes toward
higher nuclear accumulation. Due to increased amount of FIT in the nucleus, FIT can form homo-dimers and interact with bHLH039. Enhanced Ser272-
phosphorylated FIT-bHLHO39 interaction activates FIT transcriptional activity resulting in higher level of FIT target gene expression. Right side, in the cipk11
mutant or in FITm(AA)/fit plants less FIT primed for bHLHO39 interaction is available in the nucleus. Consequently, less FIT-bHLHO39 hetero-dimers form, leading
to decreased FIT target gene induction under Fe deficiency. The regulation of FIT phosphorylation is a mechanism to dynamically adjust the pool of functionally

active FIT protein in the cell, altering the plant’s Fe utilization capacity.

are expressed, though may be regulated by different cell-type-
specific mechanisms (Brumbarova et al., 2016; Brumbarova
and Ivanov, 2018). Still, a lack of IRT1 from either the epidermis
or the central cylinder compromises the capacity of the plant to
mobilize Fe (Marqués-Bueno et al., 2016). This makes it likely
that FIT-dependent Fe uptake regulation responds to Ca®* sig-
nals in both root zones.

Plants deficient in plasma membrane (cb/1/9) but not tonoplast
CBL function (cbhl2/3) showed altered Fe responses under —Fe
conditions, pointing toward an involvement of the plasma mem-
brane-localized and CIPK11-interacting (Albrecht et al., 2001;
Kolukisaoglu et al., 2004) CBL1 and CBLS in perceiving Fe defi-
ciency. Consistently, cb/1/9 has reduced shoot Fe content
(Tian et al., 2016). Apart from their subcellular localization,
CBL1/9 and CBL2/3 differ also in their number of canonical EF
hands that bind Ca®* ions. While CBL1 and CBL9 contain two ca-
nonical and two non-canonical EF hands, CBL2 and CBL3 have
only a single canonical EF hand (Kolukisaoglu et al., 2004).
This implies different affinities of the proteins for Ca?* and, there-
fore, their participation in decoding Ca?t signals with different
strengths at different subcellular compartments, providing
spatiotemporal specificity (Steinhorst and Kudla, 2014). Under
alkaline stress, CIPK11 acts as a negative regulator of AHA2 ac-
tivity, an effect surprisingly mediated by the tonoplast-localized
CBL2 (Fuglsang et al., 2007). The role of CBL2 might be specific
to high external pH stress, which is different from Fe deficiency.
Different signaling read-out could explain why the activity of
AHAZ2 is increased under Fe deficiency, despite the activation
of CIPK11. In this context, it is interesting to note that CBL2/3

affect CIPK21 activity (Pandey et al., 2015). An interaction of
CIPK21 with FIT, as suggested by our work, would be interesting
to study. Presumably, different CBLs and different places of FIT
phosphorylation in the cell could explain how Ca®* can affect
FIT-dependent processes in opposite ways. Seemingly contra-
dictory physiological reactions might be relevant for fine-tuning
of responses. Such is the case in ABA signaling. Several CIPK
targets participate in the ABA response (Sanyal et al., 2015). In
these cases, CIPKs play a dual role in the phosphorylation of
plasma membrane and transcription factor proteins, causing
both activation and repression of ABA responses. Fe signaling
in root cells, similarly to ABA signaling in young seedlings, also in-
volves communication between the plasma membrane and the
nucleus. CIPK11 targets different proteins relevant in ABA and
Fe signaling to confer positive and negative responses (this
work; Fuglsang et al.,, 2007; Lumba et al., 2014; Zhou et al.,
2015). Additionally, CIPK11 was proposed to be a regulatory
hub in the ABA signaling network (Lumba et al., 2014; Zhou
etal., 2015). This opens up the possibility that CIPK11 may serve
as a connecting point to coordinate Fe acquisition with adverse
abiotic stress conditions via ABA signaling, involving Ca®* waves.
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Antibodies
Mouse anti-GFP Roche Cat# 11814460001; RRID: AB_390913
Goat anti-mouse IgG horseradish peroxidase Promega Cat# W4021; RRID: AB_430834
conjugate
Anti-HA-peroxidase high-affinity monoclonal Roche Cat# 12013819001; RRID: AB_390917
rat antibody
Critical Commercial Assays
Spectrum Plant Total RNA Kit Sigma-Aldrich Cat# STRN250-1KT
RevertAid First Strand cDNA Synthesis Kit Fermentas Cat# K1622
RTS 500 Wheat Germ CECF Kit 5 PRIME Cat# 2402100
Strep-Tactin® Macro Prep IBA Cat# 2-1505-002
Mini-PROTEAN® TGX™ Precast Gel BioRad Cat# 4561086
SuperSep Phos-tag™ gel Wako Laboratory Chemicals Cat# 195-17991
SERVA IPG BlueStrip 3-6 / 7 cm Serva Electrophoresis GmbH Cat# 43005.01
Experimental Models: Organisms/Strains
S. cerevisiae strain AH109 Clontech Cat# 630439
Rhizobium radiobacter strain C58 (pGV2260) Institute of Plant Biology and Biotechnology, N/A

University of Munster
Tobacco (Nicotiana benthamiana) Botanical garden, Heinrich-Heine University N/A
Arabidopsis wild-type ecotype Col-0 Institute of Botany, Heinrich-Heine University =~ N/A
Arabidopsis ProFIT:GUS (Jakoby et al., 2004) N/A
Arabidopsis ProCIPK11:GUS line 1 This study N/A
Arabidopsis ProCIPK11:GUS line 3 This study N/A
Arabidopsis fit-3 (fif) (Jakoby et al., 2004) TAIR: GABI_108C10
Arabidopsis 2x35S:gFIT-GFP/fit-3 (FIT/fit) This study N/A
Arabidopsis pks5-1, cipk11-1 (cipk11) (Fuglsang et al., 2007) TAIR: SALK_108074
Arabidopsis ProCIPK11:CIPK11/cipk11 line 1 This study N/A
(compl #1)
Arabidopsis ProCIPK11:CIPK11/cipk11 line 2 This study N/A
(compl #2)
Arabidopsis ProCIPK11:CIPK11/cipk11 line 3 This study N/A
(compl #3)
E. coli BL21(DE3)pLysS Promega Cat# L1191
Arabidopsis FITm(AA)-GFP/fit line AA#1 This study N/A
Arabidopsis FITm(AA)-GFP/fit line AA#2 This study N/A
Arabidopsis FITm(E)-GFP/fit line E#1 This study N/A
Arabidopsis FITm(E)-GFP/fit line E#2 This study N/A
Arabidopsis HA7~FIT/Col-0 line 8 (Meiser et al., 2011) N/A
Arabidopsis ProUBQ10:YC3.6 (YC3.6) (Krebs et al., 2012) N/A
Arabidopsis cbi2/3 (Eckert et al., 2014) N/A
Arabidopsis cbl1/9 (Xu et al., 20086) N/A
Oligonucleotides
Primers are listed in Table S1 N/A N/A
Recombinant DNA
pGBKT7:FIT-C (Lingam et al., 2011) N/A
pGAD.GH (Kolukisaoglu et al., 2004) N/A
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pPGAD.GH:CIPK1 (Kolukisaoglu et al., 2004) N/A
pGAD.GH:CIPK2 (Kolukisaoglu et al., 2004) N/A
pGAD.GH:CIPK3 (Kolukisaoglu et al., 2004) N/A
pGAD.GH:CIPK4 (Kolukisaoglu et al., 2004) N/A
PGAD.GH:CIPKS (Kolukisaoglu et al., 2004) N/A
pPGAD.GH:CIPK6 (Kolukisaoglu et al., 2004) N/A
PGAD.GH:CIPK7 (Kolukisaoglu et al., 2004) N/A
pGAD.GH:CIPK8 {Kolukisaoglu et al., 2004) N/A
PGAD.GH:CIPK9 (Kolukisaoglu et al., 2004) N/A
PGAD.GH:CIPK10 (Kolukisaoglu et al., 2004) N/A
PGAD.GH:CIPK11 (Kolukisaoglu et al., 2004) N/A
PGAD.GH:CIPK12 (Kolukisaoglu et al., 2004) N/A
pGAD.GH:CIPK13 (Kolukisaoglu et al., 2004) N/A
pGAD.GH:CIPK14 (Kolukisaoglu et al., 2004) N/A
pGAD.GH:CIPK15 (Kolukisaoglu et al., 2004) N/A
pGAD.GH:CIPK16 (Kolukisaoglu et al., 2004) N/A
PGAD.GH:CIPK17 (Kolukisaoglu et al., 2004) N/A
pGAD.GH:CIPK18 (Kolukisaoglu et al., 2004) N/A
pGAD.GH:CIPK19 (Kolukisaoglu et al., 2004) N/A
PGAD.GH:CIPK20 (Kolukisaoglu et al., 2004) N/A
PGAD.GH:CIPK21 (Kolukisaoglu et al., 2004) N/A
pGAD.GH:CIPK22 (Kolukisaoglu et al., 2004) N/A
pGAD.GH:CIPK23 (Kolukisaoglu et al., 2004) N/A
pGAD.GH:CIPK24 (Kolukisaoglu et al., 2004) N/A
pPGAD.GH:CIPK25 (Kolukisaoglu et al., 2004) N/A
pGAD.GH:CIPK26 (Drerup et al., 2013) N/A
pGBT9.BS:CIPK23 (Xu et al., 2006) N/A
pGAD.GH:cAKT1 (Xu et al., 2006) N/A
PKS Il Bluescript:ProCIPK11 This study N/A
pPGPTV-1I-KOZ-BAR (Walter et al., 2004) N/A
pGPTV-II-KOZ-BAR:ProCIPK11 This study N/A
pGPTV-II-BAR-pUBQ10-GFP (Batistic et al., 2010) N/A
pGPTV-I-BAR-pUBQ10-GFP:CIPK11 This study N/A
pDONR207:gFIT This study N/A
PJNC1 (lvanov et al., 2014) N/A
pJNC1:gFIT This study N/A
pMDC83 (Curtis and Grossniklaus, 2003) N/A
pMDC83:gFIT This study N/A
pPDONR221 P3-P2:CIPK11 This study N/A
pDONR221 P1-P4:FIT This study N/A
pBIiFC-2in1-NN (Grefen and Blatt, 2012) N/A
pBIiFC-2in1-NN:CIPK11-FIT This study N/A
pDONR221 P1-P4:BHLHO39 This study N/A
pBIFC-2in1-NN:CIPK11-BHLH039 This study N/A
pDONR221 P3-P2:CIPK15 This study N/A
pBiFC-2in1-NN:CIPK15-FIT This study N/A
PKS Il Bluescript:CIPK11 This study N/A
PKS Il Bluescript:ProCIPK11:CIPK11 This study N/A
pGPTV-1I-MCS-BAR:ProCIPK11:CIPK11 This study N/A
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pIVEX-WG-Strepl| (Hashimoto et al., 2012) N/A
pIVEX-WG-Strepll:CIPK11 This study N/A
pET-24a(+) Novagen Cat# 69749
pET-24a(+):FIT This study N/A
pET-24a(+):FIT-C This study N/A
pET-24a(+):FITm(AA)-C This study N/A
pET-24a(+):FITm(E)-C This study N/A
PIVEX-WG-Strepll:GST This study N/A
pET-24b(+) Novagen Cat# 69750
pPET-24b(+):Strepll-GST This study N/A
pDONR207:cFIT This study N/A
pDONR207:cFITm(AA) This study N/A
pDONR2017:cFITm(E) This study N/A
pGBKT7-GW Dr. Yves Jacob N/A
pGBKT7-GW:cFIT This study N/A
pGBKT7-GW:cFITm(AA) This study N/A
pGBKT7-GW:cFITm(E) This study N/A
pACT2-GW Dr. Yves Jacob N/A
pGBKT7-GW:cFIT-C This study N/A
pGBKT7-GW:cFITm(AA)-C This study N/A
pGBKT7-GW:cFITm(E)-C This study N/A
pACT2-GW:cFIT-C This study N/A
pACT2-GW:cFITm(AA)-C This study N/A
pPACT2-GW:cFITm(E)-C This study N/A
pABiINndGFP (Bleckmann et al., 2010) N/A
pABindmCherry (Bleckmann et al., 2010) N/A
pABIndGFPmMCherry (Bleckmann et al., 2010) N/A
PABINdGFP:cFIT This study N/A
PABINdGFP:cFITm(AA) This study N/A
pABIndGFP:cFITm(E) This study N/A
pABindmCherry:cFIT This study N/A
pABiIndmCherry:cFITm(AA) This study N/A
pABindmCherry:cFITm(E) This study N/A
pABiIndGFPmCherry:cFIT This study N/A
pABIndGFPmCherry:cFITm(AA) This study N/A
pABIndGFPmCherry:cFITm(E) This study N/A
pDONR221 P3-P2:FIT This study N/A
pDONR221 P3-P2:FITm(AA) This study N/A
pDONR221 P3-P2:FITm(E) This study N/A
pDONR221 P1-P4:FITm(AA) This study N/A
pDONR221 P1-P4:FITm(E) This study N/A
pBiFC-2in1-NN:FIT-FIT This study N/A
pBIiFC-2in1-NN:FITm(AA)-FITm(AA) This study N/A
pBIFC-2in1-NN:FITm(E)-FITm(E) This study N/A
Software and Algorithms

ZEN 2 Blue Edition software Zeiss https://www.zeiss.com
ZEN 2 Black Edition software Zeiss https://www.zeiss.com
JMicroVision software, version 1.2.7 JMicroVision http://www.jmicrovision.com
Bruker Spectra software (version 6.1.5.0) Bruker Nano https://www.bruker.com
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Bio-Rad SFX Manager™ (version 3.1) software Bio-Rad http://www.bio-rad.com

AlphaView software
ImageJ software

ProteinSimple

https://www.proteinsimple.com/

https://imagej.net

Origin Lab software OriginLab Corporation http://www.originlab.de/
SPSS Statistics software IBM https://www.ibm.com
Other

Plant growth chambers

Axio Imager.M2 microscope

LSM 780 laser-scanning microscope
|IEF system Amersham Ettan IPGphor IlI

2D electrophoresis system Amersham Ettan DALTsix

FluorChem Q System
Tecan Safire2 plate reader
S2-PICOFOX TXRF-Spektrometer

SFX96 Touch™ Real-Time PCR Detection System

Branson Sonifier®W-250 D

Molecular Dynamics Typhoon 9200 Variable Mode

CLF Plant Climatics

Zeiss

Zeiss

GE Healthcare Life Sciences
GE Healthcare Life Sciences
ProteinSimple

Thermo Fisher Scientific
Bruker Nano

Bio-Rad

Fisher Scientific

Amersham Biosciences

http://www.plantclimatics.de/
https://www.zeiss.com
https://www .zeiss.com
https://www.gelifesciences.com
https://www.gelifesciences.com
https://www.proteinsimple.com/
https://www.thermofisher.com
https://www .bruker.com
http://www.bio-rad.com
https://www.fishersci.com
www.gelifesciences.com

Imager

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Petra
Bauer (petra.bauer@uni-duesseldorf.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant Material

The Arabidopsis (Arabidopsis thaliana) ecotype Col-0 was used as WT. The fit loss-of-function mutant allele fit-3 (GABI_108C10,
abbreviated as fit in the text) was described previously (Jakoby et al., 2004). The cipk11 loss-of-function mutant allele pks5-7 (named
here cipk11-1, SALK_108074, briefly termed cipk11 in the text) was previously reported (Fuglsang et al., 2007). Three independent
cipk11-complemented lines were obtained by transforming cipk?1 mutant plants with ProCIPK11:CIPK11 cloned into pGPTV-II-
MCS-BAR and selecting them until homozygous. In order to obtain the ProCIPK11:CIPK11 construct, 1882 bp CIPK11 promoter
fragment was amplified using CIPK11_forSpe and pCIPK11_reBam_2 (Table S1), and cloned into pKS Il Bluescript. The full-length
CIPK11 intron-containing coding sequence followed by the 3' UTR was amplified using the primers CIPK11_for_Bam and
CIPK11UTRreXho (Table S1), and cloned also into pKS Il Bluescript. The CIPK11 promotor and the CIPK771+3'UTR sequence
were then subcloned into pGPTV-II-MCS-BAR. HA;-FIT plants were previously described (HA-FIT 8; Meiser et al., 2011). The line
stably expressing the genetically encoded Ca®* sensor Yellow Cameleon 3.6 (YC3.6) under the control of the UBQ10 promoter
has been described previously by Krebs et al. (2012). The cb/2/3 and cbl1/9 double loss-of-function mutants were previously
described (Xu et al., 2006; Eckert et al., 2014).

Tobacco (Nicotiana benthamiana) plants were used for protein subcellular localization and interaction studies.

Plant Growth Conditions
Arabidopsis seeds were sterilized and seedlings grown on upright sterile plates containing modified half-strength Hoagland medium
[1.5 mM Ca(NQO3z),, 1.25 mM KNO3, 0.75 mM MgS0,, 0.5 mM KH,PQ,, 50 uM KClI, 50 uM H3BO3, 10 uM MnSOy,, 2 uM ZnS0O,, 1.5 uM
CuS0,, 0.075 pM (NH4)sMo7024, 1% sucrose, pH 5.8, supplemented with 1.4 % Plant agar (Duchefa)] with sufficient (50 pM
FeNaEDTA, + Fe) or deficient (0 uM FeNaEDTA, - Fe) Fe supply under long-day conditions, as described previously (Lingam
et al., 2011). Plants were grown in plant growth chambers (CLF Plant Climatics) either for 6 days directly on sufficient or Fe-deficient
medium (6-day system) or for 14 days at sufficient Fe supply and then transferred for three days to either sufficient or deficient Fe
supply (2-week system). For 2D SDS-PAGE, seedlings were grown on +Fe or -Fe for ten days. For [Caz*]m measurements and ra-
tiometric imaging, plants were grown for five days at sufficient Fe supply and then transferred for three days to either sufficient or
deficient Fe supply.

Tobacco plants were grown on soil for 3-4 weeks in a greenhouse facility under long day conditions (16-hour light/8-hour dark).
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METHOD DETAILS

Yeast Two-Hybrid Screens

For targeted Y2H interaction assays between FIT and the 26 members of the CIPK family, the GAL4 DNA binding domain (BD)-con-
taining construct pGBKT7:FIT-C (BD-FIT-C; Lingam et al., 2011) was used as a bait and co-transformed in the yeast strain AH109
together with prey pGAD.GH, providing the GAL4 activation domain (AD)-containing full-length CIPK fusion constructs. pGAD.GH:
CIPK1 to pGAD.GH:CIPK26 were described previously (Kolukisaoglu et al., 2004; Drerup et al., 2013). FIT-C was used since full-
length BD-FIT triggers self-activation. The combination of pGBT9.BS:CIPK23 and pGAD.GH:cAKT1 was used as a positive control
(Xu et al., 2006). BD-FIT-C co-transformed with empty AD plasmid was used as a negative control. In the targeted Y2H interaction
assay combining FIT and CIPK11, empty BD and AD-CIPK11 plasmids, and empty BD with empty AD plasmids, were used as addi-
tional negative controls. Yeast transformation and subsequent cultivation were performed as previously described (Le et al., 2016).In
short, aliquots of ten-fold serial dilutions (Agge = 107'-107%) of the transformed AH109 cells were spotted on synthetic defined (SD)
agar plates lacking Leu (pGBKT7 auxotrophy selection) and Trp (pACT2-GW auxotrophy selection) (SD-LW, co-transformation con-
trol). In parallel, aliquots of the same serial dilutions were spotted on SD agar plates lacking Leu, Trp, and His, and supplemented with
0.5 mM 3-amino-1,2,4-triazole (SD-LWH + 0.5 mM 3-AT, selection for interaction). The parallel spotting of defined amounts of yeast
cells on control and interaction selective media allowed the semi-quantitative comparison of yeast growth between different
co-transformation events. Plates were photographed after one-week incubation at 30 °C.

Histochemical g-glucuronidase (GUS) Assay

ProFIT:GUS transgenic plants have been described previously (Jakoby et al., 2004). ProCIPK11:GUS plants were generated as fol-
lows:a 1882 bp CIPK11 promoter fragment was amplified using the primers pCIPK11_forSpe and pCIPK11_reXho (Table S1), cloned
into pKS Il Bluescript (Stratagene), and then subcloned into pGPTV-II-KOZ-BAR (Walter et al., 2004). The resulting ProCIPK11:GUS
construct was transformed into Col-0 plants using the floral dip procedure (Clough and Bent, 1998). Positive transformants were
identified by BASTA selection, selfed, and propagated until homozygous lines were obtained. Two independent ProCIPK11:GUS
lines (1 and 3) were selected for detailed analysis. GUS plants were grown in the 6-day system and assayed for histochemical
GUS activity using the substrate 5-bromo-4-chloro-3-indolyl-B-D-glucuronic acid (X-Gluc). Chlorophyll was removed by a 16-hour
incubation in 100 % ethanol. Seedlings were stored in 70 % ethanol before imaging. GUS staining was documented on an Axio
Imager.M2 microscope (Zeiss). Single images obtained with 10x objective magnification were assembled using the Stitching function
of the ZEN 2 Blue Edition software (Zeiss).

FIT Mutagenesis

pDONR207:gFIT was used as a template for FIT mutagenesis. To mutate FIT at position Ser272 to Glu and create a phospho-
mimicking FIT form, termed gFITm(E), the primers FITmS272E-1 and FITmS272E-2 (Table S1) were used. To create a non-phosphor-
ylatable gFITm(AA) form for position Ser272, the amino acid was mutated to Ala together with the adjacent Ser271 in order to exclude
redundancy, using the primers FITmSS271AA-1 and FITmSS271AA-2 (Table S1). The PCR conditions were as follows: 95°C, 30s; 18
cycles of: 95°C, 30 s/ 55°C, 1 min/ 72°C for 2 min per 1kb of plasmid length; 72°C, 7 min. After the PCR, the reaction was treated with
10 units Dpn | for 1 h at 37°C before E. coli transformation. The mutagenized gFITm forms in pDONR207 were subsequently used for
creating plant expression constructs for C-terminal GFP fusions in the pMDCB83 vector.

Generation of Fluorescent Protein Fusions

Generation of plant transformation vectors for fluorescent protein-fusion expression was performed as follows: CIPK11 cDNA was
amplified using primers CIPK11 Spel forward and CIPK11 Xhol reverse (Table S1) and inserted into pGPTV-II-BAR-pUBQ10-GFP for
translational N-terminal GFP fusion. For cloning genomic FIT fragment (gFIT) into the Gateway-compatible plasmids pJNC1 (lvanov
et al,, 2014) and pMDCB83 (Curtis and Grossniklaus, 2003) for translational C-terminal fusion of mCherry, and GFP, respectively, the
entry clone pDONR207:gFIT was generated after amplification of gF/T from Col-0 gDNA using the primers FIT B1 and FITns B2
(Table S1) (BP reaction; Life Technologies). gFIT-mCherry and gFIT-GFP fusions were created by subcloning gFIT (LR reaction;
Life Technologies)into pJNC1 and pMDC83, respectively. The Agrobacterium (Rhizobium radiobacter) strain C58 (pGV2260) carrying
pGPTV-I-BAR-pUBQ10-GFP:CIPK11, pJNC1:gFIT or pMDC83:gFIT, was used to transiently transform tobacco leaves as previ-
ously described (Hotzer et al., 2012). In short, Rhizobium cultures carrying the plasmid of interest were resuspended in infiltration
solution (2 mM NaH,PO,, 0.5% glucose, 50 mM MES, 100 mM acetosyringone, pH 5.6) at Aggo = 0.8. The suspension was infiltrated
with a syringe applied to the abaxial side of the leaf. Transformed plants were kept for 48 h at 25 °C in long day conditions (16-hour
light/8-hour dark) before being analyzed for transgene expression.

Bimolecular Fluorescence Complementation (BiFC)

The verification of FIT-CIPK11 interaction in planta was performed using the BiFC 2in1 system with mRFP transformation
control (Grefen and Blatt, 2012). CIPK11 and FIT coding sequences were amplified using the primers CIPK11 B3 and CIPK11
B2, and FIT B1 and FITstop B4 (Table S1). The resulting CIPK11 and FIT PCR fragments were cloned by BP reaction (Life
Technologies) into pDONR221 P3-P2 (Invitrogen) and pDONR221 P1-P4 (Invitrogen), respectively. Following LR reaction (Life
Technologies) with the obtained vectors and pBiFC-2in1-NN (Grefen and Blatt, 2012), CIPK11 and FIT were cloned together into
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pBiFC-2in1-NN:CIPK11-FIT. Following the recommendations for appropriate negative BiFC controls (Kudla and Bock, 2016), two
pBiFC-2in1-NN constructs were created — CIPK11 together with BHLH039 and FIT together with CIPK15. BHLH039 was amplified
using the primers 39 B1 and 39st B4 (Table S1). CIPK15 was amplified using CIPK15 B3 and CIPK15st B2 (Table S1). The obtained
constructs were transformed into agrobacteria and used for tobacco leaf infiltration as described above. After 48 h, YFP fluorescent
signals were detected by confocal microscopy. The BiFC experiments were performed in three independent repetitions on a total of 6
infiltrated leaves. Transformed cells were verified by mRFP fluorescence. The vector pBiFC-2in1-NN was kindly provided by
Dr. Christopher Grefen, Tubingen, Germany.

For FIT and FITm homo-dimer formation analysis, full-length FIT, FITm{AA) and FITm(E) coding sequences were amplified using the
primers FIT B3 and FITstop B2 (Table S1) for cloning into pDONR221 P3-P2, and the primers FIT B1 and FITstop B4 (Table S1) for
cloning into pDONR221 P1-P4. pDONR207:cFIT, pDONR207:cFITm(AA) and pDONR207:cFITm(E) were used as templates, respec-
tively. FIT and FITm were subcloned into pBIiFC-2in1-NN:FIT-FIT, pBiFC-2in1-NN:FITm(AA)-FITm(AA) and pBiFC-2in1-
NN:FITm(E)-FITm(E).

Confocal Microscopy

Laser-scanning confocal microscopy (LSM 780, Zeiss) controlled by ZEN 2 Black Edition software (Zeiss) was used for fluorescence
imaging of YFP and GFP at an excitation wavelength of 488 nm and emission wavelength of 500 to 530 nm as previously
described (Brumbarova and Ivanov, 2016; Le et al.,, 2016). mRFP and mCherry were detected 48 h after Agrobacterium leaf
infiltration of tobacco plants (as described above) with an excitation wavelength at 563 nm and emission wavelength of 560 to
615 nm. Pinholes for each channel were set at 1 Airy Unit with optical slices equivalent to 0.8 um. Images were recorded in a
1,024 pixel format.

Root Length Measurement

Images of plants grown on agar plates were taken and primary root lengths of individual seedlings were measured using the
JMicroVision software, version 1.2.7 (http://www.jmicrovision.com), as described previously (lvanov et al., 2014). In short, special
calibration was performed for converting pixel values into centimeters. Then, 1D measurements of the roots were performed using
the free-hand drawing tool. The line lengths were used for calculating average root length and standard deviations. Root lengths of
16 to 46 plants per condition were measured. (n = 16-46).

Gene Expression Analysis by RT-qPCR

Gene expression analysis was performed as described previously (Abdallah and Bauer, 2016). In short, total RNA was isolated from
roots of plants grown in the 2-week system using the Spectrum Plant Total RNA kit (Sigma-Aldrich). Reverse transcription with
oligo(dT) primer was performed using the RevertAid first-strand cDNA synthesis kit (Fermentas). RT-gPCR was performed on
SFX96 Touch™ Real-Time PCR Detection System (Bio-Rad). The results were processed on Bio-Rad SFX Manager™ (version
3.1) software. Primer pairs used in this study are listed in Table S1. Absolute gene expression was determined by mass standard
curve analysis and normalized to elongation factor EF71B« expression as a reference. The assay was performed in three biological
replicates (n = 3), each with two technical replicates.

Fe Reductase Activity Assay

Fe reductase activity was determined as described in (Le et al., 2016) with some modifications. Plants grown in the 2-week system,
were washed in 100 mM Ca(NOs), solution followed by incubation at room temperature in 1 mL of Fe reductase solution (300 pM
ferrozine and 100 uM FeNaEDTA) in the dark. After 1 h, the absorbance of the Fe reductase solution was measured at 562 nm using
the Safire2 plate reader (Tecan). The Fe reductase activity normalized to root weight was calculated using the extinction coefficient
¢ = 28.6 mM "*cm™'. The assay was performed in four replicates (n = 4), each representing a pool of two plants.

Seed Fe Content Determination

For Fe content determination in seeds, plants were grown in parallel on soil under long-day conditions (16 h day, 8 h night, 21°C).
Harvested seeds were dried overnight at 120 °C, followed by 2 days exposure to 60 °C. Their Fe content was determined using Total
Reflection X-Ray Fluorescence (TXRF) (Holtkamp et al., 2012; Holtkamp et al., 2013). TXRF was carried out on a S2-PICOFOX
instrument (Bruker Nano) with an air-cooled molybdenum anode for X-ray generation. The excitation settings were 50 kV and
750 pA and quartz glass disks were used as sample carriers. As internal standard, arsenic (As, Fluka Chemie) with a concentration
of 10 mg/L was applied. The samples of plant material were weighed into a vial and digested with nitric acid (70 %; Primar Plus®,
Trace Analysis Grade, Fisher Scientific) over night at 95 °C. The dried samples were redissolved in 1 mL purified water (Aquatron
A4000D system, Barloworld Scientific) and aliquots of 100 uL were mixed with the same volume of the 10 mg/L As standard solution.
Aliguots of 5 uL of the samples were placed on the sample carriers and evaporated to dryness. The analysis was performed by signal
integration over 500 s. For the determination, the signals of Fe (Ka1 = 6.405 keV) and As (K1 = 10.543 keV), as internal standard, were
used. Quantification was performed by the Bruker Spectra software (version 6.1.5.0) and based on the known concentration of the
internal As standard. The assay was performed in three biological replicates (n = 3). Each biological replicate was measured
two times.
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[Caz*]m Measurement and Ratiometric Imaging

For monitoring Fe supply dependent changes in free cytosolic [Ca®*], 6 days-old Arabidopsis seedlings stably expressing the genet-
ically encoded Ca®* sensor ProUBQ10:YC3.6 were transferred to microscopic slides in liquid Hoagland medium containing the same
amount of Fe as on the Hoagland agar plates where the plants grew for three days on + Fe (50 pM FeNaEDTA) or - Fe (0 uM
FeNaEDTA) supply prior to imaging. Imaging was performed using LSM780 confocal laser-scanning microscope (Zeiss) essentially
as described in (Behera et al., 2013). In brief, fluorescence was excited at 458 nm and detected at 465-499 nm for ECFP, and 520-
570 nm for cpVenus. 1024 x 1024 pixel images were acquired with 10x objective (pinhole 7 airy units) every 10 s for 12 min. ImagedJ
(http://rsbweb.nih.gov/ii/) was used to quantify changes in [Ca®*] in different root zones and tissues. Regions of interest (ROIs) were
defined in the meristematic (MZ) and elongation (EZ) zones of the root tip, and in the central cylinder (CC) and epidermis with cortex
(Ep) region of the early root differentiation zone. For each zone, a ROl with the same size was used to calculate background fluores-
cence in the ECFP and cpVenus channels. Background-corrected cpVenus and ECFP fluorescent intensities in the defined ROls
were used to calculate cpVenus/ECFP ratios. In order to exclude unspecific responses of the root to the mounting on the microscopic
slide, the ratio values of the first 3 min were excluded from the subsequent analysis. The rest of the values were averaged for each
zone and compared. The measurement was performed on 12 seedlings in two independent experiments. Ratiometric Ca®* imaging
was performed as previously described (Behera et al., 2017).

In Vivo FIT Phosphorylation Detection (Phos-Tag Mobility Shift Assay)

HAz-FIT plants were grown in the 2-week system. Total protein was extracted from roots as previously described (Bekesova et al.,
2015) by using RIPA buffer. Protein concentration was determined by Bradford Assay. 200 ug total root protein was precipitated with
80% v/v acetone for 4 h at -20°C and pelleted at 15.000 x g at 4°C for ten minutes. The protein pellet was solubilized in 100 ul 1x CIP
reaction buffer (Sigma-Aldrich) to a final concentration of 2 mg/ml. The samples were treated with 60 units of CIP or reaction buffer
(mock treated) and incubated over night at 37 °C. The reaction was stopped by adding 5x Laemmli buffer (250 mM Tris-Cl pH6.8,
10% SDS, 30% glycerol, 5% B-mercaptoethanol, 0,02% bromophenol blue), denatured at 95 °C for 10 min and kept on ice until
loading. Approximately 20 ug root total protein was separated in a standard Mini-PROTEAN® TGX™ Precast Gel (BioRad). In parallel,
the same samples were loaded on precast SuperSep Phos-tag™ gels (Wako Laboratory Chemicals), containing 50 pmol/L Phos-tag
and 7.5% polyacrylamide. Electrophoresis was performed as described in Bekesova et al. (2015) (following instructions for Zn®*-
Phos-tag™ gels). HA;-FIT protein detection was performed as previously described (Le et al., 2016). See also “Immunoblot
detection”. The assay was performed two times.

In Vivo FIT Phosphorylation Detection (2D SDS-PAGE)

Two-dimensional (2D) gel electrophoresis (SDS-PAGE) was performed as in Mai et al., (2015). Whole seedlings were harvested and
ground in liquid N2. Proteins were precipitated by adding 10 volumes of ice-cold precipitation solution (10 % TCA and 0.07 % 2-mer-
captoethanol in acetone) and incubation at -20 °C for 30 min. The suspension was centrifuged at maximum speed for 30 min at 4 °C
and the pellet was washed three times with 10 volumes of washing solution (0.07 % 2-mercaptoethanol in acetone). Finally, the pellet
was dried and resuspended in 1 volume of extraction buffer (7 M urea, 2 M thiourea, 4 % CHAPS, 50 mM dithiothreitol, 0.5 %
Servalyt™ pH 3-10 Iso-Dalt). 50 pul of 10 x dephosphorylation buffer (5 mM Tris pH 7.9, 10 mM NaCl, 1 mM MgCl,, and 0.1 mM
DTT) were added to 800 pg of total protein and then diluted to a volume of 460 pl. 40 ul of 10 IU/pl phosphatase from bovine mucosa
(+AP) or AP storage buffer without AP (-AP) were added to the solution. The samples were incubated at 37 °C for 2 h. The proteins
were then precipitated by adding 2 % (v/v) of 20 mg/ml cold sodium deoxycholate and incubating on ice for 30 min, followed by addi-
tion of 1/9 volume of 100 % trichloroacetic acid to the solution and incubation at 4 “C overnight. The solution was centrifuged at 24
000 g for 30 min at 4 °C. The pellet was washed 3 times with ice-cold acetone, dried in a vacuum centrifuge and resolubilized in 150 pl
extraction buffer (protein solution 1). 150 ug of the resolubilized and mock or phosphatase treated total protein were loaded on 7 cm
IPG strips pH 3-6 (SERVA IPG BlueStrip). The respective volume of protein solution 1 was diluted to final volume of 120 ul with rehy-
dration solution pH 3-6 (8 M urea, 2% CHAPS, 50 mM DTT, 0.5 % Servalyt™ pH 3-10 Iso-Dalt, 0.75 % Servalyt™ pH 3-6 and a trace
of bromophenol blue). IPG strip rehydration was performed overnight. Isoelectric focusing was performed with a slow voltage
gradient and a total of ca. 22 000 Vh (gradient to 150 V for 150 Vh, gradient to 300 V for 300 Vh, gradient to 600 V for 600 Vh, gradient
to 1500 V for 1500 Vh, gradient to 3000 V for 3000 Vh, hold 3000 V for 16000 Vh, hold 250 V forever). Prior to the second dimension
separation, the isoelectrically focused samples were reduced in reduction buffer (6 M urea, 30 % glycerol, 10 % 0.5 M Tris pH 6.8,
2 % SDS, 2 % DTT) for 35 min. Alkylation of cysteins was performed by incubating the strips in alkylation buffer (6 M urea, 30 %
glycerol, 10 % 0.5 M Tris pH 6.8, 2 % SDS, 2.5 % iodoacetamide) for 35 min. Then the strips were briefly rinsed with running buffer
and placed on top of a vertical 12.5 % polyacrylamide gel. The 2D SDS-PAGE was run with 100 V for 45 min.

Immunoblot Analysis

Total protein extraction from Arabidopsis plants grown in the 2-week system or from tobacco leaves, sample separation on SDS-
PAGE and immunodetection were performed as previously described (Le et al., 2016).In short, plant material was grinded under
liquid N and proteins were extracted with SDG buffer (62mM Tris-HCI, pH 8.6, 2.5 % (w/v) SDS, 2 % (w/v) DTT, 10 % (w/v) glycerol).
Samples containing 5 mg of protein were separated on 12 % (w/v) SDS-PAGE gels. Following electrophoresis, the proteins were
transferred to a Protran nitrocellulose membrane (Schleicher & Schuell) and stained with Ponceau S (Sigma-Aldrich) as a loading con-
trol. Immunodetection was performed as follows: Membranes were blocked for 1 hour in 5 % (w/v) milk solution (Roth), dissolved in
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TBST (20 mM Tris-HCI, pH 7.4, 180 mM NaCl, and 0.1 % (v/v) Tween 20), followed by 1-hour incubation in a dilution of the primary
antibody in TBST containing 2.5 % (w/v) milk. After three washes with TBST, 15 min each, the membrane was incubated in a dilution
of the secondary antibody in TBST containing 2.5 % (w/v) milk. The membrane was washed three times with TBST, 15 min each,
before detection using the enhanced chemiluminescence system (GE Healthcare). GFP- or cYFP-tagged fusion proteins were
probed with mouse anti-GFP (Roche, catalog no. 11814460001, 1:1000) followed by goat anti-mouse IgG horseradish peroxidase
conjugate (Promega, catalog no. W4021, 1:5000). HA- and nYFP-tagged (due to the presence of an HA-tag in the same expression
cassette) fusion proteins were detected in a single-step immunoblot with anti-HA-peroxidase high-affinity monoclonal rat antibody
(3F10, Roche, catalog no. 12013819001, 1:1000). Chemiluminescence detection and image analysis were performed using the
FluorChem Q System for quantitative Western blot imaging (ProteinSimple) with the AlphaView software (ProteinSimple) allowing
signal recording in the dynamic detection range.

Expression and Affinity Purification of Recombinant Proteins

CIPK11 and kinase target proteins were generated as follows: CIPK71 coding sequence was amplified using the primers CIPK11
Spel forward and CIPK11 Xhol reverse (Table S1), and cloned into the pIVEX-WG-Strepll vector (Hashimoto et al., 2012). Strepll-
tagged CIPK11 protein was generated using wheat germ-based cell-free protein synthesis with the RTS 500 Wheat Germ CECF
Kit (5 PRIME) following the manufacturer’s instructions. The purification of the Strepll-CIPK11 protein was performed as previously
described (Hashimoto et al., 2012). In short, each in vitro translation reaction (1 ml) was mixed with 0.8 ml of Strep-Tactin Macroprep
(IBA) and incubated for 30 min at 4°C. Strepll-tagged proteins were eluted by gravity flow in elution buffer (100 mM Tris pH 8.0,
150 mM NaCl, 2.5 mM desthiobiotin).

Constructs for recombinant protein expression of full-length and C-terminal part of non-mutated and mutagenized FIT forms were
produced as follows: Full-length FIT coding sequence was amplified from Col-0 —Fe root cDNA using primers Spel-noATG-FIT and
FITstop-Sacl (Table S1). The C-terminal part of FIT or mutagenized FIT forms were amplified from cDNA prepared from tobacco
leaves infiltrated with pMDC83:gFIT, pMDC83:gFITm(AA) or pMDC83:gFITm(E), respectively, using primers Spel-FIT-C and
FITstop-Sacl (Table S1). The obtained FIT, FIT-C, FITm-C(AA) and FITm-C(E) products were subsequently cloned into the pET-
24a(+) plasmid (Novagen). The resulting constructs were transformed into the E. coli bacterial strain BL21(DE3)pLysS (Promega).

In order to obtain Strepll-tagged glutathione S-transferase (GST) protein, the GST coding sequence was amplified using primers
GST_Xbal.for and GST_Spel_BamHI_Sall.rev (Table S1) and subcloned into the pIVEX-WG-Strepll vector (Hashimoto et al., 2012).
The resulting Strepll-GST fusion was subsequently cloned into pET-24b(+) plasmid. The resulting construct was transformed into
BL21(DE3)pLysS cells.

Recombinantly expressed Strepll-FIT, Strepll-FIT-C, Strepll-FITm-C(AA) and Strepll-FITm-C(E) proteins were produced from
BL21(DE3)pLysS cell cultures carrying the pET-24a(+) plasmid containing the respective Strepll-tagged FIT form as described in (Ha-
shimoto et al., 2012) with the exception that bacterial cultures were induced by 0.5mM isopropyl f-D-thiogalactopyranoside (IPTG) at
30°C for 3 h. Afterwards, cells were harvested by centrifugation, and resuspended in lysis buffer (100 mM Tris pH 8.0, 150 mM NacCl,
1 mg/ml lysozyme). After 1 hour incubation on ice, the lysate was sonicated and centrifuged at 14,000 x g for 5 min at 4 °C. The affinity
purification of the Strepll-tagged FIT forms was performed using Strep-Tactin® Macro Prep (IBA) following the manufacturer’s in-
structions. The protein amount in the fractions was estimated using BSA standards on Coomassie-stained SDS gels.

The Strepll-GST protein was produced in a similar manner, with the following exception: after cell lysis and centrifugation, Strepll-
GST protein remained in the supernatant, which was then directly used for affinity purification using Strep-Tactin® Macro Prep (IBA)
following the manufacturer’s instructions.

In Vitro Kinase Assay

In vitro kinase assays were performed according to (Hashimoto et al., 2012). In short, Strepll-tagged purified CIPK11 (150 ng per re-
action) and different substrate proteins (500 ng per reaction) were mixed according to the experimental setup in 24 pl in reaction
buffer containing 5mM MnSO,, 0.5mM CaCl,, 2mM DTT, 10 uM ATP and 4uCi of [y-*2P] ATP (3000 Ci/mmol) for 30 min at 30°C.
Following the kinase assay, the samples were subjected to SDS-PAGE and Coomassie staining. The SDS gels were exposed to
phosphorimager screens and the radioactively labelled protein bands were visualized by auto-radiography using a Molecular Dy-
namics Typhoon 9200 Variable Mode Imager (Amersham Biosciences). The in vitro kinase assays were repeated two times, showing
similar results.

Cytoplasm-to-Nucleus Ratio Determination

The localization of FIT-GFP and FITm-GFP fusion proteins was detected in tobacco 48 h post infiltration by laser-scanning confocal
microscopy (LSM 780, Zeiss). Cells were imaged using a 40x C-Apochromat water immersion objective at an excitation wavelength
of 488 nm and an emission wavelength of 500 to 530 nm, pinhole diameter 90 um, pixel resolution of 0.208 ymin Xand Y, and 1 umin
2. Z-stacks typically consisted of 20 - 40 slices ensuring the recording full cell dimensions. For nucleus-to-cytoplasm ratio analysis, a
maximum intensity projection of the Z-stack was made in the ZEN 2 Blue Edition software. Images were exported to tiff files and each
image was analyzed in ImageJ software after conversion to 12-bit grayscale format. Signal intensity values were obtained for the
whole cell without the nucleus and for the nucleus separately. The nucleus-to-cytoplasm ratio was calculated for each cell
separately. Six tobacco cells were imaged per construct per experiment. Three independent experiments were performed. The
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cytoplasm-to-nucleus ratio of FIT- and FITm-GFP fusion proteins in Arabidopsis root epidermis cells of plants grown under sufficient
and deficient Fe supply was calculated from fifteen cells per genotype and growth condition per biological replicate.

Fluorescence Recovery after Photobleaching (FRAP) Analysis

The mobility of FIT-GFP and FITm-GFP fusion proteins, transiently expressed in tobacco was quantified using laser-scanning
confocal microscopy (LSM 780, Zeiss) as described above. Data was recorded with a pinhole diameter of 41 um and pixel resolution
of 0.208 um. Successive control scans were made to ensure that no acquisition bleaching occurred during imaging. After 20 scans, a
bleach with 50 iterations of maximum laser intensity was performed of a rectangular region of interest (ROI) of 46 x 14 pixels in the
nucleus. This was followed by 280 post-bleaching scans within 100 s. For each single acquisition, the background fluorescence was
subtracted from the FRAP values, which were then normalized to the mean of the pre-bleach values. The kinetic parameter final fluo-
rescence intensity (Fena) was determined after applying Exponential curve fitting in the Origin Lab software, taking into account the
initial fluorescence intensity (Fy.) and the fluorescence intensity after photobleaching (Foost). The percentage of mobile (M)
and immobile (I fractions of FIT-GFP, FITm(AA)-GFP and FITm(E)-GFP was determined according to the following equations:
Mg = [(Fona-Fpost)/(Fpre-Fpostl] * 100 and | = 100 - M (Bancaud et al., 2010). Twelve to 21 nuclei were quantified per construct.

Transcriptional Self-Activation Capacity Assay

In order to investigate the self-activation capacity of FIT and mutagenized FIT forms, full-length FIT, FITm(AA) and FITm(E) were
amplified using primers FIT B1 and FITns B2 (Table S1) from cDNA prepared from tobacco leaves transiently transformed with
pPMDC83:gFIT, pMDC83:gFITm(AA) and pMDC83:gFITm(E). The PCR products were cloned into pDONR207 (BP reaction; Life Tech-
nologies) and subcloned into the BD-containing yeast two-hybrid destination vector pGBKT7-GW (LR reaction; Life Technologies).
The resulting constructs were co-transformed into AH109 yeast cells together with an empty AD-containing pACT2-GW plasmid.
Growth of yeast colonies was assayed on SD-LWH media with two different high 3-AT concentrations (30 and 60 mM) after spotting
in ten-fold serial dilutions. Growth on selective SD-LW media was used as a co-transformation control. pGBKT7-GW and pACT2-GW
plasmids were kindly provided by Dr. Yves Jacob.

Protein Homo- and Hetero-Dimerization Assay in Yeast

For assaying the homo-dimerization ability of FIT-C and FIT-C phosphomutant forms, FITm-C(AA) and FITm-C(E) coding sequences
were amplified from tobacco cDNA (primers FIT-C B1 and FITst B2, Table S1) and the amplicons were transferred into the BD- and
AD-containing vectors pGBKT7-GW and pACT2-GW, respectively, to obtain the final destination constructs. These constructs were
used to co-transform yeast AH109 cells with the combinations BD-FIT-C with AD-FIT-C, BD-FITm-C(AA) with AD-FITm-C(AA), and
BD-FITm-C(E) with AD-FITm-C(E). Growth of yeast colonies was assayed on SD-LWH media with 0.5 mM 3-AT (selection for inter-
action) after spotting in ten-fold serial dilutions. Growth on selective SD-LW media was used as a co-transformation control.

For assaying the ability of FIT-C and FIT-C phosphomutant forms to form hetero-dimers with bHLHO039, the coding sequence of
BHLH039 was amplified using the primers 39 B1 and 39st B2 (Table S1) and subcloned into pACT2-GW to obtain AD-bHLHO039.
AD-bHLH039 was co-transformed with AD-FIT-C, BD-FITm-C(AA) and AD-FITm-C(AA) in AH109 cells and the strength of their inter-
action was assayed as described above.

Protein Homo- and Hetero-Dimerization Assays In Planta (FRET-APB)

Full-length coding sequences of FIT and FITm were cloned into the pABind vector set [pABindGFP, pABindmCherry, and
PABINdFRET (named here pABindGFPmCherry)] (Bleckmann et al., 2010) by LR reaction (Life Technologies) using the constructs
pDONR207:cFIT, pDONR207:cFITm(AA) and pDONR2017:cFITm(E). The Agrobacterium (Rhizobium radiobacter) strain C58
(pGV2260) carrying one of the obtained constructs was used to transiently transform tobacco leaf epidermis cells as previously
above. Direct application of j-estradiol allowed the inducible expression of GFP-, mCherry- and GFP-mCherry-tagged FIT, FITm(AA)
and FITm(E) fusion proteins 24 h post infiltration. Forster Resonance Energy Transfer - Acceptor Photo Bleaching (FRET-APB) for
GFP and mCherry-tagged pairs was measured to assess the strength of homo-dimer formation in epidermis cell nuclei. GFP-tagged
fusions were used as donor-only (negative) controls. Fusions of the respective proteins with both GFP and mCherry for intra-molec-
ular FRET were used as positive controls. Similarly, bHLH039 coding sequence was also cloned into the pABind vector set to
produce bHLHO039-GFP and bHLHO039-GFP-mCherry fusions. bHLHO39-GFP FRET pairs with FIT/FITm(AA)/FITm(E)-mCherry
were assayed for their FRET efficiency. bHLH039-GFP was used as a donor-only control. bHLH039-GFP-mCherry was used as a
positive control. Laser-scanning confocal microscopy (LSM 780, Zeiss) controlled by ZEN 2 Black Edition software (Zeiss) was
used for GFP and mCherry detection as described above. Series of images were acquired in a 256 x 256 pixel format. After the fifth
image, mCherry was photobleached in a region within the nucleus using 80 iterations of 100 % laser power. FRET efficiency (Erget) in
percent was calculated as the relative increase of GFP intensity following photobleaching of the mCherry acceptor. Only plant nuclei
with similar GFP and mCherry fluorescence levels were considered for the FRET efficiency measurements. Ten nuclei were measured
per construct. Two independent experiments were performed.

fit Mutant Complementation Assay
Arabidopsis fit mutant plants were transformed with full-length FIT and full-length FITm forms fused to GFP, resulting in FIT-GFP,
FITm(AA)-GFP and FITm(E)-GFP, by floral dip (Clough and Bent, 1998). Positive transformants, selected based on hygromycin
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resistance, GFP fluorescence, immunoblot analysis and PCR genotyping, were selfed and multiplied until homozygous lines were
obtained. Lines in the T3 generation were used for further analysis, named FIT/ fit for FIT-GFP/fit, AA#1 and AA#2 for FITm(AA)-
GFP/fit and E#1 and E#2 for FITm(E)-GFP/fit.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments, such as number of technical and biological repetitions, can be found in the respective Methods
section and in the Figure legends. For statistical analysis, P values were obtained via one-way ANOVA followed by Fisher’s LSD using
the SPSS Statistics software (IBM). Different lower-case letters on the graphs were used to indicate statistically significant differ-
ences (P < 0.05), distributed in the graphs from left to right.

DATA AND SOFTWARE AVAILABILITY
Software used in this study is listed in the Key Resources Table.
ACCESSION NUMBERS

Sequence data from this article can be found in the TAIR and GenBank data libraries under accession numbers:

AKT1 (TAIR: AT2G26650), BHLH0O39 (TAIR: AT3G56980), CIPK1 (TAIR: AT3G17510), CIPK2 (TAIR: AT5G07070), CIPK3 (TAIR:
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Figure S1. Overlapping Fe deficiency-induced FIT and CIPKI11 promoter activities and
immunodetection controls for protein localization and BiFC experiments. Related to Figure

L

(A) Promoter-driven GUS reporter staining in whole seedlings and roots. ProFIT:GUS and
ProCIPK11:GUS plants (lines 1 and 3) were grown in the 6-day system under sufficient (+ Fe) or
deficient (- Fe) Fe supply. Rectangles in the respective seedling image indicate the positions of the
enlarged images along the root for each genotype and condition, and correspond to, from top to

bottom, the differentiated cell zone, the early differentiation zone and the root tip. Lowest raw —

=
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corresponding close-ups of regions from the early root differentiation zone (marked with

rectangles). Filled arrowheads indicate GUS staining (promoter activity) in root hairs. Bars: 1 mm.

(B) Immunodetection control of fluorescently tagged FIT- and CIPK11-GFP fusion proteins in
tobacco leaf cells, used in protein localization experiments in Figure 1D. Anti-GFP antibody was

used for detection.

(C) Immunodetection control of split YFP-tagged fusion proteins in tobacco leaf cells, used in
BiFC experiments in Figure | F. Anti-HA antibody detected nYFP- and anti-GFP antibody detected
cYFP-tagged fusion proteins.

(B, C) Untransformed tobacco leaf extract was used as a negative control. PonceauS staining of
the membrane was used as a loading control. Asterisks indicate the protein bands corresponding

to the respective full-length fusion protein. Protein molecular weight (in kDa) is indicated.
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Figure S2. cipkll root length phenotype and additional information on [Ca'|eyt

measurements. Related to Figure 2.

(A, B) Growth phenotypes of cipk! ! mutant and three cipk! /-complemented lines (compl #1, #2,
and #3). Plants were grown in the 6-day system under sufficient (+ Fe) or deficient (- Fe) Fe supply

in comparison with wild type (WT) and fif mutant.

(A) Phenotypes of plants. Bars: 1 mm.
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(B) Quantification of primary root lengths. Data are represented as mean + SD (n = 16-46).

Different letters indicate statistically significant differences (P < 0.05).
(C, D) Additional information for [Ca* ]yt measurements.

(C) Changes in free [Ca’ ]yt concentrations in roots of 5 day-old plants grown for three further
days under sufficient (+Fe, blue line) or deficient (-Fe, red line) Fe supply. Left, Indication of root
areas for [Ca”']cyt change measurements in the meristematic (MZ) and elongation (EZ) zones of
the root tip, central cylinder (CC) and epidermis with cortex (Ep) of the early root differentiation
zone. Right, Emission ratios between cpVenus and ECFP fluorescence intensities indicative of
[Ca*']eyt changes, measured for 12 min in the indicated root areas. The ratio values after 3.3 min
(to exclude unspecific responses to the mounting) were averaged and represented in Figure 2J.

Error bars represent standard deviations (n = 12).

(D) Changes in [Ca?'Jey under Fe deficiency visualized by ratiometric Ca®' imaging of the early

root differentiation zone of plants grown as in (C).
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Figure S3. FIT-GFP rescues the Fe deficient fift mutant phenotype. Related to Figure 6, S6
and S7.

fit mutant complementation assay with wild-type FIT-GFP. FIT-GFP/fit plants (FIT/fit) were
analyzed in comparison with wild-type (WT) and fit mutant plants grown in response to sufficient
(+Fe, black bars) and deficient (-Fe, gray bars) Fe supply in the six-day (C, I) and two-week growth
assays (A, B, D-G). Data are represented as mean + SD. Different letters indicate statistically

significant differences (P < 0.05).
(A) Gene expression analysis in roots of I'/7, represented in base-10 logarithmic scale (n = 3).

(B) Immunodetection of full-length FIT-GFP fusion protein (indicated by an arrow) in plants,
detected with anti-GFP antibody. WT, negative control, PonceauS staining, loading control. WT

samples were on the same membrane as FIT/fit samples. Excluded lanes, indicated by a white bar.
(C) Root lengths of plants (n = 10).

(D-F) Gene expression analysis in roots of BHLH039 (D), FRO2 (E) and IRTI (F) (n = 3).

(G) Root Fe reductase activity of plants (n = 4).

(F) Fe contents per dry weight (DW) of seeds, collected from soil-grown plants (n = 3).

(T) Laser-scanning confocal images of roots. Bars: 50 um. See also Figure S7.
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Figure S4. Control experiments for protein localization and FRAP experiments using FIT-

GFP and FITm-GFP. Related to Figure 4.

(A) Immunodetection control of fluorescently tagged FIT-, FITm(AA)- and FIT(E)-GFP fusion
proteins in tobacco leaf cells, used in Figure 4A and 4B. Anti-GFP antibody was used for detection.
Untransformed tobacco leaf extract was used as a negative control. PonceauS staining of the
membrane was used as a loading control. An arrow indicates the protein bands corresponding to

the respective full-length fusion protein. Protein molecular weight (in kDa) is indicated.

(B) Representative FIT- and FITm-GFP fluorescence images obtained in FRAP experiments. The
GFP signal intensities are shown just before bleaching (marked by a lightning sign) (left vertical
panels, frame 20), immediately after bleaching (middle vertical panels, frame 21) and at the end
of the GFP acquisition time (right vertical panels, frame 300). White rectangular shapes indicate
the measured regions of interest (ROIs), bleached inside the nucleus, outside the nucleus used for

background fluorescence subtraction (see quantified data in Figure 4B).

(C) Background-corrected, normalized fluorescence intensities plotted as a function of time. One
representative curve is shown for each FIT form. The pre-bleach fluorescence intensities are set to
100 %. During the bleaching of the nuclei, a strong decline of the fluorescence signals by more
than 50 % is indicative of bleaching. GFP fluorescence signal recovery of the non-
phosphorylatable FITm(AA)-GFP form (red) is accelerated in comparison to the recovery of non-
mutagenized FIT-GFP (black) and phosphomimicking FITm(E)-GFP (blue) forms (see quantified
data in Figure 4B).
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Figure S5. FIT and FITm homo-dimerization analysis in planta. Related to Figure 5.

(A) Laser-scanning confocal images showing Bimolecular Fluorescence Complementation (BiFC)
of nYFP- and cYFP-tagged FIT and FITm homo-dimer couples in tobacco leaf epidermis cells.
Successful homo-dimer formation (YFP signal) was detected for FIT (nYFP-FIT and cYFP-FIT,
upper horizontal panels) and FITm(E) (nYFP-FITm(E) and cYFP-FITm(E), lower horizontal
panels), whereas FITm(AA) (nYFP-FITm(AA) and cYFP-FITm(AA), middle horizontal panels)
homo-dimerization was barely detectable. Reconstituted YFP signals are indicated by arrowheads
(filled for nuclear YFP, empty for cytoplasmic YFP). Positive mRFP signal served as

transformation control. Bars: 50 um. The immunodetection of split YFP proteins is shown in B.

(B) Immunodetection control of split YFP-tagged fusion proteins in tobacco leaf cells, used in
BiFC experiments in (A). Anti-HA antibody detected nYFP- and anti-GFP antibody detected
cYFP-tagged fusion proteins. Untransformed tobacco leaf extract was used as a negative control.
PonceauS staining of the membrane was used as a loading control. Asterisks indicate the protein

bands corresponding to the respective full-length fusion proteins. Protein molecular weight (in

kDa) is indicated.
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Figure S6. Phospho-mimicking FITm(E) at Ser272 complements the fif mutant. Related to

Figure 6, S3 and S7.

fit mutant complementation assay with FITm(E)-GFP. Two FITm(E)-GFP/fit lines (E#1 and E#2)

were analyzed in comparison with wild-type (WT) and fit mutant plants, grown in response to

sufficient (+Fe, black bars) and deficient (-Fe, gray bars) Fe supply in the six-day A-C, I) and two-

week growth assays (D-G).

(A) FIT gene expression analysis in roots, represented in base-10 logarithmic scale (n = 3).

(B) Immunodetection of full-length FITm(E)-GFP fusion protein (indicated by an arrow) with anti-

GFP antibody in plants. WT plants served as negative control. PonceauS staining of the membrane

was used as loading control. Protein molecular weight (in kDa) is indicated.

(C) Root lengths of plants (n = 10).

(D-F) Gene expression analysis in roots of #FRO2 (D), IRT'! (E) and BHLH039 (F) (n = 3).

(G) Root Fe reductase activity (n = 4).

(H) Fe contents per dry weight (DW) of seeds, collected from soil-grown plants (n = 3).

(T) Laser-scanning confocal images of FITm(E)-GFP in roots. Bars: 50 um. See also Figure 57.

Data are represented as mean = SD. Different letters indicate statistically significant differences

(P <0.05).
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Figure S7. Nucleocytoplasmic partitioning of wild-type and phospho-mutant FITm(AA) and
FITm(E) forms in Arabidopsis root epidermis cells. Related to Figure 6, Figure S3 and
Figure S6.

Quantification of the cytoplasm-to-nucleus GFP signal ratios for FIT-GFP and FITm-GFP in
Arabidopsis roots. FIT-GFP (black), FITm(AA)-GFP (red) and FITm(E)-GFP (blue) signals were
recorded in root epidermis cells of the Arabidopsis lines FIT/fit, AA#1 and #2, E#1 and #2, grown
in the 6-day system under sufficient (+Fe, open boxes) or deficient (-Fe, shaded boxes) Fe supply
(n=3). Different letters indicate statistically significant differences (P < 0.05). Corresponding
representative laser-scanning confocal imaging of the subcellular GFP fluorescence in Arabidopsis
roots is shown for FIT-GFP in Figure S31, for FITm(AA)-GFP in Figure 61, for FITm(E) in Figure
S6L
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Table S1. Primers used in this study, related to STAR Methods.

GTACCTCC

Primer name Primer sequence Purpose Origin
pCIPKI11_forSpe | TTTACTAGTCAACGTGAAACTT | Cloning of This study
TTGCTGATAAA ProCIPK11:GUS and pKS
1T Bluescript: ProCIPK 11
pCIPK11 reXho TTTCTCGAGGATTGATGAATCC | Cloning of This study
AGAGATTGATT ProCIPK11:GUS
CIPK11 Spel TTTACTAGTATGCCAGAGATCG | Cloning of pGPTV-II- This study
forward AGATTGC BAR-pUBQI10-
GFP:CIPK11 and pIVEX-
WG-Strepll:CIPK 11
CIPK11 Xhol TTTCTCGAGAATAGCCGCGTTT | Cloning of pGPTV-II- This study
reverse GTTGACG BAR-pUBQI0-
GFP:CIPK11 and pIVEX-
WG-Strepll:CIPK 11
FIT BI GGGGACAAGTTTGTACAAAAA | Cloning of Leetal,
AGCAGGCTTAATGGAAGGAAG | pDONR207:¢FIT and 2016
AGTCAACGC pDONR221 P1-P4:cFIT
FITns B2 GGGGACCACTTTGTACAAGAA | Cloning of This study
AGCTGGGTTAGTAAATGACTT | pDONR207:gFIT
GATGAATTC
CIPK11 B3 GGGGACAACTTTGTATAATAA | Cloning of pDONR221 P3- | This study
AGTTGTAATGCCAGAGATCGA | P2:CIPKI11
GATTGC
CIPK11 B2 GGGGACCACTTTGTACAAGAA | Cloning of pDONR221 P3- | This study
AGCTGGGTTTTAAATAGCCGC | P2:CIPKI11
GTTTGTTG
FITstop B4 GGGGACAACTTTGTATAGAAA | Cloning of pDONR221 P1- | Leetal,
AGTTGGGTGTCAAGTAAATGA | P4:cFIT 2016
CTTGATGA
39 Bl GGGGACAAGTTTGTACAAAAA | Cloning of pPDONR221 P1- Leetal,
AGCAGGCTTAATGTGTGCATTA | P4:BHLHO039 2016

10
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39st B4 GGGGACAACTTTGTATAGAAA | Cloning of pPDONR221 P1- | Leetal,
AGTTGGGTGTCATATATATGAG | P4:BHLHO039 2016
TTTCCAC
CIPK15 B3 GGGGACAACTTTGTATAATAA | Cloning of pPDONR221 P3- | This study
AGTTGTAATGGAGAAGAAAGG | P2:CIPKI15
ATCTGT
CIPK15st B2 GGGGACCACTTTGTACAAGAA | Cloning of pDONR221 P3- | This study
AGCTGGGTTTCAGTGCCAAGCT | P2:CIPK15
AATACAA
pCIPK11_reBam_ | TTTGGATCCGATTGATGAATCC | Cloning of pKS II This study
2 AGAGATTGATT Bluescript:ProCIPK11
CIPK11 _for Bam | TTTGGATCCATGCCAGAGATCG | Cloning of pKS II This study
AGATTGC Bluescript:gCIPK11+3’UT
R
CIPK11UTRreXh | TTTCTCGAGGGAAAATCCAAA | Cloning of pKS II This study
o CTATAAATAGAAGA Bluescript:gCIPK11+3’UT
R
EFgl TCCGAACAATACCAGAACTAC | EFIBalpha Wang et
G (genomic) RT-PCR al.,
2007
EFg2 CCGGGACATATGGAGGTAAG EF1Balpha Wang et
(genomic) RT-PCR al.,
2007
EFcl ACTTGTACCAGTTGGTTATGGG | EF1Balpha RTPCR Wang et
al.,
2007
EFc2 CTGGATGTACTCGTTGTTAGGC | EF1Balpha RTPCR Wang et
al.,
2007
FITrtl GGAGAAGGTGTTGCTCCATC FITRT-PCR Wang et
al.,
2007

i |
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FITrt2 TCCGGAGAAGGAGAGCTTAG FITRT-PCR Wang et
al.,
2007
BHLH39rt1 GACGGTTTCTCGAAGCTTG BHLH039 RT-PCR Wang et
al.,
2007
BHLH39r(2 GGTGGCTGCTTAACGTAACAT | BHLH039 RT-PCR Wang et
al.,
2007
IRTIrtl AAGCTTTGATCACGGTTGG IRT! RT-PCR Wang et
al.,
2007
IRT1rt2 TTAGGTCCCATGAACTCCG IRTI RT-PCR Wang et
al.,
2007
FRO2rt1 CTTGGTCATCTCCGTGAGC FRO2 RT-PCR Wang et
al.,
2007
FRO2r12 AAGATGTTGGAGATGGACGG IFRO2 RT-PCR Wang et
al.,
2007
C11 RT-F GGATTTGTATTTCGCGGTTG CIPK11 RT-PCR This study
Cl1I RT-R GTCAACAAACGCGGCTATTT CIPK11 RT-PCR This study
FITmS272E-1 AACTCTAACCTAAGCGAACCTT | Cloning of This study
CTCCGGACACA pDONR2017:gFITm(E)
FITmS272E-2 TGTGTCCGGAGAAGGTTCGCTT | Cloning of This study
AGGTTAGAGTT pDONR2017:gFITm(E)
FITmSS271AA-1 | CAGAACTCTAACCTAGCCGCTC | Cloning of This study
CTTCTCCGGACA pDONR207:gFITm(AA)
FITmSS271AA-2 | TGTCCGGAGAAGGAGCGGCTA | Cloning of This study
GGTTAGAGTTCTG pDONR207:gFITm(AA)
Spcl-noATG-FIT | TTTTACTAGTGAAGGAAGAGT | Cloning pET-24a(+):FIT/ This study
CAACGCTCT FITm(AA)/FITm(E)

12
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FITstop-Sacl AAAAGAGCTCTCAAGTAAATG | Cloning pET-24a(+):FIT/ This study
ACTTGATGA FITm(AA)/FITm(E) and
pET-24a(+):FIT-C/
FITm-C(AA)/FITm-C(E)
Spel-FIT-C TTTTACTAGTACTCAACCTTTT | Cloning pET-24a(+):FIT-C/ | This study
CGCGGTAT FITm-C(AA)/FITm-C(E)
GST Xbal for AAATCTAGAATGTCCCCTATAC | Cloning pET-24a(+):GST This study
TAGGTTATTG
GST Spel Bam | TTTTGTCGACGGATCCACTAGT | Cloning pET-24a(+):GST This study
HI_ ATCCGATTTTGGAGG
Sall.rev
FIT-C Bl GGGGACAAGTTTGTACAAAAA | Cloning pGBKT7-GW: and | This study
AGCAGGCTTAACTCAACCTTTT | pACT2-GW:FIT-C/ FITm-
CGCGGTATC C(AA)/FITm-C(E)
FITst B2 GGGGACCACTTTGTACAAGAA | Cloning pGBKT7-GW: and | This study
AGCTGGGTTCAAGTAAATGAC | pACT2-GW:FIT-C/ FITm-
TTGATGA C(AA)/FITm-C(E)

13
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e The key basic helix-loop-helix (bHLH) transcription factor in iron (Fe) uptake, FER-LIKE
IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT), is controlled by multiple sig-
naling pathways, important to adjust Fe acquisition to growth and environmental constraints.
FIT protein exists in active and inactive protein pools, and phosphorylation of serine Ser272 in
the C-terminus, a regulatory domain of FIT, provides a trigger for FIT activation.

* Here, we use phospho-mutant activity assays and study phospho-mimicking and phospho-
dead mutations of three additional predicted phosphorylation sites, namely at Ser221 and at
tyrosines Tyr238 and Tyr278, besides Ser 272.

* Phospho-mutations at these sites affect FIT activities in yeast, plant, and mammalian cells.
The diverse array of cellular phenotypes is seen at the level of cellular localization, nuclear
mobility, homodimerization, and dimerization with the FIT-activating partner bHLHO39, pro-
moter transactivation, and protein stability. Phospho-mimicking Tyr mutations of FIT disturb
fit mutant plant complementation.

* Taken together, we provide evidence that FIT is activated through Ser and deactivated
through Tyr site phosphorylation. We therefore propose that FIT activity is regulated by alter-
native phosphorylation pathways.

New Phytologist (2020) 225: 250-267
doi: 10.1111/nph.16168

Key words: Arabidopsis, bHLHO39, FIT, iron
uptake, IRT1, serine phosphorylation, tran-
scription factor, tyrosine phosphorylation.

uptake  of  Fe*" ions by IRON-REGULATED

Introduction TRANSPORTERI (IRT1) (Eide eral, 1996; Vert etal, 2002).

Acquisition of trace elements such as iron (Fe) is indispensable
for metabolic pathways, crop yield, and high-quality nutritious
food. Biofortification offers the chance to reduce Fe-deficiency
anemia in humans but relies on elaborate knowledge of nutrient
sensing, uptake, and signaling (Connorton et al, 2017). Most Fe
is not soluble, and therefore not bioavailable in the soil. Plants
must therefore mobilize Fe in the soil before they can take it up
through their roots. For that, plants balance the need for Fe in
their metabolism and the toxic effects that heavy metal ions can
have in cells (Connorton ez al., 2017). Arabidopsis thaliana serves
as model for uncovering regulatory events for Fe acquisition. As a
representative of nongraminaceous angiosperm species, it uses
the so-called Strategy I. Hallmarks of this strategy in Arabidopsis
are reduction of ferric (Fe’") to ferrous Fe (Fe*") by FERRIC
REDUCTION OXIDASE2 (FRO2) (Robinson et al., 1999) and

250 New Phytologist (2020) 225: 250-267
www.newphytologist.com

In contrast, Strategy Il Fe acquisition is mediated by phy-
tosiderophore-based Fe’" chelation (Marschner e al., 1986).

The expression of FRO2, IRT1, and more than 30 other Fe-de-
ficiency-induced genes is controlled from early to late vegetative
growth stages by the essential subgroup IIla basic helix-loop—he-
lix (bHLH) FER-LIKE IRON DEFICIENCY-INDUCED
TRANSCRIPTION FACTOR (FIT; Heim et al, 2003; Colan-
gelo & Guerinot, 2004; Jakoby ezal, 2004; Yuan et al., 2005;
Mai etal, 2016). fit mutant plants with complete FIT failure,
homozygous for the fiz-3 loss-of-function allele, develop a strong
Fe-deficiency leaf chlorosis, a phenotype caused by the inability
to take up sufficient amounts of environmental Fe by roots
(Jakoby ez al., 2004). This displays the pivotal role of FIT in the
Fe-deficiency response, and particularly in upregulating Fe acqui-
sition genes in roots.

22019 The Authors
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FIT activity is mainly controlled at protein level through pro-
tein—protein interactions. Upon low Fe (—Fe), subgroup Ib
bHLH protwins bHLH038/039/100/101 are induced and
heterodimerize with FIT, which enhances F/T expression and
FIT protein activity for inducing downstream FIT target gene
expression (Wang ez al., 2007, 2013; Yuan etal., 2008; Naranjo-
Arcos et al., 2017). Among subgroup Ib BHLH genes, BHLHO039
serves as a robust marker for Fe-deficiency responses (Ivanov
etal, 2012) and promotes Fe acquisition via FIT when overex-
pressed (Naranjo-Arcos etal, 2017). Although the amount of
FIT protein in a FIT overexpression situation can by far exceed
that of FIT protein in wild-type (WT), FIT rarget gene induction
remains comparable and restricted to —Fe (Jakoby eral, 2004;
Meiser efal., 2011). FIT protein is thus present in a rather small
active and in a large inactive pool. FIT is also controlled at the
level of protein abundance and stability. FIT undergoes proteaso-
mal degradation, and both FIT pools are targets of the protea-
some (Lingam eral, 2011; Meiser eral, 2011). Despite tha,
FIT abundance is often lower at —Fe than ar +Fe when overex-
pressed (Lingam ezal, 2011; Meiser etal, 2011; Sivitz etal.,
2011). Presumably, in order to maintain Fe-deficiency responses,
FIT must become activated and active FIT is being degraded to
‘refresh’ target sites, which could be beneficial for the cell to
remain responsive to quick changes in nutrient abundance
(Meiser etal, 2011; Sivitz et al., 2011). Posttranslational modifi-
cation differentiates between active and inactive FIT. A small
pool of FIT protein is phosphorylated, and calcium-sensing
CBL-INTERACTING PROTEIN KINASE11 (CIPK11) targets
position Ser272 of FI'T and activates it. Ser272 is crucial for FIT
to localize in the nucleus, interact with bHLHO039, and activate
FIT targets so that plants ultimately take up Fe and transport it
to seeds (Gratz efal, 2019). Interestingly, Ser272 is present in
the C-terminal part of FIT, which can be regarded as a regulatory
domain of FIT, FIT-C. A dynamic protein interaction network,
particularly involving the FIT-C domain, enables the cell to
quickly react to changes in Fe availability and adapt Fe uptake to
environmental constraints by fine-tuning FIT protein activity
beyond phosphorylation (Lingam eral, 2011; Le eral, 2016;
Wild et al, 2016; Cui et al., 2018).

Phosphorylation events contribute to protein activation, and
antagonistic mechanisms often ensure responsiveness to quickly
changing conditions by a balanced protein activity. For example,
cold-responsive  bBHLH  protein  INDUCER OF CBF
EXPRESSIONT1 (ICE1; Chinnusamy etal, 2003) is cold acti-
vated by phosphorylation of Ser278 through SnRK2.6/OPEN
STOMATA1 (OST1; Ding etal, 2015). MITOGEN-
ACTIVATED PROTEIN KINASEs 3 and 6 (MAPK3 and -6)
facilitate additional ICE1 phosphorylation with diametrically
opposite effects on stability, causing proteasomal degradation of
ICE1 (Li H. etal, 2017; Zhao et al., 2017).

Plant tyrosine (Tyr) phosphorylation is mainly associated with
proteins having kinase or transferase activity (Sugiyama etal.,
2008). Only a few transcription factors were identified to be Tyr-
phosphorylated untdl today. One of them, Copiis japonica
WRKY-type transcription factor C)WRKY1 for alkaloid biosyn-
thesis, displays  cnhanced  cytosolic  localization,  reduced
©2019 The Authors

New Phytologist ©2019 New Phytologist Trust

Research 251

transactivation activity, and a protein turnover phenotype of its
Tyr phospho-mimicking mutant (Yamada & Sato, 2016).

In vive studies of the mechanisms leading to FIT phosphoryla-
tion are very difficult. Owing to the low amounts of FIT protein
in planta and the small fractions of phosphorylated forms thereof,
individual phosphorylation sites of FIT cannot be identified
directly (Gratz et al., 2019). Proving phosphorylation by kinases
requires prior knowledge of the concrete interacting protein
kinase, but another kinase type besides a calcium-dependent
CIPK is not known (Gratz et al., 2019).

We therefore used an alternative approach and show here that
a phospho-mutant activity screening approach can be successfully
applied to overcome the obstacles described and to determine the
functional importance of novel predicted phosphorylation sites in
cellular biochemical activity assays. Synthetic biology plays a fun-
damental role in elucidating functional modules in mammalian
and insect cell signaling. The circumstance that complex plant sig-
naling modules with multiple endogenous connections between
physiological, developmental, hormonal, and environmental
pathways can be studied in experimental systems with reduced
complexity is becoming increasingly recognized as an advantage
to quantify properties of plant signaling modules (Samodelov &
Zurbriggen, 2017). We demonstrate that phospho-mimicking
and phospho-dead Ser and Tyr mutations affect diverse cellular
FIT transcription factor activities in an opposite manner. We con-
clude that phosphorylation of Ser sites in FIT-C activates FIT,
whereas that of Tyr sites deactivates FIT. These findings render
future examination of Ser and Tyr modification of FIT possible
to manipulate Fe acquisition regulation and to investigate novel
Tyr phosphorylation control mechanisms in plants.

Materials and Methods

Multiple sequence alignment of FIT orthologues

Arabidopsis full-length FI'T protein sequence was blasted against
protein sequences of every order of the angiosperms and several
families among Brassicales (Cole eral, 2019). Hits with highest
maximum score were re-blasted against the Arabidopsis TAIR10
protein sequence collection, using The Arabidopsis Information
Resource Brast v.2.2.8. (Phoenix Bioinformatics Corp., Fremont,
CA, USA) FIT was aligned to the two other members of
A. thaliana WHLH subgroup IlTa, AT2G16910 and AT4G21330,
using the MuscLE algorithm (Heim et 2/, 2003; Edgar, 2004).

Site-directed mutagenesis and generation of plasmids for
cellular assays

Plasmids with genomic DNA or complementary DNA (cDNA)
sequences for intermediate cloning steps and experiments were
generated by PCR, subsequent Gateway (Life Technologies), Gib-
son assembly cloning (New England Biolabs, Ipswich, MA,
USA), or AQUA cloning (Beyer eral, 2015) and verified by
sequencing (see list of recombinant plasmids used/constructed in
Supporting Informartion Table $1; primers for plasmid generation
are in Table S2). Site-dirccred muragenesis was conducted by
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PCR with genomic FIT to create phospho-mutant gF/7m forms,
namely FITm(S221A), FITm(S221E), FITm(S221E/SS271/
272AA), FITm(Y238F), FITm(Y238E), FITm(Y278F), and
FITm(Y278E), as described previously (Gratz ezal, 2019) for
FITm(SS271/272AA). Briefly, methylated template plasmid
DNA was eliminated by Dpnl treatment before DH5a
Lscherichia coli transformation. F/7 and F/7m coding sequences
without introns were obtained from ¢DNA prepared from tran-
siently transformed Nicotiana benthamiana leaves with expression
plasmids containing gF/T-GFP and gFITm-GFP forms (GFP,
green fluorescent protein).

Transient expression in tobacco leaf epidermis cells

Tobacco (N. benthamiana) leaf epidermal cells were transiently
transformed by infilration with Agrebacterium (Rhizobinm
radiobacter) GV3101 (pMP90) strain containing the respective
plant expression vectors, as described (Grartz ez al, 2019).

Subcellular localization of GFP fusion proteins

The cytoplasm-to-nucleus ratio for FIT-GFP and FITm-GFP was
determined 48 h after tobacco leaf infiltration with agrobacteria
containing pMDC83:gFITns-GFP or pMDC83:gFI Tmns-GFP
forms (Table S1), as described previously (Gratz ezal, 2019).
Briefly, Z-stack images taken with an LSM780 laser-scanning con-
focal microscope (Zeiss) were exported to .tff and converted to
grayscale format. The cytoplasm-to-nucleus ratio was calculated by
accessing the fluorescence signal intensity once for the nucleus, and
once for the cell while excluding the nucleus, with IMaGE] software
(US National Institutes of Health, Bethesda, MDD, USA). For each
independent experiment, several cells from one or two leaves of a
transiently transformed tobacco plant were imaged and the fluores-
cence ratios quantified (#=06-11 cells). Three experiments using
independently transformed plants were performed.

Nuclear mobility of GFP fusion proteins

Fluorescence recovery after photobleaching (FRAP) experiments
were conducted 48 h after tobacco leaf infiltration with agrobac-
teria containing pMDCS83:gFITns-GFP or pMDC83:gFI Tmns-
GFP forms, as described (Gratz eral, 2019). In brief, using an
[L.SM780 laser-scanning confocal microscope (Zeiss), a rectangu-
lar region of interest in the nucleus of a tobacco cell was chosen
to determine initial GFP signal intensity and intensity after
bleaching to monitor fluorescence recovery. Background fluores-
cence was subtracted from FRAP values, which were normalized
to the mean of pre-bleach values. Nonlinear curve fitting was per-
formed (Prisnv; GraphPad Software, San Diego, CA, USA) in
order to assess the fluorescence intensities (Fig. S1). Using the
initial fluorescence intensity 7. and the fluorescence intensity
after photobleaching £, the percentages of mobile fractions M;
of FIT-GFP and FITm-GFP forms were calculated:
M= [(Fand — Fpas)/ (Fpre = Fposd)] % 100 (Bancaud ez al, 2010).
For each construct, several nuclei were analyzed from two leaves
of transiently transformed plants (#=10-17 nuclei).

New Phytologist (2020) 225: 250-267
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Homo- and heterodimerization using targeted yeast two-
hybrid assays

Yeast strain AH109 was co-transformed with respective plasmids,
pGBKT7-GW:FIT-C, pGBKT7-GW:FIT-Cm  forms or
pGBKT7-GW:bHLH039 with N-terminal fusion of GAL4
DNA binding domain (BD-FIT or BD-FITm forms), and
pACT2-GW:FIT-C, pACT2-GW.FIT-Cm forms or pACT2-
GW:bHLHO039 with N-terminal fusion of GAL4 activation
domain (AD-FIT, AD-FITm forms, AD-bHLHO039) (Table S1).
Positive transformants were selected on synthetic defined (SD)
medium lacking Leu and Trp (SD-LW) and verified by colony-
PCR. To obtain appropriate negative controls, cells were co-
transformed with respective empty AD or BD plasmid controls.
The combination of pGBT9.BS:CIPK23 and pGAD.GH:
cAKT1 served as a positive control (Xu eral, 2006; Le ezal.,
2016). The screening for positive protein—protein interactions
was performed on SD medium lacking Leu, Trp and His (SD-
LWH) in the presence of 0.5 mM 3-amino-1,2,4-triazole (3-AT),
selective for interaction, in comparison with co-transformation
controls on SD-LW medium, after spotting serial dilutions, as
previously described and indicated in the text (Le eral, 2016).
Plates were photographed after incubation at 30°C for 1wk
(heterodimerization) or 2 wk (homodimerization).

Homo- and heterodimerization assay by Forster resonance
energy transfer—acceptor photobleaching in planta

Forster resonance energy transfer—acceptor photobleaching
(FRET-APB) experiments were conducted 48 h after tobacco leaf
infileration  with  agrobacteria  containing  pABindGFP,
pABindmCherry, and pABindFRET vectors recombinant for
FIT, FITm forms, and BHLHO039 to measure the homo- (FIT-
GFP + FIT-mCherry or FITm-GFP + FITm-mCherry) or the
heterodimerization (bHLHO039-GEP + FIT-mCherry or
bHLHO039-GFP and FITm-mCherry) efficiency (Table SI).
Donor proteins were additionally transformed single-tagged with
GFP and double-tagged with GFP-mCherry to serve as a negative
and positive control. Gene expression was induced by spraying
the leaves with a 20 uM f-estradiol solution 16 h before FRET—
APB measurements.

Measurements were operated with Zen2 black edition software
(Zeiss) at the confocal laser-scanning-microscope LSM780
(Zeiss). Fluorescence intensity for both fluorophores was detected
within 20 frames in a 128 x 128 pixel format and a pixel time of
2.55 ps. After the fifth frame, 100% laser power (561 nm) was
used to bleach mCherry using 80 iterations. FRET efficiency was
calculated in percent as relative increase of GFP intensity after
acceptor photobleaching. At least two independent experiments
with 10 measured nuclei each were performed (7= 10 nuclei).

FIT transcriptional self-activation assay in yeast

Yeast strain AH109 was co-transformed with either pGBKT7-
GWLFIT (BD-FIT) or pGBKT7-GW:FITm (BD-FITm) forms,
as well as pACT2-GW (empty AD) (Table S1), selected on SD-
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LW media and verified by colony-PCR. The screening for
autoactivation was performed by assaying the growth on SD-
LWH media, conuining cither 0.5 or 90 mM 3-AT in 10-fold
dilution series compared with SD-LW co-transformation con-
trols. pGBT9.BS:CIPK23 and pGAD.GH:cAKT1 were used as a
positive control (Xu eral, 2006; Le eral, 2016). Growth of
colonies was recorded after incubation at 30°C for 1 wk.

Quantitative transactivation reporter gene assay for FIT in
mammalian cells

The mammalian cell transactivation assay was conducted accord-
ing to Muller eral (2014). Briefly, Chinese hamster ovary
(CHO) cells were seeded to a density of 40 000 cells per well in
500 pl of medium in 24-well plates and transfected with a solu-
tion of 100 pl per well, containing pMZ333:FIT or pMZ333:
FITm, pKM195:1RT1pro, and pMZ333:bHLHO039, as indi-
cated. 1 pg of plasmids in total was mixed, if necessary by adding
stuffer plasmid pHBOO7:BFP (Table S1). The mix was
exchanged 4 h after transfection and the supernatant collected
48 h after transfection for analysis of recombinant secreted alka-
line phosphatase (SEAP) activity using a colorimetric assay and
Guaussia luciferase activity as described (Schlatter ezal, 2002;
Remy & Michnick, 2006; Muller ez al., 2014).

For immunoblot analysis, CHO cells were transfected with the
same plasmid combinations, but replacing the aforementioned
pMZ333 plasmids with the respective tagged pMZ333:FIT-
GFP, pMZ333:FITm-GFP forms and pMZ333:HA;-bHLH039
(Table S1). Protein extraction was performed according to Silva
etal. (2018). Sample separation on sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis (PAGE), immunodetection,
and chemiluminescence signal recording were performed as pre-
viously described (Gratz eral, 2019), using mouse anti-GFP
(catalog no. 11814460001, 1:1000; Roche) followed by goat
anti-mouse immunoglobulin G horseradish peroxidase conjugate
(catalog no. W4021, 1:5000; Promega) or anti-HA-peroxidase
high-affinity monoclonal rat antibody (3F10, catalog no.
12013819001, 1: 1000; Roche) for immunodetection.

Quantitative cell-free degradation assay

pMDC83:gFIT-GFP and mutant pMDC83:¢FI Tm-GFP forms
(Table S1) were transiently expressed in tobacco leaf epidermal
cells. At 48 h post-infiltration, leaves were ground in liquid nitro-
gen, weighed, and combined with x2 Protein Loading Buffer in
a 1.5 ml reaction tube (124 mM Tris-Cl pH 6.8, 5% SDS, 4%
dithiothreitol, 20% glycerol, 0.002% bromophenol blue), incu-
bated on a rotating wheel for 10 min at room temperature, and
subsequently pelleted by centrifugation at full speed (21 000 g)
and 4°C. Then, 25 pl supernatant was aliquoted in four individ-
ual reaction tubes and incubated for 0, 60, 120 or 240 min at
25°C. Samples were then processed for SDS-PAGE and
immunoblot analysis as already described. Three individual
tobacco transformations and degradation assays were performed.
For proteasomal arrest, 100 uM MG132 (AbMole BioScience,
Houston, TX, USA), prepared from a 100 mM stock dissolved in
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dimethyl sulfoxide (DMSQ), was added to the protein extract
before incubation ar 25°C; DMSO alone was used as a conrtrol.

Quantification of the chemiluminescence signal was performed
with the ‘Band Analysis’ module of the ALpHAVIEW software (Cell
Biosciences, Santa Clara, CA, USA), according to manufacturer’s
instructions for background-corrected signal average. The signal
value obtained from the first sample (0 min incubation at 25°C)
was set to 100% and used to calculate the signal intensities of the
remaining samples (60, 120 and 240 min). Means (+ SD) of the
values obtained were displayed as fitted curves using nonlinear
regression (GraphPad Prism). Individual curve fitting of single
replicates was used to calculate half-ife times.

Arabidopsis fit complementation assay

Arabidopsis  thaliana fir-3 (fif) mutant and complemented
pMDC83:gFIT-GFP-transformed pro355:gFIT-GFP/fi-3
(FIT-GFP/fij) plants are described (Jakoby eral., 2004; Gratz
etal., 2019). Arabidopsis fit mutant plants were transformed with
Tyr phospho-mimicking pMDC83:gFITm(Y238E)-GEFP and
pMDC83:gFITm(Y278E)-GFEP, resulting in the lines pro35S::
oFITm(Y238E)-GEP/ fir-3 (FITm(Y238E)-GFP/£) and pro35S:
oFITm(Y278E)-GEP/ fir-3 (FITm(Y278E)-GEP/ fi3) by floral dip
(Clough & Bent, 1998). Lines were multiplied by selfing until
homozygous lines were obtained for analysis. Positive transfor-
mants and lines were selected based on hygromycin resistance,
GFP fluorescence, immunoblot analysis and PCR genotyping.

For plant experiments, Arabidopsis seeds were sterilized and
seedlings grown on upright sterile plates containing modified
half-strength Hoagland medium for 14 d. Then, plants were
transferred for 3 d to new Hoagland plates with sufficient (50 pM
FeNaEDTA, +Fe) or deficient (0 pM FeNaEDTA, —Fe) Fe sup-
ply, as described previously (Gratz et al.,, 2019). Roots were har-
vested.

Immunoblot analysis of FIT-GFP/FITm-GEP was conducted
as described earlier. Gene expression analysis was performed by
reverse transcription quantitative PCR using the procedures and
primers as described (Ben Abdallah & Bauer, 2016; Gratz ez al.,
2019). Briefly, analysis was performed with SYBR Green detec-
tion. Absolute gene expression was determined by mass standard
curve analysis and normalized to reference gene EF1B expression.
The assay was performed in three biological replicates (2= 3),
cach with two technical replicates.

Statistical analysis

Statistical analysis was performed using a two-tailed, unpaired
Student’s #test (P<0.05) when comparing an individual phos-
pho-mutant with WT. When comparing WT and phospho-mu-
tants among themselves, P-values were obtained using one-way
ANOVA, followed by a Tukey’s post-hoc test performed with
OriginLab (Northampton, MA, USA). Different letters indicate
statistically significant values (< 0.05).

For box plot representation, outlier identification was based
on the calculation of the interquartile range and determina-
tion of the inner and outer fences within a dara set. A value
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that was located above the outer fence or below the inner
fence was excluded from the analysis (Jacobs & Dinman,
2004). Qudier calculations were applied to the subcellular
localization, nuclear mobility, FRET-based protein—protein
interaction, and to the FIT transactivation reporter gene assay
dataset.

Results

Three-step analysis of FIT protein sequence predicts novel
phosphorylation target sites

Several bHLH transcription factors, including SPEECHLESS,
are phosphorylated at muldple sites (Lampard eral, 2008;
Gudesblat ezal, 2012; Yang eral, 2015). Phosphorylatable
amino acid residues usually occur as part of phosphorylation
motifs and are often conserved in the protein amino acid
sequence. This concept was applied to predict FIT phosphoryla-
tion sites.

In a first step, NETPHOS 2.0 (Blom et al., 1999) in silico phos-
pho-site prediction in the FI'T sequence resulted in a total of 21
amino acid hits, of which six residues were located in the C-ter-
minal part of FIT following the bHLH domain (FIT-C; Fig, 1a).
These six residues were of high interest, as several FIT protein—
protein interactions are facilitated via FIT-C, which we therefore
consider to be a regulatory domain of FIT (Lingam ezal, 2011;
Le etal, 2016; Gratz et al, 2019).

The number of potential phosphorylation sites was narrowed
down by evolutionary conservation using a multiple sequence
alignment between full-length Arabidopsis FIT and respective
FIT orthologues from angiosperms (Fig. 1b). Out of the six puta-
tive phosphorylation sites in FIT-C, Ser256 is conserved exclu-
sively in the order of the Brassicales, representing the least
conserved position among the candidates. Ser221 is conserved
within the family of Brassicaceae, as well as in species belonging
to the commelinids and fabids. The two serines Ser271 and
Ser272, previously characterized by us as FIT phosphorylation
targets (Gratz ez al, 2019), are conserved among the Brassicaceae.
Interestingly, however, only one of the two Sers is conserved
among members of the monocots, superasterids, and the remain-
ing supcrn)sids. Furthermore, two Tyrs are highly conserved
throughout the angiosperms. FIT orthologues, ranging from the
most distant order of Amborellales to the order of Apiales, pos-
sess a 1yr that aligns to Tyr238. Tyr278 was found to be con-
served among the order of Brassicales as well as among the
commelinids and the lamiids.

We included a full-length sequence alignment between FIT
and wwo A thaliana bHLH  proteins, ABORTED
MICROSPORES  (AT2G16910) and DYSFUNCTIONAL
TAPETUM (AT4G21330), which together with FIT belong to
the subgroup ITla bHLH proteins (Heim ezal, 2003; Fig. 1c).
Both proteins do not show substantial sequence similarity with
FIT in their C-termini. Also, neither of these two bHLH proteins
contains conserved residues that align with predicted FIT phos-
phorylation targer sites. This suggests a specific function for the
predicted sites in the FIT protein.

New Phytologist (2020) 225: 250-267
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Finally, we identified phosphorylation motifs for four out of
the six predicted phosphorylation target sites (Fig. 1d). The motif
[pS/PpTIX[R/K] (Pearson & Kemp, 1991) encompasses Ser221,
which strengthens the assumption of Ser phosphorylation at this
position. The additional phosphorylation motifs XXpSPX
(Kemp & Pearson, 1990; Beausoleil ez 2/, 2004; Luo et al., 2005;
Schwartz & Gygi, 2005) and SXXXpS (Fiol etal, 1990) were
found to enclose Ser271 and Ser272. This suggests that only one
of the two neighboring Sers undergoes phosphorylation, to which
we refer here as Ser272, which is concordant with our previous
results (Gratz ezal, 2019). The highly conserved Tyr238 is part
of the motif pYXX[L/I/V] (Argetsinger eral, 2004). Another
phosphorylation motif, SX[D/E]XpY, was assigned to Tyr278
(Amanchy eral, 2011), which reinforces the hypothesis of Tyr
phosphorylation for both residues.

In summary, the three-step in silico prediction, multiple-se-
quence alignment, and phosphorylation motif identification per-
mitted us to identify four most promising phosphorylation target
sites in FIT-C, namely Ser221, Tyr238, Tyr278, and the previ-
ously characterized Ser272 (Gratz et al., 2019).

To conduct a functional FIT phospho-mutant activity screen-
ing, we generated phospho-dead FITm mutations with Ser to Ala
and Tyr to Phe substitutions and phospho-mimicking FITm
mutations with Ser or Tyr to Glu substitutions (Fig. 1d). With
such a mutational approach, we recently showed relevance of
Ser272 for FIT activity (Gratz etal, 2019). In the course of our
work presented here, FITm(S221E) turned out to be more active
than WT FIT, whereas FITm(S5221A) behaved rather neutrally.
Ser221 and Ser272 might be both used for phosphorylation. To
investigate the effect of FITm(S221E) alone, we therefore
included additionally the wiple phospho-mutant FITm(S221E/
§8271/2AA) and compared it with single-mutant FITm(S221E)
and as a control to the previously characterized FITm(SS271/
2AA) — also known as FITm(AA) in Gratz etal (2019). These
eight phospho-mutants were tested for their effects on several
FIT regulatory properties and cellular activities.

Cellular localization and nuclear mobility depend on FIT
phospho-mutant forms

Posttranslational phosphorylation affects protein  properties,
including subcellular localization (Ju eral, 2012; Ren ezal,
2017; Takeo & Ito, 2017), and this is also the case for FIT (Gratz
etal, 2019). The cytoplasm-to-nucleus ratio of FI'T localization
is in the range of 3-5 (Fig. 2). Out of the eight mutants tested,
six FIT phospho-mutants showed a significant increase of the
cytoplasm-to-nucleus ratio. FITm(SS271/2AA) resulted in a sig-
nificant increase, as expected (Gratz eral, 2019), whereas FITm
(S221E) and FITm(S221E/SS271/2AA) cytoplasm-to-nucleus
ratios increased greatly, by 180% and 300%, respectively
(Fig. 2a,0). FITm(Y238F), FITm(Y278F), and FITm(Y278E)
showed significantly increased ratios, by 150% to 350% com-
pared with WT (Fig. 2b,c). There was no significant increase
observed for FITm(8221A) and FITm(Y238E). Thus, depending
on the phospho-mutation, FIT protein is retained in the cyto-
plasm.
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(a) FIT

N-Term bHLH C-Term
MEGRVMALSNINDLELHNFLVDPNFDQFINLIRGDHQT I DENPVLDFDLGPLONSPCEIDENQFI
FTFVDDLFDELFDLDSNVAESFRSFDGDSVRAGGEEDEEDYNDG DDSSATTTNNDGTRIi

QPFRGINPPASKKI IQMDVIQVEEKGFYVRLVCNKGEGVAPSLYKSLESL
TSFQVQNSNLSSPSPDTYLLTYTLDGTCFEQSLNLPNLKLWITGSLLNQGFEFIKSFT*

Foaltive pradiction 0.5 - 1.0
.

Score: <083 <0.7Y <OBE €10

(b) Multiple sequence alignment of AtFIT and FIT orthologues

Order Family Species Ser221 Tyr238 Ser256 Ser271/2 Tyr278
B.
A [ Amborellales Amborellaceae Amborella inchopoda  SLERE-ILOMDVFOVDENGEEETMICERSEGVLAATWEFE 85 LSCFYLLESNE]
M| & :3 Arecales Arecaceae Elaeis guineensis i
E z Poales Bromeliaceas Ananas comosus S PHSAKILRLNTTEVGDORFEFMIECENKDGVASSVY:
Kin Musa AVEESNIMOVNAFEVGEGREXYKVEGSMGDGAASSLY,
Proteales Nelumbonaceas Nelumbo nucifera ILKMDIFOVEERGFEVRVECNKGEGVTVALY!
Vitales Vitaceae Vitis vinifera #- I FOMDVEOVEERGEXVRLACNRGERVAVSLY!
[ o C Ce PIFNK= 1 IQMDVEQVEERGYYVALAC
& Malpighiales  Euphorbiaceae Jatropha curcas AICKKS IMQIDVFOVEERGEEVRLVCNKGNGVAVS LYRTRESL TS FKIQNSN]
% Fabales Fabaceae Cicer ariglinum PIEME- 1LQTDMFOVEERGYEAKT LONKGEGVAAS L YKAT ES LANFNTQNS!
al & Rosales Rosaceae Malus domestica FVEKG-ILQIDVSOVEENGEXVKVACNNGGGVALSLYKALESLTSFDVQSSNL]
= Ci i Cuct [} i FLENK- TI0L DVFOVEERGFELRMVCKMGEGVAMSLYNE
E L Fagales Juglandaceae Juglans regia LISHK- ITOMDVEQVE REFXVRLA VSLSLY!
& = Myrtales Myrtaceae  Eucalyptus grandis ¥ FVRLVCPKGAGVAASLY!
E. g|@ Sapindales Rutaceae Cilrus sinensis LVE: LY
g £ i cacao PRGN~ I TOMDMEQVEERGEEIRLVCONGEGVAVSLY KA
I z A is thaliana  PASIHK-
g = Brassicales  Brassicaceae Camelina sativa PVEXK- IVOMDVIOVEEKGEEVRLVCNKGEGVAPSLYRE
© Brassicales  Caricaceae  Carica papays P IKOMDVFQVEVSEF¥VRLVCORGEGTAASLYH]
| L Brassicales Cleomaceae Tamenaya hasslenana  HVEKK-ITOMDVIQVEEKGE¥VRLECNNGKGVAPSLY]
a G eae C/ QuINoa  PVCEM-IVOMDVLQIEEREFYVY
- B PALkK= 1 SKMDVFOVEEKGEY!
| £ Genlianales  Rublacease Coffea canephora PTIAK- IFOMEVEPVEEREFY!
gl & ¥
g| 2L Lamiales Pedaliaceae  Sesamum indicum TVALKKISKMOVEQVEEGGEEVRVVC LY
al & ﬂ annuus PTLION- ISKLOMFOVEEKEYEVRL ICNNGRGVAASLY
L L LELZ Apiales Apiaceas Daucus carota K- ILOIDVYQVEEKGYXVRVVSNKGHGVAASLY!
fi]

(c) Sequence alignment of Arabidopsis subgroup llla bHLH proteins

AT2628160 AT PASKK-T FYVR YHSLE ILESPSPDTY - --LLT
AT2G16910 ABORTED MICROSPORES PS¥KOOVDLENSNDKGOEME POVDVAQL DGRE EEVEV ICEY XPGGE TRLMEALDS L
AT4G21330 DYSFUNCTIONAL TAPETUM EMEKLGI-==========~ EENVOLCKIGERNEWLKT I TEXRDGI FTXIMEWMRET

(d)

Ser phospho-mutants:
FIT 219 ...PASKKIIQMDVIQVEEKGFYVRLVCNKGEGVAPSLYKSLESLTSFQVQNSNLSSPSPDTYLLT... 281

Ser221 Ser221/ Ser271/2 —_ Ser271/2

Tyr phospho-mutants:
FIT 219 ...PASKKITQMDVIQVEEKGFYVRLVCNKGEGVAPSLYKSLESTTSFQVONSNT.SSPSEDTYLLT. .. 281
| S | SE—

Fig. 1 Analysis of FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT) protein sequence reveals novel putative phosphorylation target
sites in FIT-C. (a) Phosphorylation site prediction of FIT. Full-length amino acid sequence of FIT (top), composed of an amino-terminal (N-term), basic
helix-loop-helix (bHLH; gray), and carboxyl-terminal (C-term) region, also known as FIT-C, divided by red bars. In silico prediction by NetPHos2.0
identified potential phosphorylation sites (bottom, bold), of which six are located in FIT-C (bold, colored). Colors reflect the confidence score of the
prediction. (b) Multiple sequence alignment, showing the FIT-C region with putative phosphorylation sites, compared with orthologues in angiosperms.
ALFIT is presented in bold, conserved putative phosphorylation sites are bold and underlined, and these sites are highlighted for comparison in gray. B.A.,
basal angiosperms, M., monocots, E., eudicots. (c) Sequence alignment of subgroup llla bHLH proteins, showing the FIT-C region with putative
phosphorylation sites. AtFIT full-length protein sequence was aligned with bHLH proteins AT2G16910 and AT4G21330 (subgroup Illa). FIT target sites are
not conserved between the bHLH proteins. (d) Identification of phospharylation motifs and phospho-mutants of FIT-C. Predicted phosphorylated amino
acids are presented in bold, underlined; known phosphorylation motifs are highlighted in yellow. FIT target site phospho-mutants are shown in gray boxes,
with phospho-dead (serine to alanine/S to A, tyrosine to phenylalanine/Y to F) and phospho-mimicking (S, Y to glutamate/S, ¥ to E) FIT forms.

©2019 The Authors New Phytologist (2020) 225: 250-267
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Fig. 2 FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT) subcellular compartmentalization is altered in FITm phospho-mutants. (a,
b) Quantification of cytoplasmic to nuclear fluorescence ratio of FIT-green fluorescent protein (GFP) in comparison with (a) serine (Ser) and (b) tyrosine
(Tyr) FITm forms. The subcellular localization was analyzed following transient expression in tobacco leaf epidermis cells by laser-scanning confocal
microscopy. Data are presented in box plots; interquartile range (IQR) 25-75%; whiskers: 25" percentile, —1.5 x IQR; 75" percentile, +1.5 x IQR;
median, horizontal line within IQR box; mean, small square in QR box; x, values outside + 1.5 x |QR range. Asterisks indicate statistical significance
between WT and individual mutants, determined by Student's t-test (n=6-11; *, P<0.05; #*** P <0.001). (c) Representative confocal images of leaf
epidermis cells, expressing FIT-GFP and FITm-GFP. Empty arrowheads indicate significantly enhanced cytoplasmic GFP signal accumulation of FITm-GFP
compared with FIT-GFP. Filled arrowheads highlight nuclear signals. Bar, 20 pm.

Nuclear architecture is complex, and the motion of molecules
in the nucleus could be coupled to their activity status (Reits &
Neefjes, 2001). In FRAP experiments, the mobile fraction of
nonmutagenized FIT within the nucleus represented roughly
70% (Fig. 3; sce also Gratwz etal, 2019, Fig. 4B). This mobile
fraction was significantly increased by 10-20% in FITm(SS271/
2AA), as reported (Gratz eral., 2019, Fig. 4B) and FITm(S221E/
SS271/2AA) (Fig. 3a), whereas it was significantly decreased in
FITm(Y238E) by 10%, compared with the control (Fig. 3b; see
also the kinetic plots in Fig. S1).

In summary, subcellular localization and nuclear mobility of
FIT are affected in FIT phospho-mutants.

FIT phospho-mutants display altered dimerization capacity

FIT forms nuclear homodimers and heterodimers with
bHLHO039, depending on Ser272 phosphorylation (Gratz etal.,
2019). Functional relevance of FIT homodimerization is unclear.
Yet, heterodimerization with subgroup Ib bHLH proteins is an
activating mechanism stimulating FIT downstream responses
(Yuan ezal, 2008; Wang ez al., 2013). Because of its robustness
and our previous work, we focus on bHLHO039 as representative

» Phytologist (2020) 225: 250-267

newphytologist.com

for a subgroup Ib bHLH protein (Naranjo-Arcos eral, 2017;
Gratz eral, 2019). These protein interactions are detectable for
WT FIT-C in semi-quantitative targeted yeast two-hybrid assays
(Figs 4a, 5a; controls in Figs S2, §3; note that, in the yeast assays,
use of full-length FIT-BD is excluded because of autoactivation,
as explained by Gratz ezal (2019)). Protein interactions of full-
length WT FIT are shown in plant cell quantitative FRET-APB
experiments (FRET efficiency of 8% for FRET pair WT-
G+WT-C, corresponding to FIT-GFP/FIT-mCherry, in
Fig. 4b,c, and of ¢ 15% for FRET pair bHLH039-G + WT-C,
corresponding to bHLHO039-GEP/FIT-mCherry, in Fig. 5b,c).

Less homodimerization was found for FITm-C/FITm with
S§221E, §5271/2AA, and combined S221E/S8271/2AA muta-
tions and there was no significant difference with S221A muta-
tion relative to controls in both assays (Fig. 4a,b). A slight
reduction in dimerization capacity was found for FITm-C/FITm
with Y238F and a stronger reduction with Y238E and Y278F
mutations (Fig. 4a,c). Only Y278E showed opposing effects in
both systems, as homodimerization was inhibited in yeast, but
FRET efficiency increased vs the nonmutagenized forms.

In FIT-bHLHO039 heterodimerization experiments, phospho-
murant interactions were either nort affected in either of the two

©2019 The Authors

©2019 New Phytologist Trust
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Fig. 3 FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT) phospho-mutants display altered nuclear mobility. Quantification of the
mobile nuclear fraction M; of FIT-green fluorescent protein (GFP) in comparison with (a), serine (Ser) FITm and (b), tyrosine (Tyr) FITm phospho-mutants.
Nuclear mobility was quantified following leaf infiltration in tobacco by fluorescence recovery after photobleaching. Data are represented in box plots;
interquartile range (IQR) 25-75%; whiskers: 25th percentile, —1.5 x IQR; 75t percentile, +1.5 x IQR; median, horizontal line within IQR box; mean, small
square in IQR box; x, values outside = 1.5 x IQR range. Statistical significance between FIT-GFP and FITm-GFP forms was calculated with Student's -test
and is denoted by asterisks (n = 10-17; *, P<0.05; **, P<0.01). The data for FIT-GFP (wild-type, WT) and FITm(55271/2AA) were reported in Gratz et al.

(2019). Kinetic plots are shown in Supporting Information Fig. $1.

systems or reduced in only one assay: S§271/2AA and Y238E in
FRET-APB vs Y278F in yeast. Y278E was the only mutation
causing reduced heterodimerization in both assays (Fig. 5a,c).

Taken together, with two independent approaches, FIT
homodimerization was found significantly affected in seven out
of eight phospho-mutants. FIT heterodimerization was changed
in three out of eight phospho-murants. The previous FITm
(SS271/2AA) data (Gratz et al., 2019) were confirmed. Thus, the
ability of FIT to interact with itself or bHLH039 depends on the
phosphorylation status.

Phospho-mutants affect FIT transactivation ability

Promoter activation is a crucial FIT function. Intriguingly, full-
length FIT and FITm had varying abilities to autoactivate the
reporter in the targeted yeast two hybrid assay. Nonmutagenized
FIT and several mutants self-activated the system even in the
presence of 90 mM 3-AT. However, FITm(S5271/2AA), FITm
(S221E/88271/2AA) and FITm(Y278E) showed reduced autoac-
tvation (Fig. S4). Altered FIT autoactivation might have been a
consequence of the phosphorylation status.

Synthetic cellular systems are becoming increasingly popular
to study gene regulatory modules and the impact of functional
variants in the absence of interfering secondary effectors present
in plant cells (Samodelov & Zurbriggen, 2017). Low-level /RT1
promoter induction in a fif mutant background indicates that
other plant factors can, to some extent, replace FIT function for
promoter control in plants (Jakoby eral, 2004). We thus
exploited transactivation of the target J/R77 promoter by FIT and
bHLHO039 in a quantifiable mammalian assay, based on normal-
ized human SEAP reporter expression, driven by /R77,., Nei-
ther expression of FIT nor bBHLH039 protein alone initiated
IRTI,, activation beyond background, but their combination
led to an approximately seven-fold activation of /RT1,,, (Fig. 6a).
This demonstrates that the mammalian transactivation assay is
reliable and quantitative. We observed a statistically significant

©2019 The Authors
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increase in /RT1,,, activity for FITm(S221E) of 25% compared
with WT, whereas a decrease of 25-30% was detectable for
FITm(SS271/2AA) and FITm(S221E/$$271/2AA). FITm
(S221A) activity was comparable to the control (Fig. 6b). FITm
(Y238F) and FITm(Y278F) showed a significant increase in
IRT1,,, activity by 20% and « 70%, respectively. However,
FITm(Y238E) and FITm(Y278E) displayed a significant decrease
in activity by ¢ 75% (Fig. 6¢). Immunoblot analyses in combina-
tion with promoter activity demonstrated that transcription fac-
tor proteins were expressed in the system, even in cases where
only weak protein bands (FITm(S221E)) were detected (Fig. 6).
In summary, the altered transactivation activity of FIT pro-
vides evidence that predicted phospho-sites are crucial for fine-
tuning transcriptional FIT activity. Indeed, for the three mutant
forms FITm(SS271/2AA), FITm(Y238E) and FITm(Y278E),
which interacted less with bHLHO039 in plant cells, transactiva-
tion capacities were lower than for WT FIT. Accordingly, phos-
pho-mutant forms interacting with bHLHO039 similar o WT
showed mostly at least the same level of transactivation capacity

as FIT.

A FIT phospho-mutant has altered protein stability

Protein phosphorylation can be a signal for initation or
decrease of protein turnover (Ni etal, 2013), and phosphoryla-
tion of FIT might also be linked with proteasomal degradation.
FIT-GFP protein, expressed in plant cells, was nearly com-
pletely degraded over a 240 min time course, as shown by a
quantified cell-free degradation assay (Fig.7). Proteasomal
inhibitor MG 132 antagonized this degradation and confirmed
proteasomal involvement in FIT protein turnover (Figs 7, S5a).
The Ser221, Ser271/2 and Tyr238 phospho-mutants, as well
as FITm(Y278F) phospho-mutant, were not degraded in a sig-
nificantly different time from WT, whereas FITm(Y278E) dis-
played a decrease in protein stability, confirmed by half-life
rates (Figs 7, S5b,d).

New Phytologist (2020) 225: 250267
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Fig. 4 FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT) homodimerization capacity is affected in phospho-mutants. (a) FIT-C and
FITm-C homodimerization by targeted yeast two-hybrid assays. Yeast cells were co-transformed with GAL4-binding domain BD-FIT-C or BD-FITm-C and
GAL4-activation domain AD-FIT-C or AD-FITm-C plasmids. A 10-fold dilution series was spotted onto synthetic defined —leucine, —tryptophan (SD-LW)
plates as growth control (ODgpo = 1-10 7). To analyze the interaction capacity, yeast was spotted onto SD-LW, — histidine (SD-LWH) plates, containing
0.5 mM 3-amine-1,2,4-triazole (3-AT), representing selective growth conditions indicative of interaction. Controls of the assays are shown in Supporting
Information Fig. S2. (b, ) Quantification of homo-dimerization of FIT compared to (b) Serine (Ser) FITm phospho-mutants and (c) tyrosine (Tyr) FITm
phospho-mutants following Forster resonance energy transfer (FRET)-acceptor photobleaching assays in plant cells. Green fluorescent protein (GFP) (G)-
and mCherry (C)-tagged FIT and FITm pairs were measured in plant cell nuclei (FRET pairs) following tobacco leaf infiltration and induction of gene
expression. GFP-fusion proteins serve as donor-only negative controls (NC). Fusion proteins with dual GFP-mCherry (G-C) serve as positive controls (PC).
FRET efficiency Egrer is the relative increase of GFP intensity following photobleaching of the mCherry acceptor. Elevated Egger for the FRET pair compared
with NC is indicative of protein interaction. Data are presented in box plots; inter-guartile range (IQR) 25-75% ; whiskers, 25" percentile —1.5 x I1QR, 75"
percentile +1.5 x IQR; median, horizontal line within IQR box; mean, small square in IQR box; x, values outside + 1.5 x IQR range. Statistically different
values are highlighted by different letters. Statistical significance was calculated using one-way ANOVA (P < 0.05) and Tukey post-hoc test (n = 10). At
least two independent experiments were performed. One representative experiment is shown.
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Fig. 5 FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT)-basic helix-loop-helix 39 (bHLHO039) heterodimerization capacity is
affected in phospho-mutants. (a) FIT-C or FITm-C and bHLHO39 heterodimerization by targeted yeast two-hybrid assays. The yeast assay was conducted
as described for Fig. 4(a) using BD-FIT-C or BD-FITm-C and AD-bHLHO039 plasmids for co-transformation. Controls of the assays are shown in Supporting
Information Fig. 53. (b, ¢) Quantification of heterodimerization of FIT, following Forster resonance energy transfer (FRET)-acceptor photobleaching assays
in plant cells, compared with (b) serine (Ser) FITm phospho-mutants and (c) tyrosine (Tyr) FITm phospho-mutants with bHLHO39. FRET efficiency and
statistical significance were assessed as described in Fig. 4(b,c), using as FRET pairs green fluorescent protein (GFP)-tagged bHLH039 (bHLH039-G)
together with mCherry-tagged FIT or —FITm (FIT-C or FITm-C) as negative control (NC) bHLH039-G and as positive control (PC) bHLH039-G-C. FRET
efficiency Egxer is the relative increase of GFP intensity following photobleaching of the mCherry acceptor. Elevated Eqger for the FRET pair compared with
NC isindicative of protein interaction. Data are represented in box plots; interquartile range (IQR) 25-75%; whiskers: 25t percentile, —1.5 x IQR; 75t
percentile, +1.5 x IQR; median, horizontal line within IQR box; mean, small square in I1QR box; x, values outside + 1.5 x QR range. Statistically different
values are highlighted by different letters. Statistical significance was calculated using one-way ANOVA (P < 0.05) and Tukey post-hoc test (n = 10). At
least two independent experiments were performed. One representative experiment is shown.

These results suggest that Tyr278 phosphorylation could be a
trigger for faster degradation of the protein.

Phospho-mimicking Tyr mutants do not complement the
fit-3 mutant

The aforementioned functional phospho-mutant screen has
revealed that FITm(Y238E) and FITm(Y278E) displayed a
majority of phenotypes among phospho-mutant FIT forms. To
generate a proof of concept for identification of meaningful new
phospho-sites using the phospho-mutant screen, we used these
two phospho-mimicking Tyr mutants to demonstrate
©2019 The Authors

New Phytologist ©2019 New Phytologist Trust

phenotypes in planta, using a fi-3 mutant complementation
assay (Fig. 8). FI7m mRNA and FITm protein were expressed at
a comparable level to nonmutagenized FIT-GFP in the lines ana-
lyzed (Fig. 8a,b; note that FIT and FITm-GFP are driven by a
constitutive promoter). In the line FITm(Y238E)-GEP/fi-3, the
FIT target genes FRO2 and TRTT were not induced to the same
high level at —Fe as in FIT-GFP/fi-3. In the line FITm(Y278E)-
GFP/fit-3, FRO2 was similarly expressed as in FIT-GFP/fir-3,
but /RT7 levels were lower. Also, FITm(Y278E)-GFP/fit-3
expressed /RT7 to a higher level than FITm(Y238E)-GFP/fi-3
did at —Fe. In both Tyr-mutated FIT lines, FRO2 and IRTI
were expressed at higher level than in fiz-3 plants (Fig. 8c,d). We

New Phytologist (2020) 225: 250267
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Fig. 6 FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT) phospho-mutants differ in transactivation of the IRON-REGULATED
TRANSPORTER1 (IRT17) target promoter. (a) Proof-of-concept demonstration of the quantifiable cellular transactivation assay in Chinese hamster ovary
(CHO) cells to quantify the ability of FIT and ) basic helix-loop-helix 3¢ (bHLH039) to induce the target promoter IRT7 ., resulting in induced activity of
the secreted alkaline phosphatase (SEAP) reporter. Upper part, quantified promoter induction relative to the baseline control of IRT7,,, in the absence of
bHLHO39 and FIT, normalized to co-transfected Gaussia luciferase activity. Lower part, immunoblot analysis showing protein expression of hemagglutinin
(HA)-tagged HA3-bHLHO39 (Anti-HA, 36 kDa, arrowhead) and FIT-GFP (Anti-GFP, 62 kDa, arrowhead) in transfected CHO cells; as control for protein
transfer, we used Ponceau S staining of the membrane (Loading). Both FIT and bHLHO39 are required to activate IRT1,,,,, defining the minimal framework
needed for promoter activation. Data are presented in box plots; interquartile range (IQR) 25-75%; whiskers: 25" percentile, —1.5 x IQR; 75" percentile
+1.5 x 1QR; median, horizontal line within IQR box; mean, small square in IQR box; x, values outside + 1.5 x IQR range. Statistical significance is
highlighted by different letters and was calculated using one-way ANOVA (P <0.05) and Tukey post-hoc test (n = 3). One representative experiment is
shown. (b, c) Cellular transactivation assay to quantify the ability of (b) serine (Ser) FITm and (c) tyrosine (Tyr) FITm phospho-mutants compared with FIT.
The assay, statistical analysis, immunoblot analysis, and labeling of protein bands were carried out as described for (a).

therefore conclude that the Tyr phospho-mimicking mutations
cause decreased FIT activity, which confirms results of the cellu-
lar assays. However, Tyr phospho-mimicked FIT still retains suf-
ficient functionality for target gene activation. Elevated
BHLHO039 expression indicates Fe deficiency. At +Fe, BHLH039
expression was similarly low between Tyr mutant- and WT FIT-
complementing plants (Fig. 8¢), whereas it was high in fir-3.

New Phytologist (2020) 225: 250-267
www.newphytologist.com

Therefore, Tyr phospho-mimicked FIT is less active than WT
FIT, but its function is not knocked out.

Discussion

Phospho-dead and phospho-mimicking mutants of four Ser and
Tyr sites caused different molecular and cellular phenotypes in

©@2019 The Authors
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expression in tobacco leaf epidermis cells.
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incubated at 25°C for 0, 60, 120 and & o
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immunoblot analysis of FIT-GFP and FITm- g 150- AR CERRSE £ 450 o SN
GFP. Wild-type (WT) is represented as solid = —e— YZIBF -3 YZT8F +MGI32 £ e e ki
black, FITm-GFP as solid gray curves, dashed o 2
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FITm-GFP are presented in Supporting
Information Fig. S5.

phospho-mutant activity assays of FIT. Whereas Ser phosphory-
lation, with predominance at the previously identified Ser272
site, would activate FIT, Tyr phosphorylation would deactivate
it, and this also in plants. We suggest that alternative pathways
exert multifaceted phosphorylation control of FIT.

All four predicted phosphorylation target residues were rele-
vant for cellular FIT activities. Three of them were validated
through transgenic plant experiments (this work) and our previ-
ous work (Gratz eral, 2019), showing suitability of the three-
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Time (min)

Time (min)

step NETPhos prediction, phylogenetic sequence analysis, and
phosphorylation motif searches in combination with a subse-
quent mutant activity screening.

Clear sequence similarity of monocot and basal angiosperm
FIT C-termini was not evident. FIT regulation via FIT-C may,
therefore, have been acquired in eudicots. Phosphorylated amino
acids, especially Tyr, are often conserved across plant species
(Maathuis, 2008; Sugiyama er al., 2008; Nakagami eral, 2010;
Mithoe eral, 2012). Because of the high conservation, Tyr
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Fig. 8 Phospho-mimicking FITm(Y238E) and FITm(Y278E) have reduced activity in Arabidopsis thafiana. fit mutant complementation assay with FITm
(Y238E)-GFP/fit-3 and FITm(Y278E)-GFP/fit-3 lines in comparison to FIT-GFP/fit-3 (FIT, FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION
FACTOR; GFP, green fluorescent protein). Plants were grown with sufficient iron (+Fe, black bars) or deficient iron (—Fe, gray bars) supply in 2-wk growth
assays. (a) FIT gene expression analysis in roots. (b) Immunoblot analysis of FIT-GFP and FITm-GFP protein expression (upper, FIT-GFP and FITm-GFP

63 kDa), Ponceau S membrane loading control (lower). FITm-GFP/fit-3 lines have similar expression levels to the FIT-GFP/fit-3 line. (c-e) Gene expression
analysis in roots of (c) FRO2, (d) IRON-REGULATED TRANSPORTER1 (/RT7), and (e) basic helix-loop-helix 39 (BHLH039). Data are represented as

mean -+ SD. Statistical significance is highlighted by different letters and was calculated using one-way ANOVA (P < 0.05) and Tukey post-hoc test (n=3)
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SS27112712AA
Phospho-mimicking X X X X
PImspho-dead X X x X X

Nuclear (vs cytoplasmic)
localization (Fig. 2)

Nuclear mobility (Fig. 3)

Homodimerization
in yeast (Fig. 4a)

Homodimerization
in planta (Fig. 4b, c)

Heterodimerization
in yeast (Fig. 5a)

Heterodimerization
in planta (Fig. 5b, c)

Transcriptional self-activation
in yeast (Supporting Information,
Fig. 54)

Transactivation assay (Fig. 6)

Protein stability (Fig. 7)

- e
Less than WT < No difference < More than WT

Fig. 9 Summary of FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT) phospho-mutant phenotype screening using cellular assays.
A color code was applied, highlighting altered regulatory properties and cellular activities between FIT (wild-type, WT) and FITm forms. Red shading
indicates a stronger effect, and blue shading a reduced effect in the respective FITm form compared with FIT for the experiment conducted, referred to by
figure numbers. Increase of the individual color indicates a stronger effect. The absence of differences between FIT and FITm is marked in gray. A
mathematical correlation analysis conducted with the data matrix showed significant correlation between heterodimerization of FIT and basic helix-loop—

helix 39, transactivation capability, and protein stability.

regulation of FIT might be evolutionarily older than Ser regula-
tion and potentially older than the role of FIT in regulating Strat-
egy I. Perhaps the high pressure to survive on dry land was a
selective factor for eudicots during the Cretaceous period to
evolve more efficient Fe acquisition regulation with better inte-
gration into plant growth. This way, new protein interactions
and protein modifications could have occurred. FIT might have
acquired this function via FIT-C, keeping some of its regulatory
properties.

Phospho-mutant analyses are widely accepted to identify and
characterize functional phosphorylation patterns (Yang eral,
2015; Li H. etal, 2017; Li S. etal, 2017), and the cellular FIT
mutant activities (summarized in Fig. 9) can be explained by dif-
ferential phosphorylation. Local charge differences lead to con-
formational changes that allow or impede regulatory protein
interactions. Shuttling of FIT from the cytoplasm to the nucleus
is mediated by the presence of a nuclear localization signal
(Zhang et al,, 2006). Phosphorylation could alter this signal, and
hence nuclear translocation, via a conformational change or inter-
action with a regulatory protein, as shown for 14-3-3 protein
binding to phospho-sites (Moorhead ez 2/, 2006). Changes in
FIT phospho-mutant mobility might be due to the binding of
FIT to subnuclear structures and nuclear protein complexes. FIT
protein  interactions are needed for targer promoter

©2019 The Authors
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transactivation, and protein stability control regulates the respon-
siveness of the signaling system. In 13 out of 16 cases, yeast and
plant systems gave fully concordant results for FIT phospho-mu-
tant protein interactions, underlining the general reliability of
protein interaction assays. Differences can be explained by differ-
ing regulatory mechanisms in the two systems, and likely by lack
of regulatory contributions of the N-terminal and bHLH subdo-
mains of FIT. Yeast interaction assays were conducted with FIT-
C, in contrast to plant assays performed with full-length FIT.
Interestingly, heterodimerization of FIT and bHLH039 was
correlated with transactivation capability and protein stability
(see Fig. 9). On the other hand, FIT transactivation ability did
not correlate with nucleo-cytoplasmic partitioning and homod-
imerization, in line with the failure of FIT alone to activate
IRT1,,, A higher cyroplasmic-to-nuclear ratio of FIT (lower
nuclear vs cytoplasmic localization, as indicated in Fig. 9) seems
linked with homodimerization, but the values were not signifi-
cant in correlation (Fig. 9). Perhaps FIT homodimerization
affects nuclear localization. Taken together, phospho-mutant
activity screening of FI'T opens up a way to connect Fe acquisi-
tion regulation to new cellular signaling pathways, including
cytoplasmic-to-nuclear partitioning and Tyr phosphorylation.
Positive effects of phospho-mimicking Ser (Gratz eral, 2019;
this work) and phospho-dead Tyr (this work), in contrast to
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Fig. 10 Model of two-step regulation of FER-LIKE IRON DEFICIENCY -
INDUCED TRANSCRIPTION FACTOR (FIT) activity by protein
phosphorylation. Active FIT (upper): serine (Ser) phosphorylation
promotes FIT activity. Phosphorylation (P) at Ser221 and Ser272 in FIT-C
favors basic helix—loop-helix 39 (bHLH039) interaction and expression of
IRON-REGULATED TRANSPORTERT promoter (IRT,,,). Inactive FIT
(lower): tyrosine (Tyr) phosphorylation (P) reduces FIT activity in a
situation where no active FIT protein is needed or even could be
detrimental. Phosphorylation at Tyr238 and Tyr278 in FIT-C reduces
bHLHO039 heterodimerization and expression of IRT7,,, and partly
promotes FIT degradation.

negative effects of the phospho-dead Ser272 (Gratz eral, 2019)
and phospho-mimicking Tyr (this work) mutations, are indica-
tors for multiple phosphorylation triggers for FIT. We therefore
suggest that FI'T is controlled via different phosphorylation path-
ways, leading to activation by Ser and deactivation by Tyr phos-
phorylation (Fig, 10).

Ser272 phosphorylation by CIPK11 activates FIT to accumu-
late in the nucleus, dimerize with bBHLH039, and activate target
promoters (Gratz et al., 2019). CIPK11 also phosphorylates FIT-
Cm(SS271/2AA) protein to a minor extent (Gratz eral, 2019),
possibly at Ser221. Mutant comparisons between FITm(S221E
§5271/2AA) and the respective single mutants indicated that the
multiple mutant behaved more similar to FITm(SS271/2AA),
suggesting that Ser221 appears less important than Ser272. In
this sense, phospharylation of position Ser272 plays a pivortal
role. Loss of phosphorylation in phospho-dead FITm(S5271/
2AA) has more dramatic effects than loss of FITm(S221A), and
FITm(SS271/2AA) is not rescued by nearby phospho-mimicking
FITm(S221E) regarding nuclear mobility, transcriptional self-ac-
tivation in yeast, and transactivation. Besides CIPK11, other Fe-
regulated CIPK genes and another CIPK interactor of FIT are
known, but their roles in Fe-deficiency responses or FIT regula-
tion remain to be determined (Gratz etral, 2019). CIPK23, on
the other hand, affects FIT downstream targets FRO2 and IRT1
proteins (Tian eral, 2016; Dubeaux eral, 2018). Furthermore,
other Ser/Thr kinase families are connected to Fe deficiency and
could target FIT, such as MAPK3 and MAPKG, upregulated
under Fe deficiency (Ye etal, 2015). mapk3 and mapkG loss-of
function mutants have decreased gene expression levels of FRO2
and IRTI (Ye etal, 2015). Both kinases are involved in the
expression of ACC SYNTHASE (ACS) genes (Li eral, 2012; Li
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S. etal, 2017) and they could positively influence Fe acquisition
through phosphorylation-based stabilization of ACS proteins,
needed for ethylene production (Liu & Zhang, 2004). Ethylene-
induced transcription factor EIN3 is phosphorylated and stabi-
lized by MAPK3 and MAPKG6 (Yoo etal, 2008). MAPK3 and
MAPKG6 could thus play a dual role in possibly activating FI'T by
Ser phosphorylation and via stabilization of EIN3, known to
interact and activate FIT (Lingam eral, 2011). Recently, the
involvement  of  serine/threonine  kinases =~ CALCIUM-
DEPENDENT PROTEIN KINASEs (CPKs) CPK5 and CPK6
in ACS expression has been shown (Li S. ezal, 2017), and these
could also represent kinase candidates for FIT Ser phosphoryla-
tion.

The presence of two regulatory Tyr sites is very intriguing, Tyr
phosphorylation has been rarely described to date in plant tran-
scription factors, whereas based on phospho-proteomics it could
be quite important (Sugiyama ez al., 2008; van Wijk ez al, 2014;
Lu et al., 2015). Tyr can also be involved in other protein modifi-
cations; for example, nitration, and generally in hydrogen bond
formation. However, the fact that Tyr phospho-mimicking and
phospho-dead mutations yielded contrasting phenotypes in sev-
eral assays speaks in favor for different activities in the phospho-
rylated vs nonphosphorylated state. Tyr phospho-mimicking
mutants have a decreased bBHLHO039 interaction and transactiva-
tion ability, and the phospho-mimicking mutant of Tyr278 also
has a lower protein stability in plant cells. Interestingly, the phos-
pho-mimicking Tyr mutants of FIT display very similar features
to phospho-mimicked CjWRKY1(Y115E), which is impaired in
induction of target genes and shows increased cytosolic localiza-
tion, where it is degraded subsequently (Yamada & Sato, 20106).
Thus, Tyr phosphorylation is likely a multi-inhibitory mecha-
nism, rendering FIT inactive by inhibition of protein interaction
with bHLHO039, inhibition of transactivation, and enhanced pro-
tein degradation.

Presently, we cannot distinguish where in the cell FIT phos-
phorylation events occur. For example, Tyr phosphorylation
could be relevant at the promoter target site in the nucleus to
climinate “used FIT" and make the system responsive to ‘fresh’
FIT again, as proposed (Sivitz e7al, 2011). On the other hand,
only a small fraction of FIT protein is needed for being ‘used” at
the target promoters, yet the inhibitory Tyr phosphorylation
affects all FIT protein (‘used’ and ‘fresh’). An alternative possibil-
ity, therefore, is that Tyr phosphorylation takes place in the cyto-
plasm, where Tyr kinases or dual-specificity kinases could be
present. A very interesting follow-up question is to identify a
kinase for Tyr phosphorylation of FIT. Potential Tyr kinases
might belong to Raf-like subfamilies of MAPKKKs in plants
(Jouannic eral., 1999; Ichimura ez al, 2002). The phosphoryla-
tion motif spanning FIT Tyr238 is a kinase substrate motif of
human JANUS KINASE 2 (Argetsinger et af., 2004). The closest
plant homologue is the MAPKKK Raf10, which is expressed in
roots, responsive to abiotic stresses, and classified as plant Tyr
kinase (Jouannic etal, 1999; Ichimura e/, 2002; Rudrabhatla
etal, 2006; Lec eral, 2015). Alternatively, brassinosteroids
(BRs) are negative regulators of Fe uprake (Wang eral., 2012),
and BR signaling might be involved in FIT Tyr phosphorylation
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via dual-specificity kinases of BR signaling, even though tran-
scription factor substrates remain to be proven (Oh ez al., 2009;
Kim & Wang, 2010; Jaillais ez al, 2011).

Conclusions

The three-step prediction of phosphorylation target sites in FIT-
C was validated by phospho-mutant activity assays. The contrast-
ing effects of Ser and Tyr phospho-mutations suggest alternative
regulation of FIT activity by different phosphorylation pathways.
This multiple regulaton of FIT activity underlines the impor-
tance of FIT as a central hub for regulating Fe acquisition in
dicots. It may serve to integrate changes in environmental condi-
tions and to quickly adjust Fe acquisition at the transcriptional
level. FIT can serve as a model to characterize the rare Tyr phos-
phorylation event in plants and to identify a Tyr kinase.
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Figure S1. Kinetic plots and representative recordings for nuclear mobility assays of phospho-
mutant FITm-GFP forms, as supplemental information for Fig. 3. Fluorescence Recovery after
Photobleaching (FRAP) for (a), serine (Ser) and (b), tyrosine (Tyr) FITm-GFP phospho-
mutants, compared to FIT-GFP. For every mutant, one recording of a representative bleach is
shown. The background-corrected and normalized curve comprises the fluorescence intensity
as a function of time. The fluorescence intensity is initially stable during the pre-bleach phase,
reduced by more than 50 % during the bleach after 10 seconds and recovers during 10-15
seconds to reach a stable value. Nuclear mobility (Fig. 3) is calculated according to an
equation presented by Bancaud et al. (2010), taking into account the intensity values (initial,
postbleach, half recovered at half-time of recovery following the bleach, and end value of

recovered).
Bancaud A, Huet S, Rabut G, Ellenberg J. 2010. Fluorescence perturbation techniques to

study mobility and molecular dynamics of proteins in live cells: FRAP, photoactivation,

photoconversion, and FLIP. Cold Spring Harbor Protocols 2010(12): pdb.top90.
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Figure S2. Controls for FIT and FITm homo-dimerization targeted yeast two-hybrid assays, as
supplemental information for Fig. 4a. As negative controls for the yeast two hybrid assay,
empty AD controls were used together with BD-FIT-C and BD-FITm-C, and empty BD
controls together with AD-FIT-C and AD-FITm-C, using the procedure as described for Fig.
4a. BD-CIPK23 and AD-cAKT1 served as positive control.
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Figure S3. Controls for FIT- and FITm-bHLHO039 hetero-dimerization targeted yeast two-
hybrid assays, as supplemental information for Fig. 5a. (a) Negative controls for the yeast two
hybrid assays were conducted using empty AD together with BD-FIT-C, and BD-FITm-C and
empty BD together with AD-bHLHO039 plasmids for co-transformation, using the procedure as
described for Fig. 5a. (b) FIT-C or FITm-C and bHLHO039 hetero-dimerization by alternative
BD/AD combination in a targeted yeast two-hybrid assay. The yeast assay was conducted as
described for Fig. 5a using BD-bHLHO039 and AD-FIT-C and AD-FITm-C plasmids for co-
transformation. Negative controls of the assay are empty BD together with AD-FIT-C and AD-
FITm-C, and both empty vectors. A positive control is BD-CIPK23 and AD-cAKTI.
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SD-LWH SD-LWH
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Figure S4. Transcriptional self-activation capacity differs in FIT phospho-mutants. A modified
yeast two hybrid assay was conducted to test for self-activation of BD-FIT and BD-FITm
phospho-mutant forms. Yeast strain AH109 was co-transformed with full-length BD-FIT or
BD-FITm and AD-empty plasmids. A 10-fold dilution series was spotted (ODgo = 1-10-%) on
selection media. Growth on synthetic defined media, lacking leucine and tryptophane (SD-
LW), demonstrates a successful co-transformation. Media lacking L, W and histidine (SD-
LWH,) supplemented with 3-amino-1,2 4-triazole (3-AT, 0.5 mM, 90 mM), selects for self-
activation of the GAL4-transcription machinery by BD-FIT or BD-FITm at 90 mM 3-AT. BD-
CIPK23 and AD-cAKT!1 act as positive control at 0.5 mM 3-AT. Empty plasmids served as

negative control.
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Figure S5. Immuno-blot analysis and half-life times for FIT-GFP and FITm-GFP forms in
the quantified cell-free protein degradation assay, as supplemental information to Fig. 7. (a-
¢) One representative immunoblot experiment is shown, to follow protein degradation of
(a), FIT-GFP, (b), serine (Ser) and, (¢), tyrosine (Tyr) FITm-GFP phospho-mutants, partially
treated with the proteasomal-inhibitor MGI132 (+MG132) and incubated at room
temperature for 0, 60, 120 or 240 minutes. Equal amounts of protein were used for
immunoblotting, FIT-GFP/FITm-GFP bands at 63 kDa. Ponceau S staining served as equal
loading control. (d) Quantification of the immunoblot signal and calculation of half-life
times for FIT-GFP and FITm-GFP. Data are represented as box-plots (n=3). Statistical
significance was calculated using Student’s /-test, and statistical differences are highlighted

by asterisks (P < 0.05, n=3).
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Table S1: List of recombinant plasmids and cloning procedures

Site-directed Mutagenesis

Plasmid name Cloning | Original Primers for PCR Template for PCR
methed | plasmid
pDONR207:gFTTns! Gateway | pDONR207% FIT BI Col-0 gDNA
FITns B2

pDONR207:gFITm(S221A) S.-d. m.” | pDONR207:¢F | FITm(S221A) Fw pDONR207:gFITns

ITns FITm(S221A)ns Rv
pDONR207:¢FITm(S221E) S.-d. m." | pDONR207:gF | FITm(S221E) Fw pDONR207:gFITns

ITns FITm(S221E)ns Rv
pDONR207:gFITm(SS271/2AA)! S.-d. m.” | pDONR207:gF | FITm(SS271/2AA) Fw | pDONR207:gFITns

ITns FITm(SS271/2AA)ns

Rv

pDONR207:gFITm(Y238F) S.-d. m.” | pDONR207:gF | FITm(Y238F) Fw pDONR207:gFITns

ITns FITm(Y238F)ns Rv
pDONR207:gFITm(Y238E) S.-d. m.” | pDONR207:gF | FITm(Y23SE) Fw pDONR207:gFITns

1Tns FITm(Y238E)ns Rv
pDONR207:gFITm(Y278F) S-d. m.” | pDONR207:gF | FITm(Y278F) Fw pDONR207:gFTTns

ITns FITm(Y278F)ns Rv
pDONR207:gFITm(Y278E) S.-d.m” | pDONR207:gF | FITm(Y278E) Fw pDONR207:gFITns

ITns FITm(Y278E)ns Rv
pDONR207:¢FITm(S221E/S8271/2AA | S.-d. m.” | pDONR207:¢F | FITm(S221E)Fw pDONR207:gFITns
) ITm(SS271/2A | FITm(S221E)ns Rv

A)ns
Tobacco transient expression of fluorescent protein fusions
Plasmid name Cloning | Original — (= Gateway LR) Template for Gateway LR

method | plasmid

pMDC83:¢FITns-GFP! Gateway | pMDC83* - pDONR207:¢FITns
pMDC83:gFITm(S221A)ns-GFP Gateway | pMDC83* - pDONR207:gFITm(S221A)ns
pMDC83:gFITm(S221E)ns-GFP Gateway | pMDC83* - pDONR207:gFITm(S221E)ns
pMDC83:gFITm(SS271/2AA)ns-GFP! | Gateway | pMDC83’ - pDONR207:gFITm(SS271/2AA)ns
pMDC83:gFITm(Y238F)ns-GFP Gateway | pMDC83? - pDONR207:gFITm(Y238F)ns
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pMDC83:gFITm(Y238E)ns-GFP Gateway | pMDC83* - pDONR207:gFITm(Y238E)ns
pMDC83:gFITm(Y278F )ns-GFP Gateway | pMDC83® - pDONR207:gFITm(Y278F)ns
pMDC83:gFITm(Y278E)ns-GFP Gateway | pMDC83? = pDONR207:gFTTm(Y278E)ns
pMDC83:gFITm(S221E/SS271/2AA)ns | Gateway | pMDC83? - pDONR207:gFITm(S221E/SS271/2AA)ns
-GFP
Tobacco transient expression FRET experiments
Plasmid name Cloning | Original Primers for PCR or — | Template for PCR or Gateway LR
method | plasmid (= Gateway LR)
pDONR207:FITns! Gateway | pDONR2072 FIT B1 cDNA tobacco/ transformed with
FITns B2 pMDC83:¢F1Tns-GFP
pDONR207:FITm(S221A)ns Gateway | pDONR207> FIT BI cDNA tobacco/ transformed with
FITns B2 pMDC83:gFITm(S5221A)ns-GFP
pDONR207:FITm(S221E)ns Gateway | pDONR2072 FIT B1 cDNA tobacco/ transformed with
FITns B2 pMDC83:gFITm(5221E)ns-GFP
pDONR207:FITm(SS271/2AA)ns! Gateway | pDONR207> FIT Bl ¢DNA tobacco/ transformed with
FITns B2 pMDCS83:gFITm(SS271/2AA)ns-GFP
pDONR207:FITm(Y238F)ns Gateway | pDONR207* FIT B1 cDNA tobacco/ transformed with
FITns B2 pMDC83:gFITm(Y238F )ns-GFP
pDONR207:FITm(Y238E)ns Gateway | pDONR207> | FIT Bl cDNA tobacco/ transformed with
FITns B2 pMDC83:gFITm(Y238E)ns-GFP
pDONR207:FITm(Y278F)ns Gateway | pDONR207> | FIT Bl ¢DNA tobacco/ transformed with
FITns B2 pMDC83:gFITm(Y278F)ns-GFP
pDONR207:FITm(Y278E)ns Gateway | pDONR2072 FIT Bl cDNA tobacco/ transformed with
FITns B2 pMDC83:gFITm(Y278E)ns-GFP
pDONR207:gFITm(S221E/SS271/2AA | Gateway | pDONR207> FIT B1 c¢DNA tobacco/ transformed with
ns FITns B2 pMDC83:gFITm(S221E/SS271/2AA) ns-GFP
pABind:FIT-GFP! Gateway | pABindGFP?' |- pDONR207:FITns
pABind:FITm(8221A)-GFP Gateway | pABindGFP* - pDONR207:FITm(5221A)ns
pABind:FITm(S221E)-GFP Gateway | pABindGFP' | - pDONR207:FITm(S221E)ns
pABind:FITm(SS271/2AA)-GFP' Gateway | pABindGFP* | - pDONR207:FITm(SS271/2AA)ns
pABind:FITm(Y238F)-GFP Gateway pABiﬂdGFP4 - PDONR207:FITm(Y238F)ns
pABind:FITm(Y238E)-GFP Gateway | pABindGFP* | - pDONR207:FITm(Y238E)ns
pABind:FITm(Y278F)-GFP Gateway | pABindGFP* - pDONR207:FITm(Y278F)ns
pABIind:FITm(Y278E)-GFP Gateway | pABindGFP* - pDONR207:FITm(Y278E)ns
pABind:FITm(S221E/SS271/2AA)- Gateway | pABindGFP* | - pDONR207:gFITm(S221E/SS271/2AA)ns
GFP
pABind:FIT-mCherry’ Gateway | pABindmCher | - pDONR207:FITns
ry!
pABind:FITm(S221A)-mCherry Gateway | pABindmCher | - pDONR207:FITm(S221A)ns
ry!
pABind:FITm(S221E)-mCherry Gateway | pABindmCher | - pDONR207:FITm(S221E)ns
4
pABind:FITm(SS271/2AA)-mCherry' | Gateway | pABindmCher | - pDONR207:FITm(SS271/2AA)ns
4
pABind:FITm(Y238F)-mCherry Gateway | pABindmCher | - pDONR207:FITm(Y238F)ns
4
pABind:FITm(Y238E)-mCherry Gateway | pABindmCher | - pDONR207:FITm(Y238E)ns
ry?
pABind:FITm(Y278F)-mCherry Gateway p%BindmCher - pDONR207:FITm(Y278F)ns
ry
pABind:FITm(Y278E)-mCherry Gateway p/}BindmCher - pDONR207:FITm(Y278E)ns
pABind:FITm(S221E/SS271/2AA)- Gateway | pABindmCher | - pDONR207:gFTTm(S221E/SS271/2AA)ns
mCherry i
pABind:FIT-GFP-mCherry' Gateway | pABindFRET* | - pDONR207:FITns
pABind:FITm(S221A)-GFP-mCherry Gateway | pABindFRET* | - pDONR207:FITm(S221A)ns
pABind:FITm(S221E)-GFP-mCherry Gateway | pABindFRET* | - pDONR207:FITm(S221E)ns
pABind:FITm(SS271/2AA)-GFP- Gateway | pABindFRET* | - pDONR207:FITm(SS271/2AA)ns
mCherry'
pABind:FITm(Y238F)-GFP-mCherry Gateway | pABindFRET* | - pDONR207:FITm(Y238F)ns
pABind:FITm(Y238E)-GFP-mCherry Gateway | pABindFRET* | - pDONR207:FITm(Y238E)ns
pABind:FITm(Y278F)-GFP-mCherry Gateway | pABindFRET* | - pDONR207:FITm(Y278F)ns
pABind:FTTm(Y278E)-GFP-mCherry | Gateway | pABindFRET? | - pDONR207:FITm(Y278E)ns
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pABInd: FITm(S221E/SS271/2AA)- Gateway | pABindFRET* | - pDONR207:gFITm(S221E/SS271/2AA)ns
GFP-mCherry
pDONR207:bHLHO039ns! Gateway | pDONR207% bHLHO039 B1 Fe-deficient Col-0 root cDNA
bHLHO039ns B2
pABind bHLH039-GFP' Gateway | pABindGFP* | - pDONR207:bHLH039ns
pABind: bHLH039-GFP-mCherry' Gateway | pABindFRET* | - pDONR207:bHLH039ns
Yeast assays
Plasmid name Cloning | Original Primers for PCR or — | Template for PCR or Gateway LR
method | plasmid (Gateway LR)
pDONR207:FIT-Cst! Gateway |pDONR207% FIT-C Bl pDONR207:FITns
FITst B2
pDONR207:FIT-Cm(S221A)st Gateway | pDONR207> FIT-C B1 pDONR207:FITm(S221A)ns
FITst B2
pDONR207:FIT-Cm(S221E)st Gateway | pDONR2072 | FIT-C Bl pDONR207:FITm(S221E)ns
FITst B2
pDONR207:FIT-Cm(8S271/2AA)st" Gateway | pDONR207% FIT-C BI1 pDONR207:FITm(SS271/2AA)ns
FITst B2
pDONR207:FIT-Cm(Y238F)st Gateway | pDONR207% FIT-C Bl pDONR207:FITm(Y238F)ns
FITst B2
pDONR207:FIT-Cm(Y238E)st Gateway | pDONR207% FIT-C Bl pDONR207:FITm(Y238E)ns
FITst B2
pDONR207:FIT-Cm(Y278F)st Gateway |pDONR207% FIT-C Bl pDONR207:FITm(Y278F)ns
FITst B2
pDONR207:FIT-Cm(Y278E)st Gateway | pDONR2072 FIT-C Bl pDONR207:FITm(Y278E)ns
FITst B2
pDONR207: FIT- Gateway | pDONR207* FIT-C Bl pDONR207:FITm(S221E/SS271/2AA)ns
Cm(S221E/SS271/2AA)st FITst B2
pDONR207:FITst! Gateway | pDONR2072 FIT Bl pDONR207:FITns
FITst B2
pDONR207:FITm(S221A)st Gateway | pDONR207> FIT Bl pDONR207:FITm(S221A)ns
FITst B2
pDONR207:FITm(S221E)st Gateway | pDONR207* FIT Bl pDONR207:FITm(S221E)ns
5
FITst B2
pDONR207:FITm(SS271/2AA)st! Gateway | pDONR207° FIT Bl pDONR207:FITm(SS271/2AA)ns
FITst B2
pDONR207:FITm(Y238F)st Gateway | pDONR207° FIT Bl pDONR207:FITm(Y238F)ns
FITst B2
pDONR207:FITm(Y238E)st Gateway pDONRZ(ﬁ2 FIT BI PDONR207:FITm(Y238E)ns
FITst B2
pDONR207:FITm(Y278F)st Gateway | pDONR207? FIT Bl pDONR207:-FITm(Y278F)ns
FITst B2
pDONR207:FITm(Y278E)st Gateway | pDONR207% FIT Bl pDONR207:FITm(Y278E)ns
FITst B2
pDONR207:FITm(S221E/SS271/2AA) | Gateway | pDONR207* FIT Bl pDONR207:gFITm(S221E/SS271/2AA)ns
st FITst B2
pDONR207:bHLH039st! Gateway | pDONR207* bHLHO039 B1 pDONR207:bHLHO039ns
bHLHO039st B2
pGBKT7-GW:FIT-C' Gateway | pGBKT7-GW" | - pDONR207:FIT-Cst
pGBKT7-GW:FIT-Cm(S221A) Gateway | pGBKT7-GW? | - pDONR207:FIT-Cm(S221A)st
pGBKT7-GW:FIT-Cm(S221E) Gateway | pGBKT7-GW° | - pDONR207:FIT-Cm(S221E)st
pGBKT7-GW:FIT-Cm(SS271/2AA) Gateway | pGBKT7-GW> | - pDONR207:FIT-Cm(SS271/2AA)st
pGBKT7-GW:FIT-Cm(Y238F) Gateway | pGBKT7-GW° | - pDONR207:FIT-Cm(Y238F)st
pGBKT7-GW:FIT-Cm(Y238E) Gateway | pGBKT7-GW° | - pDONR207:FIT-Cm(Y238E)st
pGBKT7-GW:FIT-Cm(Y278F) Gateway | pGBKT7-GW* | - pDONR207:FIT-Cm(Y278F)st
pGBKT7-GW:FIT-Cm(Y278E) Gateway | pGBKT7-GW° | - pDONR207:FIT-Cm(Y278E)st
pGBKT7-GW:FIT- Gateway | pGBKT7-GW" | - pDONR207: FIT-Cm(S221E/S8271/2AA)st
Cm(S221E/S8271/2AA)
pGBKT7-GW:bHLH039! Gateway | pGBKT7-GW° | - pDONR207:bHLHO039st
pACT2-GW:FIT-C! Gateway | pACT2-GW’® | - pDONR207:FITst
pACT2-GW:FIT-Cm(S221A) Gateway | pACT2-GW® | - pDONR207:FITm(S221A)st
pACT2-GW:FIT-Cm(S221E) Gateway | pACT2-GW’® | - pDONR207:FITm(S221E)st
pACT2-GW:FIT-Cm(SS271/2AA)' Gateway | pACT2-GW® |- pDONR207:FITm(SS271/2AA)st
pACT2-GW:FIT-Cm(Y238F) Gateway | pACT2-GW’> | - pDONR207:FITm(Y238F)st
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pACT2-GW:FIT-Cm(Y238E) Gateway | pACT2-GW°> | - pDONR207:FITm(Y238E)st

pACT2-GW:FIT-Cm(Y278F) Gateway | pACT2-GW*® | - pDONR207:FITm(Y278F)st

pACT2-GW:FIT-Cm(Y278E) Gateway | pACT2-GW° | - pDONR207:FITm(Y278E)st

pACT2-GW:FIT- Gateway | pACT2-GW*® |- pDONR207:gFITm(S221E/SS271/2AA)st

Cm(S221E/SS271/2AA)

p ACT2-GW:bHLH039" Gateway | pACT2-GW> | - pDONR207:bHLHO039st

pGBKT7-GW:FIT! Gateway | pGBKT7-GW° | - pDONR207:FITst

pGBKT7-GW:FITm(S221A) Gateway | pGBKT7-GW° | - pDONR207-FITm(S221A)st

pGBKT7-GW:FITm(S221E) Gateway | pGBKT7-GW" | - pDONR207:FITm(S221E)st

pGBKT7-GW:FITm(SS271/2AA)" Gateway | pGBKT7-GW” | - pDONR207:FITm(SS271/2AA)st

pGBKT7-GW:FITm(Y238F) Gateway | pGBKT7-GW° | - pDONR207:FITm(Y238F)st

pGBKT7-GW:FITm(Y238E) Gateway | pGBKT7-GW° | - pDONR207:FITm(Y238E)st

pGBKT7-GW:FITm(Y278F) Gateway | pGBKT7-GW° | - pDONR207:FITm(Y278F)st

pGBKT7-GW:FITm(Y278E) Gateway | pGBKT7-GW" | - pDONR207:FITm(Y278E)st

pGBKT7- Gateway | pGBKT7-GW® | - pDONR207:FITm(S221E/SS271/2AA)st

GW:FITm(S221E/SS271/2AA)

Mammalian transactivation assay

Plasmid name Cloning | Original Primers for PCR or — | Template for PCR or Gateway LR

method | plasmid (Gateway LR)

pPMZ333:FIT AQUA | pMZ333° aqFIT Fw pDONR207:FITns
agFIT Rv

PMZ333:FITm(S221A) AQUA | pMZ333° agFIT Fw pDONR207:-FITm(S221A)ns
aqFIT Rv

pPMZ333:FITm(S221E) AQUA | pMZ333° agFIT Fw pDONR207:FITm(S221E)ns
aqFIT Rv

pMZ333:FITm(SS271/2AA) AQUA | pMZ333° agFIT Fw pDONR207:FITm(SS271/2AA)ns
aqFIT Rv

pMZ333:FITm(Y238F) AQUA | pMZ333° aqFIT Fw pDONR207:FITm(Y238F)ns
agFIT Rv

pMZ333:FITm(Y238E) AQUA | pMZ333° agFIT Fw pDONR207:FITm(Y238E)ns
agFIT Rv

pMZ333:FITm(Y278F) AQUA | pMZ333° agFIT Fw pDONR207:FITm(Y278F)ns
aqFIT Rv

PMZ333:FITm(Y278E) AQUA | pMZ333® aqFIT Fw pDONR207:FITm(Y278E)ns
aqFIT Rv

pMZ333:gFITm(S221E/SS271/2AA) AQUA | pMZ333® aqFIT Fw pDONR207:gFITm(S221E/SS271/2AA)ns
agFIT Rv

pMZ333:bHLH039 AQUA | pMZ333° agBHLHO039 Fw pDONR207:bHLH039ns
agBHLHO039 Rv

pHB007:BFP® Gibson pMZ333° oHBO18 h-mTagBFP2 cDNA
oHB019

pKMI195:1RT 1o AQUA | pKM195° agIRT 1o Fw aqIRT 1 | Col-0 gDNA
Rv

pMZ333:FIT-GFP AQUA | pMZ333° agFIT Fw pMDC83:gFITns-GFP
aqGFP Rv

pMZ333:FITm(S221A)-GFP AQUA | pMZ333° agFIT Fw pMDC83:gFITm(S221A)ns-GFP
aqGFP Rv

pMZ333:FITm(S221E)-GFP AQUA | pMZ333¢ aqFIT Fw pMDC83:gFITm(S221E)ns-GFP
aqGFP Rv

pPMZ333:FITm(SS271/2AA)-GFP AQUA | pMZ333° agFIT Fw pMDC83:gFITm(S5271/2AA)ns-GFP
aqGFP Rv

pMZ333:FITm(Y238F)-GFP AQUA 1:»1’\/[,23336 aqFIT Fw pMDC83:gFITm(Y238F)ns-GFP
aqGFP Rv

pMZ333:FITm(Y238E)-GFP AQUA | pMZ333® agFIT Fw pMDC83:gFITm(Y238E)ns-GFP
aqGFP Rv

pMZ333:FITm(Y278F)-GFP AQUA | pMZ333° agFIT Fw pMDC83:gFITm(Y278F)ns-GFP
aqGFP Rv

pMZ333:FITm(Y278E)-GEP AQUA | pMZ333° aqFIT Fw pMDC83:gFITm(Y278E)ns-GFP
aqGFP Rv

pMZ333:gFITm(S221E/SS271/2AA)- | AQUA | pMZ333° agFIT Fw pMDC83:gFITm(S221E/SS271/2AA)ns-GFP

GFP aqGFP Rv

pMZ333:HA3-bHLHO039 AQUA | pMZ333° aqHA3; Fw aqBHLHO039 | pAlligator:HA3-gBHLH039’
Rv
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*S.-d. m.= Site-directed mutagenesis

References for plasmids:

!Gratz R, Manishankar P, Ivanov R, Koster P, Mohr I, Trofimov K, Steinhorst L, Meiser J, Mai HJ, Drerup M, et al. 2019. CIPK11-Dependent
Phosphorylation Modulates FIT Activity to Promote Arabidopsis Tron Acquisition in Response to Calcium Signaling. Dev Cell 48: 726-
740 ¢710.

2Thermo Fisher Scientific, Gateway cloning

Curtis MD and Grossniklaus U. 2003. A Gateway cloning vector set for high-throughput functional analysis of genes in planta. Plant Physiology
133: 562-469.

*Hecker A, Wallmeroth N, Peter S, Blatt MR, Harter K, Grefen C. 2015. Binary 2inl Vectors Improve in Planta (Co)localization and Dynamic Protein
Interaction Studies. Plant Physiology 168: 776787

*provided by Dr. Yves Jacob

®Beyer HM, Gonschorek P, Samodelov SL, Meier M, Weber W, Zurbriggen MD. 2015. AQUA Cloning: A Versatile and Simple Enzyme-Free
Cloning Approach. PLoS One 10: e0137652.

"Naranjo-Arcos MA, Maurer F, Meiser ], Pateyron S, Fink-Straube C, Bauer P. 2017. Dissection of iron signaling and iron accumulation by
overexpression of subgroup Ib bHLH039 protein. Scientific Reports 7:10911.

All other recombinant plasmids were generated in this work. Descriptions and references for the cloning methods are provided in the Materials
and Methods section of the main text.
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New Phytologist Supporting Information Table S2

Article title: Phospho-mutant activity assays provide evidence for alternative phospho-
regulation pathways of the transcription factor FIT

Authors: Regina Gratz, Tzvetina Brumbarova, Rumen Ivanov, Ksenia Trofimov, Laura
Tinnermann, Rocio Ochoa-Fernandez, Tim Blomeier, Johannes Meiser, Stefanie Weidtkamp-
Peters, Matias Zurbriggen and Petra Bauer

Article acceptance date: 16 August 2019
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Table S2: List of primers for recombinant vector generation in alphabetical order

Primer Name

Primer Sequence (5° ... 3°)

agBHLHO039 Fw

TTTGTCTTTTATTTCAGGTCCCGGATCGAATTATGT
GTGCATTAGTACCTCC

TGTCTGGATCGAAGCTTGGGCTGCAGGTCGACTCA

aqBHLHO039st Rv
TATATATGAGTTTCCAC
L B TTTGTCTTTTATTTCAGGTCCCGGATCGAATTATGG
aq W
AAGGAAGAGTCAACGC
TGTCTGGATCGAAGCTTGGGCTGCAGGTCGACTCA
aqFITst Rv
AGTAAATGACTTGATGA
TGTCTGGATCGAAGCTTGGGCTGCAGGTCGACTTA
aqGFP Rv
GTGGTGGTGGTGGTGGT
ITTTGTCTTTTATTTCAGGTCCCGGATCGAATTATGG
aqHA: Fw
CATACCCATACGACGT
TTCCCCGAAAAGTGCCACCTGACGTCGTCGACTAG
aquTlpro FW
GAGCACATGGATTGACACAT
CACTAAACGAGCTCTGCTTATATAGGGCTAGCAG
aqlRT1,0 Rv
ATTGTTTAATGTTTGTGT
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATG
bHLHO039 B1

TGTGCATTAGTACCTC

bHLHO039ns B2

GGGGACCACTTTGTACAAGAAAGCTGGGTCTATA
TATGAGTTTCCAC

GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAT

bHLH039st B2
ATATATGAGTTTCCAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATG
BEBEEL GAAGGAAGAGTCAACGC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAACT
S CAACOTITICGCGETATC

FITm(S221A) Fw

TATCAATCCTCCTGCAGCCAAAAAAATCATTCA

FITm(S221A)ns Rv

TGAATGATTTTTTTGGCTGCAGGAGGATTGATA

FITm(S221E) Fw

TATCAATCCTCCTGCAGAGAAAAAAATCATTCA
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FITm(S221E)ns Rv TGAATGATTTTTTTCTCTGCAGGAGGATTGATA
FITm(SS271/2AA) Fw CAGAACTCTAACCTAGCCGCTCCTTCTCCGGACA
FITm(SS271/2AA)ms Rv | TGTCCGGAGAAGGAGCGGCTAGGTTAGAGTTICTG
FITm(Y238E) Fw GAGGAGAAAGGGTTTGAAGTGAGATTGGTGTGT
FITm(Y238E)ns Rv ACACACCAATCTCACTTCAAACCCTTTCTCCTC
FITm(Y238F) Fw GAGGAGAAAGGGTTTTTTGTGAGATTGGTGTGT
FITm(Y238F)ns Rv ACACACCAATCTCACAAAAAACCCTTTCTCCTC
FITm(Y278E) Fw CCTTCTCCGGACACAGAGCTCTTAACATATACC
FITm(Y278E)ns Rv GGTATATGTTAAGAGCTCTGTGTCCGGAGAAGG

FITm(Y278F) Fw

CCTTCTCCGGACACATTCCTCTTAACATATACC

FITm(Y278F)ns Rv GGTATATGTTAAGAGGAATGTGTCCGGAGAAGG
GGGGACCACTTTGTACAAGAAAGCTGGGTTAGTA
Flins B2 AATGACTTGATGAATTC
GGGGACCACTTTGTACAAGAAAGCTGGGTTTCAA
FiTstb GTAAATGACTTGATGA
CTTTTTGTCTTTTATTTCAGGTCCCGGATCGAATTG
oHBO18 Fw CGGCCGCAGGAGGCGCCACCATGAGCGAGGAACT
GATCAAAGAAAACATGC
TCATGTCTGGATCGAAGCTTGGGCTGCAGGTCGAC
oHBO019 Rv

TCTAGATTAGTTCAGCTTGTGGCCCAGCTTAGAAG
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1 | INTRODUCTION

Iron (Fe)is an essential element in plants as it participates in key redox
reactions. Changes in metabolism due to execution of developmen-
tal programs or in response to environmental cues result in major

rebalancing of the cellular and plant Fe homeostasis. Fe acquisition

Abstract

Regulation of iron (Fe) acquisition and homeostasis is critical for plant survival. In
Arabidopsis, Fe deficiency-induced bHLHO39 forms a complex with the master regula-
tor FIT and activates it to upregulate Fe acquisition genes. FIT is partitioned between
cytoplasm and nucleus, whereby active FIT accumulates more in the nucleus than inac-
tive FIT. At the same time, there is so far no information on the subcellular localization
of bHLHO39 protein and how it is controlled. We report here that the bHLHO3? locali-
zation pattern changes depending on the presence of FIT in the cell. When expressed
in cells lacking FIT, bHLHO39 localizes predominantly in the cytoplasm, including cyto-
plasmic foci in close proximity to the plasma membrane. The presence of FIT enhances
the mobility of bHLHO39 and redirects the protein toward primarily nuclear localiza-
tion, abolishing its accumulation in cytoplasmic foci. This FIT-dependent change in lo-
calization of bHLHO39 found in transient fluorescent protein expression experiments
was confirmed in both leaves and roots of Arabidopsis transgenic plants, stably ex-
pressing hemagglutinin-tagged bHLHO39 in wild-type or fit mutant background. This
posttranslational mechanism for intracellular partitioning of Fe-responsive transcrip-
tion factors suggests a signaling cascade that translates Fe sensing at the plasma mem-
brane to nuclear accumulation of the transcriptional regulators.

KEYWORDS

bHLHO39, Fer-like iron deficiency-induced transcription factor, iron deficiency,
nucleocytoplasmic partitioning, transcription factor regulation

in Arabidopsis (Arabidopsis thaliana) and other Strategy | plants re-
quires active proton extrusion to solubilize Fe in the soil, the reduc-
tion of Fe>* to Fe?* by the ferric reductase-oxidase 2 (FRO2) and the
subsequent uptake of Fe®* in the root epidermis cells by the metal
transporter iron-regulated transporter 1 (IRT1) (Brumbarova, Bauer,
& lvanov, 2015; Jeong, Merkovich, Clyne, & Connolly, 2017). The
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execution of this strategy under Fe deficiency requires the essen-
tial basic helix-loop-helix (bHLH) transcription factor Fer-like iron
deficiency-induced transcription factor (FIT) (Colangelo & Guerinot,
2004, Jakoby, Wang, Reidt, Weisshaar, & Bauer, 2004). Members of
the bHLH subgroup |b, BHLH038, BHLH039, BHLH100, and BHLH101
(Heim et al., 2003) are induced by Fe deficiency in roots and leaves
(Vorwieger et al., 2007; Wang et al., 2007), controlled by a network
of transcription factors (Gao, Robe, Gaymard, Izquierdo, & Dubos,
2019). BHLH0O3? induction serves as one of the robust Fe deficiency
markers (Gratz, Manishankar, et al., 2019; lvanov, Brumbarova, &
Bauer, 2012; Khan et al., 2019). Each of the four members can inter-
act with FIT, resulting in an active protein complex for upregulation
of Fe uptake genes, with bHLHO39 playing the most prominent role
among them (Wang et al., 2013; Yuan et al., 2008).

The nucleocytoplasmic partitioning of proteins is an important
regulatory aspect affecting their function, and, therefore, the sig-
naling cascades in which they are involved (Meier & Somers, 2011).
During Fe deficiency, the function of the plasma membrane-localized
FROZ2 and IRT1 has to be synchronized with the transcriptional regu-
lation of the Fe deficiency response in the nucleus, controlled by FIT
and its activator interaction partner bHLHO39. FIT undergoes strict
posttranslational control and exists in two forms, active and inactive
(Meiser, Lingam, & Bauer, 2011; Sivitz, Grinvalds, Barberon, Curie,
& Vert, 2011), distinguishable based on the phosphorylation status
(Gratz, Manishankar, et al., 2019). FIT is localized in the cytoplasm and
nucleus, whereby active FIT shows greater accumulation in the nu-
cleus versus the cytoplasm than inactive FIT (Gratz, Manishankar, et
al., 2019). The FIT-bHLHO39 interaction is enhanced when FIT is acti-
vated by phosphorylation at Ser272 (Gratz, Manishankar, et al., 2019).

So far, studies on bHLHO039, as representative of a subgroup Ib
bHLH transcription factor, have remained focused on its transcrip-
tional regulation and protein interaction with FIT. Therefore, this
study was motivated by two significant gaps in understanding Fe
acquisition regulation. First, the lack of information on the subcellu-
lar localization of bHLHO39 and second, the lack of understanding
whether post-transcriptional events play a role in bHLHO39 regula-
tion. We report here a surprising pattern of bHLHO39 localization that
is not predominantly nuclear, as for the majority of studied transcrip-
tion factors, and changes depending on the presence of another tran-
scription factor in the cell, namely FIT. We analyze the localization of
bHLHO39 in two different biological systems, including Arabidopsis.
Through a combination of standard and advanced imaging approaches
together with biochemical analysis, we quantitatively assign the local-

ization and subcellular dynamics of bHLHO39 to the presence of FIT.

2 | MATERIALS AND METHODS
2.1 | Plant material and growth conditions
Tobacco (Nicotiana benthamiana) plants were grown on soil for

3-4 weeks in a greenhouse facility under long day conditions (16-

hr light/8-hr dark). The Arabidopsis (Arabidopsis thaliana) ecotype

Col-0 was used as wild type (WT). FIT loss-of-function mutant
plants, fit-3 (GABI_108C10), were described previously (Jakoby
et al., 2004). HA;-bHLHO039 transgenic plants overexpressing
BHLH039, N-terminally fused with a triple hemagglutinin tag, in
WT (39/WT) or fit-3 mutant background (3%9/fit) were described
in Naranjo-Arcos et al. (2017). For protoplast isolation, WT and
fit-3 plants were grown for three weeks upright on half-strength
Hoagland agar medium with sufficient (50 mM FeNaEDTA, +Fe)
Fe supply befare harvesting their shoots. For fractionation experi-
ments, WT, 32/WT and 39/fit plants were grown for two weeks up-
right on half-strength Hoagland agar medium with sufficient (50 mM
FeNaEDTA, + Fe) Fe supply and then transferred to new plates with
either sufficient or deficient (0 mM FeNakEDTA, -Fe) Fe supply for
3 days before harvesting, as described previously (2-week system;
Gratz, Manishankar, et al., 2019).

2.2 | Generation of fluorescent protein fusions

The pABind vector system with XVE-driven B-estradiol inducible
promoter (Bleckmann, Weidtkamp-Peters, Seidel, & Simon, 2010)
was used for expression of fluorescently tagged FIT and bHLHO039
proteins in tobacco leaf epidermis cells. The generation of pABind-
GFP:FIT, pABind-mCherry:FIT, and pABind-GFP:BHLHO39 was
previously described (Gratz, Manishankar, et al., 2019). Similarly,
pDONR207:BHLHO39 (Gratz, Manishankar, et al., 2019) was used
to generate pABind-mCherry:BHLHO39. Free GFP was expressed
using pMDC7:GFP (Khan et al, 2019), also under the control of
the XVE-driven R-estradiol inducible promoter. For transient ex-
pression in Arabidopsis protoplasts, FIT-GFP was expressed using
pMDC83:FIT (Gratz, Manishankar, et al., 2019), under the control
of the 355 promoter. For bHLHO39-mCherry, the BHLH039 cod-
ing sequence was introduced in pDONR207 using primers 39 Bl
(GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTGTGCA
TTAGTACCTCC)and 39ns B2 (GGGGACCACTTTGTACAAGAAAGCT
GGGTTTATATATGAGTTTCCACATTC). Subsequently, the BHLH039-
containing cassette was recombined into the Gateway-compatible
vector pJNC1 under the control of the 355 promoter (lvanov et al.,
2014) to create pJNC1:bHLHO39.

2.3 | Transient transformation of tobacco leaf
epidermis cells

The Agrobacterium (Rhizobium radiobacter) strain C58 (GV3101)
carrying pABind constructs with GFP- or mCherry-tagged FIT or
BHLH039, or pMDC7:GFP were used for transient transforma-
tion of tobacco leaves. Agrobacterium cultures were grown to an
ODyq, = 0.4, centrifuged and resuspended in a solution containing
250 uM acetosyringone, 0.1% (w/v) glucose, 0.01% (v/v) Silwet, and
5% (w/v) sucrose. After one hour incubation on ice, the suspension
was infiltrated into the abaxial side of tobacco leaves. p19 vector was

co-infiltrated to enhance gene expression. Expression was induced
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by application of a p-estradiol solution (20 pM p-estradiol, 0.1%
Tween 20) 16 hr before imaging.

2.4 | Confocal microscopy and cytoplasm-to-
nucleus ratio determination

For cytoplasm-to-nucleus ratio determination, FIT-GFP, FIT-
mCherry, bHLHO39-GFP, bHLHO3%9-mCherry, or free GFP proteins
were transiently expressed in tobacco cells as described above. Full
Z-stacks of epidermal cells were recorded on LSM780 confocal mi-
croscope (Zeiss). GFP was imaged with an excitation wavelength of
488 nm and emission detection at 500-530 nm. mCherry and FM4-
64 membrane dye were imaged with an excitation of 561 nm with
emission detection at 570-615 nm. C-Apochromat 40x/1.20 W
Korr M27 water immersion objective was used. Pinhole was set to
1 Airy unit, equivalent to optical slices of 0.8 um, with a frame size
of 1,024 x 1,024 pixels and a pixel dwell time of 0.79 us. Full projec-
tions of Z-stack images were generated in ZEN 2012 Blue Edition
software (Zeiss), and densitometry on the resulting uncompressed
images was performed in the Fiji distribution of Image) (fiji.sc) to cal-
culate the cytoplasm-to-nucleus ratio of protein localization (Gratz,
Manishankar, et al., 2019). Total intensities of the nucleus and the
cytoplasm fluorescence were measured separately. The ratio was
calculated for each individual cell. Fifteen to 20 cells were processed

per fluorescent reporter under each condition.

2.5 | Arabidopsis protoplast isolation,
transformation, and imaging

Plant material was prepared as described in Dovzhenko, Bosco,
Meurer, and Koop (2003). In short, shoots from 160 to 200 three-
week-old Arabidopsis plants were chopped to fine pieces with a sterile
scalpel in 5 ml of MMC medium (10 mM MES, 40 mM CaCl,, mannitol
to 550 mOsm, pH 5.8), followed by an overnight enzymatic digestion
in MMC medium supplemented with macerozyme R10 and cellulase
Onozuka R10(0.5% each, Duchefa Biochemie). The homogenized leaf
material was filtered through a 70 um mesh and centrifuged at 100 g
for 20 min. The obtained pellet was resuspended in 10 ml MSC me-
dium (10 mM MES, 20 mM MgCiz, mannitol to 550 mOsm, sucrose
to 550 mOsm, pH 5.8) and overlaid with 3 ml MMM solution (5 mM
MES, 15 mM MgCIQ, mannitol to 600 mOsm, pH 5.8). After flotation
for 10 min at 80 g, protoplasts were collected from the interphase and
transferred to tubes containing W5 solution (2 mM MES, 154 mM
NaCl, 125 mM CaCl,, 5 mM KCI, 5 mM glucose, pH 5.8}, adjusting
the total volume to 10 ml. Protoplasts were counted, pelleted, and
resuspended in MMM solution to a concentration of 500,000 proto-
plasts/ml. PEG-mediated protoplast transformation was performed
as follows: 15 g of plasmid DNA in 20 ul of MMM solution were
mixed with 100 pl protoplast suspension in 6-well plates (Greiner
Bio-One, Germany). After 5 min, 120 pl of PEG,,,, solution (62%
w/v PEG 440 0.3 M mannitol, 0.15 M CaCl,, prewarmed at 379E)
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was carefully added to the transformation mixture and incubated
for 8 min. Afterwards, 120 pl MMM solution and PCA regeneration
medium (0.3% w/v B5 salts, 0.05% w/v MgS0,, 0.05% w/v CaCl,,
0.1% w/v MES, 2% w/v sucrose, 8% w/v glucose, 0.0002% w/v Ca-
panthotenate, 0.1% v/v Gamborg B5 Vitamin Mix, 0.02 ng/ml biotin,
pH 5.8) were added to a final volume of 1.6 ml; the plate was sealed
and incubated overnight at 21°C. The protoplasts were imaged using
an Axiolmager.M2 fluorescent microscope (Zeiss). Images were taken
with a Plan-Apochromat 40x/1.4 oil objective and recorded by an
Axiocam 503 monochromatic camera. For GFP imaging, Filter set 38
HE eGFP shift free (E) (EX BP 470/40, BS FT 495, EM BP 525/50) was
used. For mRFP/mCherry imaging, Filter set 43 HE Cy 3 shift free (E)
(EX BP 550/25,BS FT 570, EM BP 605/70) was used.

2.6 | Preparation of nuclear and cytoplasmic
protein fractions

Cellular fractionation was performed as described in Li et al. (2019).
Leaves and roots were collected separately from Arabidopsis plants
grown in the 2-weeks system described above. The plant material
was ground in the presence of liquid nitrogen and resuspended in
three volumes of buffer containing 20 mM Tris-HCI (pH 7.4), 25%
glycerol, 20 mM KCI, 2 mM EDTA, 2.5 mM MgCIz‘ 250 mM sucrose,
and 1x protease inhibitor cocktail (Roche). The samples were then
sequentially filtered through 70 pm and 22-25 pm nylon mesh be-
fore being centrifuged at 1,500 x g at 4°C for 20 min to pellet the
nuclei. The pellet was resuspended in a buffer containing 20 mM
Tris-HCl (pH 7.4), 25% glycerol, 2.5 mM MgCl,, 0.2% NP40,and 0.1%
Triton X-100, and the cycle was repeated twice, after which the last
pellet was resuspended in 1x protein loading buffer (62 mM Tris-HCI
pH 6.8, 2.5% SDS, 2% 1,4-dithiothreitol, 10% glycerol), producing
the nuclear fraction. The first supernatant (after the first centrifu-
gation) was centrifuged at 18,800 x g at 4°C for 20 min two times.
This supernatant was mixed 1:1 (v/v) with 2x protein loading buffer,
producing the cytosolic fraction.

2.7 | SDS-PAGE and protein detection
by immunoblot

Protein samples were separated on a 4%-20% gradient polyacryla-
mide gel (Bio-Rad) and transferred to a nitrocellulose membrane fol-
lowing the protocol described in Gratz, Manishankar, et al. (2019).
The presence of target proteins on the membrane was verified
using immunodetection and chemiluminescence. Images of signals
on the membranes were digitally recorded in the dynamic range
using FluorChem Q machine (Biozym). Band signal intensities were
quantified in Fiji distribution of ImageJ (fiji.sc) and used to calculate
cytoplasm-to-nucleus ratios.

The following antibodies were used for immunodetection:
Rat monoclonal anti-HA horseradish peroxidase conjugated
[3F10; Roche) 1:5,000 was used to detect HA-bHLHO39; Rabbit
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anti-UGPase (AS05 086; Agrisera) 1:1,000 together with goat an-
ti-rabbit IgG horseradish peroxidase (AS09 602; Agrisera) 1:5,000
were used to detect the cytoplasmic fraction marker protein UDP-
glucose pyrophosphorylase (UGPase); Rabbit anti-histone H3 horse-
radish peroxidase (AS10710-HRP; Agrisera) was used to detect the
nuclear fraction marker protein Histone H3.

2.8 | Fluorescence recovery after photobleaching
(FRAP) analysis

Transient expression of pABind:bHLHO39-GFP, pABind:FIT-GFP,
pABind:FIT-mCherry, and pMDC7:GFP was performed as described
above. FRAP measurements in nucleus and at the cell periphery were
taken with a frame size of 256 x 256 and pixel dwell time of 1.0 ps.
A series of five images was taken before and 40 images after 50 it-
erations of photobleaching with full laser power of the argon laser at
488 nm. A non-bleached region of interest with the same size as the
bleached region was used to correct for acquisition bleaching. The
fluorescence intensity values before the photobleach (pre-bleach, F, J
were averaged, and together with the first value after the bleach (post-
bleach, F .
used to calculate the mobile fraction (M,) according to the following
equation: M; = [(F, 4= Fpoet)/(Fpre=Foosd] * 100 (Bancaud, Huet, Rabut, &
Ellenberg, 2010). For calculating F,

end’

) and the intensity after recovery (recovery, F_ ) were

the average of the five last scans
was used and was adjusted for the intensity loss due to the acquisition
based on the intensity measured in the non-bleached region. Ten to 15

cells were analyzed for each construct or combination.

2.9 | Statistical analysis

Experimental data was processed using analysis of variance (ANOVA)
and Fisher's least significant difference post hoc test. For signal
colocalization, Pearson's correlation coefficient (PCC) was calcu-
lated using the JACoP plugin of ImageJ (Bolte & Cordelieres, 2006).

2.10 | Accession numbers

Sequence data from this article can be found in the TAIR and
GenBank data libraries under accession numbers: BHLH039 (TAIR:
AT3G56980), FIT (TAIR: AT2G28160).

3 | RESULTS

3.1 | FITisrequired for the nuclear localization of
bHLHO39

Partitioning of regulatory proteins between intracellular com-
partments represents a mean of controlling their activity. Since

no information on the subcellular localization of bHLH039 was

available, we determined the localization of this transcription
factor, to assess whether partitioning between cytoplasm and
nucleus is a potential target for its regulation, as is the case for
FIT. Expressing FIT-GFP in tobacco leaf epidermis cells showed
the reported (Gratz, Manishankar, et al., 2019) dual localization in
the cytoplasm and the nucleus (Figure 1a). bHLHO3%9-mCherry fu-
sion, expressed in the same system, surprisingly showed strong
signals at the cell periphery and only a rather weak presence in
the nucleus (Figure 1b and Figure S1). However, coexpression of
FIT and bHLHO39 in the same cells led to a clear dual localiza-
tion in nucleus and cytoplasm of bHLHO39-mCherry and a strong
colocalization with FIT-GFP in the nucleus (Figure 1c). When
coexpressed with free GFP, bHLHO39-mCherry had strong cell
periphery localization (Figure 1d), similar to bHLH039-mCherry
alone. We quantified the cytoplasm-to-nucleus ratio of the tested
fluorescent proteins and found that indeed, only in the presence
of FIT-GFP, bHLHO39-mCherry showed a significant shift toward
nuclear localization (Figure 1e), suggesting that the presence of
FIT is important for the nuclear localization of bHLH039. At the
same time, the localization ratio of FIT-GFP remained unchanged
by the presence of bHLHO039, suggesting that bHLHO39 does not
influence the localization of FIT. As a control, we performed the
reverse experiment, where the fluorescent tags of bHLHO39 and
FIT were swapped (Figure S2). The experiment yielded the same
result, showing that the observed effect was independent of the
fluorescent tag.

FIT is weakly expressed in leaves (Bauer et al., 2004; Colangelo
& Guerinot, 2004; Jakoby et al., 2004), which offers the possibility
to test the effect of low FIT levels on bHLHO39 subcellular local-
ization. Indeed, bHLHO39 showed a dual, nuclear and cytoplasmic,
localization in a wild-type Arabidopsis leaf protoplast expression sys-
tem (Figure 2a), similar to the subcellular localization of bHLH039-
mCherry in WT protoplasts cotransformed with FIT-GFP (Figure 2h).
In support of our previous observation in tobacco leaf cells, bBHLH039
expressed alone in fit-3 mutant protoplasts was mainly detectable at
the cell periphery (Figure 2c¢), whereas cotransformation with FIT-GFP
restored bHLHO39 nuclear accumulation (Figure 2d). Thus, colocal-
ization experiments in both tobacco and Arabidopsis protoplast cells
demonstrate the importance of FIT for full-scale nuclear bHLHO39

accumulation.

3.2 | bHLHO039 presence in the nucleus is FIT-
dependent in Arabidopsis

Since FIT presence aids bHLHO39 nuclear accumulation in our test
systems, we asked whether this is also the case in leaves and roots
of Arabidopsis plants grown under different Fe supply conditions.
Under Fe deficiency, FIT has a strong expression in the root and
much weaker in the leaves (Bauer et al., 2004; Colangelo & Guerinot,
2004; Jakoby et al., 2004), raising the question whether the sub-
cellular distribution of bHLHO39 would be differentially regulated
between the two organs. To address this, we quantified bHLH039
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FIGURE 1 Subcellular localization -

of bHLHO39 depends on FIT presence FIT-GFP
in tobacco leaf epidermis cells. (a-d)
Localization of FIT-GFP, bHLH0O39-
mCherry, and free GFP, alone or in
combinations. Representative full
projections of laser-scanning confocal
images show GFP and mCherry
fluorescence of FIT-GFP alone (a),
bHLHO039-mCherry alone (b), FIT-GFP
and bHLHO39-mCherry (c), and free GFP
and bHLHO39-mCherry (d), following
RB-estradiol induction of transiently
transformed tobacco leaf epidermis cells.
Nuclear and cytoplasmic fluorescence
signals are indicated by arrowheads
(filled and empty, respectively). Bars:

50 pm. (e) Quantification of subcellular
distribution of the fluorescently tagged
protein combinations shown in (a-d).
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calculated for the GFP (gray bars), and
mCherry (black bars) signals obtained
for each combination (n = 15-20). Data
are represented as mean + SD. Different
letters indicate statistically significant
differences (p < .05)
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protein amounts in cytoplasmic and nuclear fractions from leaves
(Figure 3a-c and Figure S3a-c) and roots (Figure 3d-fand Figure S3d-f)
of transgenic Arabidopsis plants constitutively expressing triple
hemagglutinin-tagged (HA,)-bHLHO39 in either wild-type (39/WT)
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or fit-3 loss-of-function (3%9/fit) background, grown under sufficient
or deficient Fe supply. bHLHO39 protein is active in enhancing Fe
uptake in roots and leaves of 39/WT but not in 39/fit (Naranjo-
Arcos et al., 2017). HA,-bHLHO39 was found in both leaf and root
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fractions of 39/WT and 39/fit (Figure 3a,b,d,e and Figure S3a,b,d,e).
Remarkably, in the absence of FIT, a clear increase of 1.7 to 3-fold
in cytoplasmic HA,-bHLHO39 (higher cytoplasm-to-nucleus sig-
nal ratio) is seen in both Fe supply conditions and both organs in
39/fit versus 39/WT (Figure 3c,f and Figure S3c,f). This shows that
although a certain portion of bHLHO39 can still accumulate in the
nucleus in a FIT-independent manner, the presence of FIT strongly
promotes bHLHO39 nuclear localization in Arabidopsis. Comparing
leaves and roots, we observed a marked difference, depending on
Fe supply. In leaves, the nuclear localization of HA,-bHLHO39 in-
creased under Fe deficiency compared with sufficient Fe supply
in both plant lines (lower cytoplasm-to-nucleus signal ratio at -Fe
vs. +Fe, Figure 3c and Figure S3c), whereas in roots the cytoplasm-
to-nucleus signal ratio was higher under Fe deficiency compared
with Fe sufficiency, indicative of decreased nuclear localization of
bHLHO39? under Fe deficiency, despite the presence of active FIT
(Figure 3f and Figure S3f). Taken together, bHLHO39 nuclear accu-
mulation is organ-specific and Fe-dependent, and, to a large extent,

dependent on FIT.

FIGURE 2 FIT-dependent subcellular
localization of bHLHO39 in Arabidopsis
protoplasts. Arabidopsis protoplasts from
wild-type Col-0 (a,b) and fit-3 mutant (c,d)
plants were transformed with bHLHO39-
mCherry alone (a,c) or FIT-GFP together
with bHLHO392-mCherry (b,d). Left panels,
GFP channel; middle panels, mCherry
channel; right panels, merged images.
Nuclear and cytoplasmic fluorescence
signals are indicated by arrowheads (filled
and empty, respectively). Bars: 5 pm

3.3 | Inthe presence of FIT, bHLHO39 protein has
increased mobility in the cytoplasm

Aiming to better understand the mechanism of bHLHO39 localization
and its FIT dependence, we measured the relative mobility of FIT and
bHLHO39 fluorescent protein fusions in the nucleus and the periphery
of transformed tobacco cells. We applied fluorescence recovery after
photobleaching (FRAP) to bHLHO39-GFP, FIT-GFP, and free GFP as a
control (Figure 4). In the absence of FIT, the bleached bHLH039-GFP
area in the nucleus showed fluorescence recovery, suggesting that in
this region, apart from being very weakly present (Figure 4a and Figure
S4), the bHLHO39-GFP protein is relatively mobile (Figure 4i). Qutside
the nucleus, however, the bleached area at the cell periphery remained
almost completely devoid of signal, showing that bHLHO39-GFP was
kept in an immobile state (Figure 4b,i). A closer inspection of these im-
ages revealed that the signal at the cell periphery was not uniformly dis-
tributed but rather concentrated in immobile punctate structures (foci)
(Figure 4b). In the presence of FIT-mCherry, bHLHO39-GFP remained
mobile in the nucleus (Figure 4c,i). The cytoplasmic bHLHO39-GFP
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FIGURE 3 Nuclear accumulation of bHLHO39 depends on FIT presence and Fe supply in Arabidopsis leaves and roots. Immunaoblot
analysis of HA,-bHLHO39 protein distribution in cytosolic (Cyt) (a,d) and nuclear (Nuc) (b,e) fractions of leaves (a,b) and roots (d,e) from
plants overexpressing HA;-bHLHO039 in wild-type (39/WT) and fit-3 mutant background (39/fit). WT plants were used as a control.
Fractionation was performed on 2-week-old plants transferred for 3 days on sufficient (+Fe) or deficient (-Fe) Fe supply. HA;-bHLHO39 was
detected with anti-HA-HRP antibody. Anti-UGPase and anti-H3 antibodies were used as markers for the cytosolic and nuclear fractions,
respectively. Arrows indicate the detection of the respective full-length protein. Protein molecular weight (in kDa) is indicated. The
intensity of each HA;-bHLHO39 protein band was normalized to the corresponding marker protein for the respective fraction. The obtained
normalized values were used to calculate a cytoplasm-to-nucleus signal ratio representing the subcellular distribution of HA,-bHLHO03% in
leaves (c) and in roots (f) of plants grown under sufficient (+Fe, black bars) and deficient (-Fe, gray bars) Fe supply. The assay was performed

twice yielding comparable results (see also Figure S3)

foci, however, were almost completely absent and were replaced by
diffuse cytoplasmic signal that recovered quickly after photobleach-
ing (Figure 4d,i). In comparison, FIT-GFP (Figure 4e/f) and free GFP
(Figure 4g,h) signals showed high mobility both in the nucleus and the
cytoplasm (Figure 4i). Thus, in the presence of FIT, bHLHO3? is kept in
a mobile form, while without FIT, it is sequestered in immobile foci at
the cell periphery, potentially preventing its entry in the nucleus.

The intriguing localization of bHLHO39-GFP in static foci at the
cell periphery in the absence of FIT raises the question on the nature
of these structures and their relation to the plasma membrane. Using
the lipophilic fluorescent dye FM4-64 to label the plasma membrane,
we investigated the degree of colocalization between bHLH0O39-GFP
and the marker staining. The bHLHO39-GFP and FM4-64 signals were
both located at the cell periphery, however, despite their proxim-
ity they were distinct from each other. In addition, FM4-64 fluores-
cence was uniform across the membrane and not in foci (Figure 4j,k).
Consistently, quantitative analysis showed relatively poor colocaliza-

tion between the two signals, with an average Pearson's correlation

coefficient (PCC) of .286 (while well-colocalizing signals have a PCC
of above .5) (Figure 4k). Therefore, the bHLHO39-GFP signals are in
proximity to but not at the plasma membrane.

4 | DISCUSSION
4.1 | Nucleocytoplasmic partitioning of bBHLH039 is
FIT-dependent

We report here a pattern of bHLHO39 localization that changes
depending on the presence of FIT in the cell. It is known that the
effects of bHLHO39 on the Fe deficiency response in Arabidopsis
are FIT-dependent and due to the dimerization of the two proteins
(Naranjo-Arcos et al., 2017; Wang et al., 2013). Our data adds a
new level of complexity to the FIT-bHLHO39 regulation. bHLH039
accumulates to a low level in the nucleus in the absence of FIT,

suggesting that additional factor(s), potentially other related
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FIGURE 4 The intracellular mobility of bHLH039 depends on FIT. (a-i) Fluorescence recovery after photobleaching (FRAP) analysis of
the protein mobility of GFP-tagged FIT and bHLHO39. White rectangles in the laser-scanning confocal images of transiently transformed
tobacco leaf epidermis cells indicate the bleached areas in the nucleus (a,c,e,g; optical cross-sections through the nucleus) and at the cell
periphery (b,d.f,h; frontal images of the periphery of the cells). The protein mobility was assayed for bHLH03%9-GFP alone (a,b), bHLH039-
GFP coexpressed with FIT-mCherry (c,d), FIT-GFP alone (e,f), and free GFP alone as a control (g,h). For each sample, representative pre-
bleach, post-bleach and recovery images are shown. Due to the low intensity of the nuclear bHLHO39-GFP signal in (a), the nucleus contour
is traced with a punctate line. For an enhanced intensity image of nuclear bHLHO39-GFP, see Figure S4. Bars: 5 pm. (i) Protein mobility
quantification for the samples shown in (a-h). The percentage of the mobile protein fraction for each protein is presented relative to the
mobile fraction of nuclear free GFP alone (n = 10-15). Data are represented as mean + SD. Different letters indicate statistically significant
differences (p < .05). (j-k) Colocalization analysis of GFP-tagged bHLH039 and the plasma membrane labeled with FM4-64. (k) Enlarged
images of the areas in (j) indicated with white rectangles. bHLHO39-GFP signals are detectable in close proximity to the plasma membrane;

however, statistical analysis indicates lack of significant colocalization. Pearson's correlation coefficient (PCC) = .286 + .133 (n = 7). Bars:
50 um

transcription factors (Gao et al., 2019), may also influence this foci in close proximity to the plasma membrane. In the presence

process. Still, FIT is essential for full-scale bHLHO39 nuclear accu- of FIT, bHLHO39 is mobile and readily accumulates in the nucleus

mulation. In the absence of FIT, bHLHO39 is retained in immobile (Figure 5).
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FIGURE 5 Different FIT-dependent subcellular localization patterns of bHLHO39. Model summarizing the need of FIT presence for full-
scale bHLHO39 nuclear accumulation. Left, in the absence of FIT, bHLHO39 is predominantly localized outside of the nucleus, concentrated
in stable cytoplasmic foci in close proximity to the plasma membrane. Only a small portion of bHLHO39 localizes to the nucleus. Right, in
Fe-deficient wild-type root cells and/or in the presence of FIT, FIT aids the nuclear accumulation of bHLHO39 preventing its sequestration in
cytoplasmic foci. In the nucleus, the FIT-bHLHO39 protein complex triggers the expression of Fe response genes

4.2 | Potential mechanisms of bHLHO39 nuclear
accumulation

The accumulation of bHLHO39 in the nucleus in the presence
of FIT may be achieved by different mechanisms. One possibil-
ity is that FIT helps maintain bHLHO39 in a mobile form and/or
shuttle together with it into the nucleus. Alternatively, FIT may
prevent the nuclear export of bHLHO39 and its sequestration in
cytoplasmic foci. The physical exclusion of transcriptional regula-
tors from the nucleus by sequestration in the cytoplasm is one
strategy for regulating their activity. In animals, Bachl, STRAS,
and the STAT family proteins are prominent examples of transcrip-
tion factors translocating from the cytoplasm to the nucleus in re-
sponse to different stimuli (Meyer & Vinkemeier, 2004; Tedesco,
Sala, Barbagallo, Felici, & Farini, 2009; Yamasaki, Tashiro, Nishito,
Sueda, & lgarashi, 2005). There are also several examples in plants,
such as the transcription factors BES1 and BZR1 in response to
brassinosteroid signaling (Yin et al., 2002), the PHR1 transcrip-
tion factor in a phosphate status-dependent manner (Osorio et al.,
2019), and the chromatin remodeling factor ET2 during cell differ-
entiation (lvanov et al., 2008). Interestingly, when retained in the
cytoplasm, ET2 also accumulates in punctate structures (lvanov
et al., 2008), which may thus represent a common mechanism for
the sequestration of proteins not immediately required by the cell.
The BHLHO039 gene is strongly upregulated under Fe deficiency,
suggesting that only minor levels of the protein are required at
sufficient Fe supply, requiring a mechanism that keeps excess pro-
tein excluded from action. This notion is supported by the fact
that overexpression of bHLHO39 at +Fe probably overloads the Fe
sequestration system and has drastic effects on Fe accumulation,
since enough FIT is present to keep bHLHO39 mobile and/or shut-
tle it to the nucleus (Naranjo-Arcos et al., 2017). Further research
will be needed to uncover the exact nature of the cytoplasmic foci,
where bHLHO39 accumulates in the absence of FIT, and the par-
ticipating proteins that potentially anchor bHLHO39.

Another aspect to consider is whether active FIT is needed

for bHLHO39 nuclear accumulation. We could recently show that

FIT phosphorylation by CIPK11 at Ser272 is a major FIT-activating
process, whereby both Ser272-phosphorylated and non-phos-
phorylated FIT forms can interact with bHLHO39, with the
non-phosphorylated S272AA FIT form showing a weaker interac-
tion with bHLHO39 (Gratz, Manishankar, et al., 2019). Additionally,
phosphorylation events at Ser221, Tyr238, and Tyr278 also affect
FIT activity (Gratz, Brumbarova, et al., 2019). Therefore, it is pos-
sible that differential FIT phosphorylation may modulate FIT ac-
tivity levels and, in turn, the effect of FIT on bHLHO39 nuclear
accumulation. In the future, it will be crucial to understand the
mechanism by which FIT influences bHLHO39 cellular mobility, its
nuclear accumulation, and the role of their direct interaction in
this process.

4.3 | Biological significance of FIT-dependent
bHLHO039 nuclear accumulation

Our finding has interesting implications regarding the Fe defi-
ciency-induced signaling cascade. It is tempting to speculate that
the cytoplasmic retention of bHLHO39 could be linked to direct
crosstalk at protein level with other Fe deficiency-related proteins
that are localized at the plasma membrane, such as the effec-
tors FRO2 and IRT1, and/or the Fe response modulators CBL1/9
(Gratz, Manishankar, et al., 2019) and EHB1 (Khan et al., 2019).
Posttranslational control plays a prominent role in the function-
ing of bHLHO39 and potentially the other three group Ib bHLH
proteins involved in Fe acquisition and homeostasis. It is possible
that fit mutant plants are functional knock-out mutants of the four
Ib bHLH proteins due to their reduced nuclear accumulation in the
absence of FIT, which may explain the very strong Fe deficiency
phenotype of the fit mutant.

The differences in subcellular partitioning of bHLHO39 between
leaves and roots at different Fe supply may reflect different or-
gan-specific functions of this transcription factor (Andriankaja et
al., 2014). Proteasomal degradation, similar to the stability control
shown for FIT (Lingam et al., 2011; Meiser et al., 2011; Sivitz et al,,
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2011), and/or other factor(s) that negatively regulate(s) bHLHO39
nuclear accumulation, may account for the observed differential
subcellular partitioning.

An important aspect of the phenomenon that we describe here is
its potential conservation across the plant kingdom. A recent study
inrice identified OsbHLH156 as a rice ortholog of FIT, albeit with low
sequence similarity and controlling Strategy Il, instead of Strategy
I, Fe uptake. Interestingly, this transcription factor was found nec-
essary for the nuclear localization of OsIRO2, the rice ortholog of
bHLHO3? (Wang et al., 2019). This underlines the importance of the
here described phenomenon in Arabidopsis as an integral part of the

plant Fe deficiency response.
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Supplemental Figure 1. Presence of bHLHO39-mCherry in cytoplasmic foci at the cell periphery
of tobacco leaf epidermis cells.
(A) Image of bHLH039-mCherry localization in tobacco leaf epidermis from Figure 1B. A white

rectangle denotes the area of the cell presented in (B).

(B) Enlarged image of the area in (A) indicated with a white rectangle, showing bHLHO39-

mCherry-containing cytoplasmic foci at the periphery of the cell (empty arrowheads).
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Supplemental Figure 2. FIT dependence of bHLH039 subcellular localization in tobacco leaf

epidermis cells is not affected by the fluorescent tag.

(A-C) Localization of FIT-mCherry and bHLHO39-GFP, alone or in combinations. Representative
full projections of laser-scanning confocal images show GFP and mCherry fluorescence of FIT-
mCherry alone (A), bHLH039-GFP alone (B), and bHLHO39-GFP and FIT-mCherry (C) in tobacco
leaf epidermis cells. Nuclear and cytoplasmic fluorescence signals are indicated by arrowheads
{filled and empty, respectively). Bars: 50 um.

(D) Quantification of subcellular distribution of the fluorescently tagged protein combinations
shown in (A-C). Cytoplasm-to-nucleus signal ratio was calculated for the GFP (gray bars) and
mCherry (black bars) signals obtained for each combination (n = 15-20). Data are represented

as mean x SD. Different letters indicate statistically significant differences (P < 0.05).
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Supplemental Figure 3. Analysis of bHLH039 nuclear accumulation by subcellular
fractionation.

This figure shows the result from an independent fractionation repetition of the experiment
presented in Figure 3. Immunoblot analysis of HA3-bHLHO39 protein distribution in cytosolic
(Cyt) (A, D) and nuclear (Nuc) (B, E) fractions of leaves (A, B) and roots (D, E) from plants
overexpressing HAs-bHLHO39 in wild-type (35/WT) and fit-3 mutant background {39/fit). WT
plants were used as a control. Fractionation was performed on 2 week-old plants transferred
for 3 days on sufficient {(+Fe) or deficient (-Fe) Fe supply. HAz-bHLHO39 was detected with anti-
HA-HRP antibody. Anti-UGPase and anti-H3 antibodies were used as markers for the cytosolic
and nuclear fractions, respectively. Arrows indicate the detection of the respective full-length
protein. Protein molecular weight (in kDa) is indicated. The intensity of each HAs-bHLH033
protein band was normalized to the corresponding marker protein for the respective fraction.
The obtained normalized values were used to calculate a cytoplasm-to-nucleus signal ratio
representing the subcellular distribution of HAz-bHLH039 in leaves (C) and in roots (F) of plants

grown under sufficient (+Fe, black bars) and deficient (-Fe, gray bars) Fe supply.
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Supplemental Figure 4. Presence of bHLH039-GFP in the nucleus.

(A) Image of bHLHO39-GFP from Figure 4A. In the absence of FIT, bHLHO39-GFP is strongly
localized to the cell periphery (bright green signal, open arrowheads). Certain amount of
bHLH039-GFP can be found in the nucleus (surrounded by white punctate line), judged by the
presence of comparatively weak GFP signal intensity. (B) Enhanced intensity of image (A)

reveals bHLHO39-GFP fluorescent signal in the nucleus. Bars: 5 um.
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Highlights
e FIT undergoes light-induced condensation and localizes to NBs, likely via LLPS
e Functionally relevant Ser271/272 defines an intrinsically disordered region and
influences NB formation dynamics
o NBs are preferential sites for FIT dimerization with FIT and bHLH039, dependent on
Ser271/272

e FIT NBs colocalize with NB markers related to splicing and light signaling

Keywords
anisotropy, bHLHO039, condensates, FIT, FRAP, FRET-FLIM, IDR, LLPS, nuclear body,
photobody, speckle, SR45
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Abbreviations

bHLH basic helix-loop-helix

bHLHO039 BASIC HELIX-LOOP-HELIX039

C mCherry

FIT FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR
FLIM fluorescence lifetime imaging microscopy
FRAP fluorescence recovery after photobleaching
FRET fluorescence resonance energy transfer

G GFP

GFP GREEN FLUORESCENT PROTEIN

IDR intrinsically disordered region

LLPS liquid-liquid phase separation

mCherry monomeric Cherry

mRFP monomeric RED FLUORESCENT PROTEIN
NB nuclear body

NP nucleoplasm

PB photobody

R mRFP

TF transcription factor
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Abstract

Several nuclear proteins undergo condensation. The question remains often whether
this property is coupled to a functional aspect of the protein in the nucleus. The basic helix-
loop-helix (bHLH) FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR
(FIT) integrates internal and external signals to control the amount of iron that is acquired in
accordance with growth. The previously described C-terminal Ser271/272 allows FIT to form
active complexes with subgroup Ib bHLH factors such as bHLHO039. FIT has lower nuclear
mobility than mutant FITmSS271AA, but this behavior has remained mechanistically and
functionally obscure. Here, we show that FIT undergoes a light-inducible subnuclear
partitioning into nuclear condensates that we termed FIT nuclear bodies (NBs). The
characteristics of FIT NBs could be examined using a standardized FIT NB analysis procedure
coupled with different types of quantitative and qualitative microscopy-based approaches. We
found that FIT condensates were likely formed by liquid-liquid phase separation. FIT
accumulated preferentially in FIT NBs versus nucleoplasm when engaged in protein
complexes with itself and with bHLH039. FITmSS271AA, instead, localized to NBs with
different dynamics. FIT colocalized with splicing and light signaling NB markers. Hence, the
inducible highly dynamic FIT condensates link active transcription factor complexes with post-

transcriptional regulation processes.
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Introduction

As sessile organisms, plants must adjust to an ever-changing environment. Read-out
of environmental cues and rapid acclimation are necessary to ensure the plant’s vitality.
Accordingly, plants control micronutrient uptake. Overaccumulation causes toxicity but lack of
a micronutrient leads to deficiency symptoms. Even though iron is one of the most abundant
elements in the soil, its bioavailability as micronutrient is limited in most soils, rendering iron
uptake a challenge for plants (Romheld and Marschner, 1986; Wedepohl, 1995).

An essential regulatory protein needed for iron acquisition is the basic helix-loop-helix
(bHLH) transcription factor (TF) FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION
FACTOR (FIT; Colangelo and Guerinot, 2004; Jakoby et al., 2004; Yuan et al., 2005; Bauer et
al., 2007). FIT is activated upon iron deficiency downstream of a cascade of bHLH TFs (Zhang
et al., 2015; Li et al., 2016; Liang et al., 2017; Kim et al., 2019; Gao et al., 2020) and of a
calcium-sensing protein kinase able to target phosphorylation site Ser271/272 of FIT (Gratz et
al., 2019). FIT alone is not sufficient to upregulate iron acquisition, while it is active in a
heterodimeric complex together with a member of the bHLH subgroup Ib such as bHLH039
(Yuan et al., 2008; Wang et al., 2013). Furthermore, FIT action is regulated through protein-
protein contacts with multiple key players of hormonal and abiotic stress signaling pathways
(Lingam et al., 2011; Le et al., 2016; Wild et al., 2016; Cui et al., 2018; Gratz et al., 2019,
2020). Thus, FIT behaves as a regulatory hub in root cells that perceives external and internal
cues to adjust iron acquisition with growth (Schwarz and Bauer, 2020; Kanwar et al., 2021).

The subcellular localization of the FIT-bHLH039 module is remarkable. bHLHO39 alone
is inactive and present mainly close to the plasma membrane in cytoplasmic foci, while
bHLHO39 together with FIT localizes in the nucleus (Trofimov et al., 2019). FIT is
predominately localized in the nucleus but not as mobile compared to mutant FITmSS271AA,
that is a more inactive mutant form of FIT (Gratz et al., 2019). Subcellular partitioning of
proteins involved in nutrient uptake has until now not been enough in the focus of research to
understand the significance of the differing subcellular localization patterns.

One prominent type of subnuclear partitioning is conferred by biomolecular
condensates, or nuclear bodies (NBs). NBs are membraneless, nuclear subcompartments,
which can be of stable or dynamic nature. To form condensates, proteins need to have
particular features that enable protein interactions and compaction in three-dimensional space.
IDRs are flexible protein regions that allow conformational changes, and thus various
interactions, leading to the required multivalency of a protein for condensate formation
(Tarczewska and Greb-Markiewicz, 2019; Emenecker et al., 2020). As Arabidopsis thaliana
(Arabidopsis) TFs are enriched in IDRs (Strader et al., 2022) it is not unlikely that the resulting
multivalency in TFs drives condensation and results in microenvironments for interaction,
probably more often than so far studied. IDRs are particularly characteristic in bHLH TFs in

vertebrates and invertebrates (Tarczewska and Greb-Markiewicz, 2019), suggesting that this
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feature may also be relevant for the bHLH TFs of plants. One possibility for condensates to
form is to undergo liquid-liquid phase separation (LLPS). In this process, a solution is demixed
into two or more phases (Emenecker et al., 2020). This mechanism has been examined in
simplified in vitro systems, but the involvement of different cell components renders the
mechanism more complex in vivo (Fang et al., 2019; Riback et al., 2020; Zhu et al., 2021).

NBs comprise an immense variety of types, and plants and animals share several of
them, e.g., the nucleolus, Cajal bodies, and speckles. The nucleolus is involved in transcription
of ribosomal DNA, processing of ribosomal RNA, and ribosome biogenesis (Kalinina et al.,
2018; Lafontaine et al., 2021). Nucleoli share components and function with Cajal bodies,
which are e.g., ribonucleoproteins and RNA processing (Love et al., 2017; Trinkle-Mulcahy
and Sleeman, 2017). Speckles are known spliceosomal sites (Reddy et al., 2012; Galganski
et al.,, 2017). Plant-specific NBs are photobodies (PBs), which are triggered by light,
temperature, and circadian clock (Pardi and Nusinow, 2021). PBs harbor regulatory complexes
of the photomorphogenic responses, including photoreceptors like phytochromes (phy) and
bHLH TFs belonging to the PHYTOCHROME INTERACTING FACTORs (PIFs; Pardi and
Nusinow, 2021). Another trigger for inducible condensate formation is temperature (Jung et
al., 2020; Zhu et al., 2021).

NBs may act as hubs integrating environmental signals (Emenecker et al., 2020;
Meyer, 2020). Especially PBs may combine external cues, such as light, as an input signal to
steer developmental processes (Kaiserli et al., 2015; Meyer, 2020; Pardi and Nusinow, 2021).
Itis proposed that the formation of NBs could be an ancient mechanism for spatial organization
within the nucleus (Emenecker et al., 2020). As more evidence on condensation in plants
arises, this topic remains barely examined in the scope of plant nutrition.

The motivation for our study was to elucidate the mechanism behind subcellular
distribution and nuclear mobility of FIT. We had found an interesting hint that FIT may undergo
light-inducible nuclear condensation, when we detected FIT nuclear bodies (NBs). We
developed a standardized FIT NB analysis procedure and applied it to characterize quantitative
and qualitative aspects of the dynamic NB formation using different microscopy-based
techniques. Thereby, we were able to link FIT NB formation with the activity status of FIT to
form functional protein complexes. We found that splicing and light signaling were also
associated with FIT NBs. Thus, this study lays ground for FIT NBs being regulatory hubs
steering nutritional signaling and associating functional significance to FIT protein condensate

formation.

Results

FIT localizes to NBs in light-inducible and dynamic manner likely as a result of LLPS
The TF FIT has a dynamic mobility and capacity to form TF complexes inside plant

cells (Gratz et al., 2019; Trofimov et al., 2019). To explore possible mechanisms for dynamic

FIT subcellular localization, we performed a microscopic study on FIT-GFP protein localization
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Figure 1. FIT accumulated in nuclear condensates, termed FIT nuclear bodies (NBs) in a light-inducible
manner, most likely following liquid-liquid phase separation (LLPS).

A, Induction of FIT NBs in Arabidopsis root epidermis cells of the root differentiation zone. Left, light
microscopy overview image of a 5-d-old Arabidopsis seedling (FIT-GFP/fit-3) grown in iron deficiency. Right, nuclear
localization of FIT-GFP in the root epidermis cells as indicated in the overview image, at t=0 and t=40 min. FIT-GFP

signals were evenly distributed in the nucleus at t=0 min, and after induction by excitation with 488 nm laser NB
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formation accumulated in NBs at t=40 min. Note that root epidermis cells developed few NBs with weak FIT-GFP
signals. B-H, Fluorescence protein analysis in transiently transformed N. benthamiana leaf epidermis cells. B-D,
Confocal images of B, FIT-GFP, C, FIT-mCherry, and D, ZAT12-GFP at t=0 and t=5 min. At t=0 min, FIT-GFP and
FIT-mCherry showed an even distribution within the nucleus. Following a 488 nm laser excitation, numerous NBs
were clearly visible in all examined transformed cells at t=5 min. These NBs were termed FIT NBs. Under the same
imaging conditions, ZAT12-GFP did not show NB formation. According to these results, a standardized FIT NB
analysis procedure was set up (Supplemental Figure S1). See also Supplemental Movie S1A-C. E-G, FRAP
measurements to test for liquid-like behaviour of FIT NBs, using the standardized FIT NB analysis procedure in
transiently transformed N. benthamiana leaf epidermis cells. E, Images of the fluorescent signal during the FRAP
experiment, taken before bleaching (0 s) and recovery of fluorescence at three time points after bleaching from 3 s
to 45 s within the circled region of a NB. F, Diagram representing the relative fluorescence during the measurement,
showing a high fluorescence recovery rate of FIT-GFP within NBs. G, Diagram representing the mobile fraction of
FIT-GFP calculated based on the relative fluorescence recovery. The diagram indicates high mobility of FIT. H,
Quantification of the FIT NB shape with the software Imaged (National Institutes of Health), indicating that FIT NBs
have circular shape. Mobility and circularity characteristics indicate that FIT NBs are most likely liquid condensates
that are the result of LLPS.

Line diagram represents the mean and standard deviation. Box plots show 25-75 percentile with min-max
whiskers, mean as small square and median as line. Scale bars of nuclei images, 2 ym; scale bar full seedling,
1 mm. Arrowheads indicate NBs. G = GFP; C = mCherry.

in the root epidermis of the root differentiation zone of 5-d-old iron-deficient seedlings of
Arabidopsis thaliana (Arabidopsis), where FIT is active and iron acquisition occurs (35S0:FIT-
GFP complemented fit-3; Jakoby et al., 2004; Gratz et al., 2019). At first microscopic
inspection, FIT-GFP was evenly distributed within the nucleus. After a lag time, FIT-GFP
became re-localized at the subnuclear level (Figure 1A). Discrete FIT-GFP nuclear spots were
visible after 40 min earliest, sometimes taking up to 2 h to appear. One to four spots were
observed per nucleus. Nuclear FIT-GFP spots were triggered either by exposure of whole
seedlings to 488 nm laser for several minutes or by shifting seedlings grown in white light into
blue light for a total time of 2 h with subsequent immediate imaging. The observation of FIT
nuclear spots in the root epidermis of the root differentiation zone was very interesting,
suggesting that these might perhaps be NBs containing FIT. However, further inspection of the
nuclear spots in root cells in this differentiating root zone was hampered by several difficulties,
namely the small size and low accessibility of the nucleus, comparably low level of expression
of FIT in roots (see also Lingam et al., 2011; Meiser et al., 2011), and especially considering
the long lag time for detecting the nuclear spots. These factors made it impossible for us to
apply quantitative fluorescence microscopy techniques to draw validated conclusions on the
nature, dynamics, and functional significance of nuclear spots in root epidermis cells of the
root differentiation zone of iron-deficient seedlings.

FIT-GFP that was transiently expressed in Nicotiana benthamiana (N. benthamiana)
leaf epidermis cells under a B-estradiol-inducible promoter to control protein expression
showed a very similar re-localization of FIT-GFP into nuclear spots as observed in the

Arabidopsis root epidermis, again triggered by treatment with a 488 nm laser light stimulus.
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Differences were, however, the duration of the lag time needed to observe this phenomenon,
and the number of nuclear spots. As in Arabidopsis, FIT-GFP localized initially in uniform
manner to the entire nucleus (t=0) of N. benthamiana leaf epidermis cells. A short duration of
1 min 488 nm laser light excitation induced the formation of FIT-GFP signals in discrete spots
inside the nucleus after a lag time of only five minutes (t=5; Figure 1B and Supplemental
Movie S1A). The nuclear FIT spots were systematically initiated, and nearly all nuclei in the
imaged leaf disk showed numerous spots. A similar laser light excitation procedure was
previously found to elicit PB formation of cryptochrome2 (CRY2) in Arabidopsis protoplasts
and HEK293T cells (Wang et al., 2021). We deduced that the spots of FIT-GFP signal were
NBs. FIT NB formation was not dependent on the fluorescent tag, as it was similar for FIT-
mCherry when co-excited with 488 nm laser light (Figure 1C). Another TF and interactor of
FIT, ZINC FINGER OF ARABIDOPSIS THALIANA12-GFP (ZAT12-GFP; Le et al., 2016), did
not localize to NBs under the same imaging conditions (Figure 1D and Supplemental
Movie S1B). Therefore, we concluded that FIT localization to NBs was a specificity of FIT and
that formation of FIT NBs was not artificially caused by fluorescent tags or the imaging setup.
Importantly, the N. benthamiana epidermis expression system was suited to control the
parameters for light-induced triggering of FIT NBs and their quantitative analysis by
fluorescence microscopy. We then developed a standardized experimental procedure for
qualitative and quantitative FIT NB analysis in N. benthamiana (hereafter named ‘standardized
FIT NB analysis procedure’; Supplemental Figure S1).

LLPS is a possible way for condensate formation, and liquid-like features are
quantifiable by mobility and shape analysis within condensates (Shin et al., 2017; Wang et al.,
2021). We used the standardized FIT NB analysis procedure to examine whether this could
also be a mechanism underlying the FIT NB formation. Mobility of FIT NBs was tested with the
fluorescence recovery after photobleaching (FRAP) approach (Bancaud et al., 2010; Trofimov
et al., 2019) by recording the recovery of the fluorescence intensity over time in a bleached NB
(Figure 1E-G). According to relative fluorescence intensity the fluorescence signal recovered
to a high extent with FIT NBs (Figure 1F), and the calculated mobile fraction of the NB protein
was on average 80% (Figure 1G). Shape analysis of FIT NBs showed that the NBs reached
a high circularity score (Figure 1H). According to Wang et al. (2021), fluorescence recovery
and circularity scores as the ones measured for FIT NBs reflect high mobility and circular
shape. Thus, FIT NBs behave in a liquid-like manner suggesting that LLPS might be the
mechanism leading to FIT NB formation.

In summary, the developed standardized FIT NB analysis procedure was well suited
for investigating dynamic properties of light-induced FIT NBs and characterizing them as the
likely result of LLPS. Because of these properties, it is justified to term them ‘FIT NBs’. We

hypothesized that NB formation is a feature of the FIT protein that provides regulatory

137



Manuscript |

specificity, and we subsequently investigated this hypothesis using the developed

standardized FIT NB analysis procedure in all subsequent assays below.

FIT forms homodimeric complexes preferentially in NBs, dependent on Ser271/272
Next, we asked which properties of the FIT protein enable NB formation. Residue
Ser271/272 is important for the homo- and heterodimerization capacity of FIT (Gratz et al.,
2019). We therefore asked whether this site has an influence on FIT NB formation, and we
compared the ability for NB formation of mutant FITmSS271AA-GFP with that of wild-type FIT-
GFP protein. FITmSS271AA-GFP also localized to NBs, however with different dynamics.
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Figure 2. The FIT C-terminal Ser271/272 site was important for the capacity of FIT to localize to NBs.

A, Confocal images of nuclear localization of FITmSS271AA-GFP at t=0 and t=15 min. FITmSS271AA-
GFP accumulated in NBs, but NB formation required a longer time compared to FIT-GFP. See also Supplemental
Movie S1, A and C. B, Number of NBs, and C, size of NBs, of FIT-GFP and FITmSS271AA-GFP at t=5/15 min.
NB number and size were determined with the software ImagedJ (National Institutes of Health). FIT-GFP
accumulated in more and larger NBs than FITmSS271AA-GFP. See Supplemental Movie S1, A and C.
FITmSS271AA-GFP lacks IDRSe271272 This IDR may be relevant for FIT NB formation (Supplemental Figure S2).

Bar diagrams represent the mean and standard deviation. Statistical analysis was performed with the
Mann-Whitney test. Different letters indicate statistically significant differences (P <0.05). Scale bar: 2 ym.
Arrowheads indicate NBs. G = GFP. Analysis was conducted in transiently transformed N. benthamiana leaf

epidermis cells, following the standardized FIT NB analysis procedure.
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The formation of FITmSS271AA NBs was delayed in time (Figure 2A; t=15 instead of

t=5). While FIT-GFP NB formation started in the first minutes after excitation (Supplemental
Movie S1A), FITmSS271AA-GFP NB formation occurred earliest 10 min after excitation
(Supplemental Movie S1C). In addition, NB number and size of FITmSS271AA-GFP were

decreased in comparison to the ones from wild-type FIT-GFP (Figure 2, B and C). Hence, the

dynamics of NB formation were dependent on Ser271/272.

The process of condensation is facilitated when proteins possess IDRs, since,
importantly, IDRs may engage in numerous interactions in space due to rapid conformational
changes (Tarczewska and Greb-Markiewicz, 2019; Emenecker et al.,, 2020). The three-
dimensional conformation of wild-type FIT had predicted stretches of intrinsic disorganization,
peaking before and at the basic region of the bHLH domain, and two in the C-terminal part,
one of them around the Ser271/272 site (termed IDRS®?7"272; Supplemental Figure S2A). In
contrast, in the FITmSS271AA mutant this C-terminal region was no longer classified as IDR
(Supplemental Figure S2B). This underlined the significance of the Ser271/272 site, not only
for interaction but also for FIT NB formation.

We then tested whether FIT homodimerization was preferentially associated with NB
formation. For that, we investigated whether FIT-GFP shows a differentiated homodimerization
strength, first, inside the NBs versus the nucleoplasm (NP), and second, as wild-type FIT
versus the mutant FITmSS271AA-GFP protein by performing anisotropy (or homo-FRET)
measurements. Energy transfer between the same kind of fluorescently tagged proteins leads
to depolarization of the emitted light (Stahl et al., 2013; Weidtkamp-Peters et al., 2022).
Fluorescence anisotropy (FA) describes this depolarization and gives hints on the dimerization
and oligomerization status of a protein as the FA value decreases (Figure 3A). We measured
FA before (t=0) and after NB formation (t=5 for FIT and t=15 for FITmSS271AA), and analyzed
the homodimerization strength for the whole nucleus, the NBs, and the residual NP
(Figure 3B-D). Free GFP and GFP-GFP constructs were used as references for monomers
and dimers (Figure 3C and D).

Whole nucleus FA values were lower at t=5 than at t=0 for FIT-GFP. Additionally, FA
values were lower within the NBs compared to the NP (Figure 3C). Compared to wild-type
FIT-GFP, FA values were not reduced for mutant FITmSS271AA-GFP at t=15 compared to
t=0. Also, the FA values did not differ between NBs and NP for the mutant protein (Figure 3D).
This indicated the presence of homodimeric FIT complexes in NBs.

In summary, wild-type FIT had better capacities to localize to NBs than mutant
FITmSS271AA, presumably due its IDRS®271272 gt the C-terminus. NBs were nuclear sites in

which FIT formed preferentially homodimeric protein complexes.

FIT-bHLHO039 interaction complexes preferentially accumulate in FIT NBs
FIT engages in protein-protein interactions with bHLHO39 to steer iron uptake target

gene induction in the nucleus, while mutant FITmSS271AA protein is less active in interacting
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Figure 3. FIT was present in homodimeric protein complexes in NBs, dependent on Ser271/272 site.

Anisotropy (or homo-FRET) measurements of FIT-GFP and FITmSS271AA-GFP to determine
homodimerization strength. A, Schematic illustration of the anisotropy principle. Energy transfer between the same
kind of fluorescently tagged proteins leads to depolarization of the emitted light. Extent of the depolarization gives
a hint on dimerization and oligomerization of a protein as the fluorescence anisotropy (FA) value decreases. B,
Images showing colour-coded FA values of FIT-GFP and FITmSS271AA at t=0 and t=5/15 min. C-D, Quantification
of FA values. FA was measured at t=0 within the whole nucleus and at t =5/15 min within the whole nucleus, in NBs
and in residual NP. Free GFP and GFP-GFP served as references for mono- and dimerization. FA values for C,
FIT-GFP, and D, FITmSS271AA-GFP. FA values decreased for FIT-GFP, but not FITmSS271AA-GFP, in the whole
nucleus (compare t=0 with t=5/15 min). FA values were also lowered in NBs versus NP in the case of FIT-GFP but
not FITmSS271AA-GFP (compare t=5/15 min of NBs and NP). This indicates stronger homodimerization of FIT
than FITmSS271AA-GFP in the whole nucleus and in NBs. IDRSe271272 may therefore be relevant for FIT NB
formation and FIT homodimerization (Supplemental Figure S2).

Box plots show 25-75 percentile with min-max whiskers, mean as small square and median as line.
Statistical analysis was performed with one-way ANOVA and Tukey post-hoc test. Different letters indicate
statistically significant differences (P < 0.05). Scale bar: 2 ym. Arrowheads indicate NBs. C and D show the same
free GFP and GFP-GFP references because both measurements were performed on the same day. G = GFP.
Fluorescence protein analysis was conducted in transiently transformed N. benthamiana leaf epidermis cells,
following the standardized FIT NB analysis procedure.
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with bHLHO39 (Gratz et al., 2019). Hence, we tested whether FIT also interacts with bHLH039
preferentially inside NBs and whether mutant FITmSS271AA differs in this ability from wild-
type FIT protein. bHLHO39 alone does not localize inside the nucleus but requires FIT for
nuclear localization (Trofimov et al., 2019), so that bHLH039 was not used alone to test its
subnuclear localization.

Upon co-expression, FIT-GFP and bHLHO039-mCherry colocalized fully in NBs that
resembled the previously described FIT NBs. In the beginning, both proteins were uniformly
distributed within the nucleus (t=0), and later became localized in NBs (t=5; Figure 4A).

We then examined the heterodimerization strength of FIT-GFP and bHLHO039-mCherry,
and FITmSS271AA-GFP and bHLHO039-mCherry by FRET-fluorescence lifetime imaging
microscopy (FRET-FLIM) measurements. In case of protein interaction (close proximity,
<10 nm), energy transfer between a fluorescently tagged donor and a fluorescently tagged
acceptor decreases the fluorescence lifetime of the donor (Figure 4B; Borst and Visser, 2010;
Weidtkamp-Peters and Stahl, 2017). We quantified the fluorescence lifetime of FIT-GFP and
FITmSS271AA-GFP respective of heterodimerization before (t=0) and after NB formation (t=5
for FIT and t=15 for FITmSS271AA) in the whole nucleus, in NBs, and in the NP (Figure 4C-
E). FIT-GFP and FITmSS271AA-GFP (donor only) served as negative controls.

Fluorescence lifetime was decreased for the pair FIT-GFP and bHLH039-mCherry at
t=5 within NBs compared to all other measured areas (Figure 4D). In contrast to that, the
fluorescence lifetime decrease for the pair FITmSS271AA-GFP and bHLH039-mCherry at t=15
was not different between NBs and NP (Figure 4E). This indicated that heterodimeric
complexes accumulated preferentially in FIT NBs.

In summary, heterodimerization of FIT with bHLH039 was spatially concentrated in NBs
versus the remaining nuclear space and was less prominent for FITmSS271AA. Hence, the
capacity of FIT to form an active TF complex was coupled with its presence in NBs. The
occurrence of FIT homo- and heterodimerization preferentially in NBs suggests that FIT protein
interaction may drive condensation. We therefore concluded that FIT NBs may be sites with

active TF complexes for iron deficiency response regulation.

FIT NBs colocalize with speckle components

Numerous NB types are known, and they are associated with particular proteins that
are indicative of the NB type. To further understand the identity, dynamics, and function of FIT
NBs, we co-expressed FIT-GFP with seven different NB markers from The Plant Nuclear
Marker collection (NASC) and observed NB formation and protein colocalization before (t=0)
and after FIT NB formation (t=5). In cases where we detected a colocalization with FIT-GFP,
we analyzed the localization of NB markers also in the single expression at =0 and at t=5 after

the 488 nm excitation, to detect potentially different patterns in single and co-expression.
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Figure 4. FIT was present in heterodimeric protein complexes with bHLH039 in NBs, dependent on

Ser271/272 site.
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A, Confocal images with colocalization of FIT-GFP and bHLHO039-mCherry in the nucleus. Both proteins
were evenly distributed within the nucleus at t=0 and colocalized fully in FIT NBs at t=5 min. B-E, FRET-FLIM
measurements to determine heterodimerization strength of FIT and FITmSS271AA with bHLHO39, respectively.
FIT-GFP and FITmSS271AA-GFP (donor only) served as negative controls. B, Schematic illustration of the FRET-
FLIM principle. Energy transfer occurs between two different fluorophores. One fluorophore acts as the donor and
the other as the acceptor of the energy. In case of interaction (close proximity, <10 nm) the fluorescence lifetime of
the donor decreases. C, Images showing colour-coded fluorescence lifetime values of FIT-GFP and
FITmSS271AA-GFP co-expressed with bHLH039-mCherry at t=0 and t=5/15 min. D-E, FRET-FLIM measurements
at t=0 within the whole nucleus and at t=5/15 min within the whole nucleus, inside NBs and in residual NP.
Fluorescence lifetime was reduced for the pair of FIT-GFP and bHLH039-mCherry in NBs versus NP at t=5 min,
indicating protein interaction preferentially inside NBs. Fluorescence lifetime values were not significantly different
for the pair FITmSS271AA-GFP and bHLHO039-mCherry in this same comparison at t=15 min, indicating that this
pair did not preferentially interact in NBs. IDRS271272 may therefore be relevant for FIT NB formation, and FIT
homo- and heterodimerization (Supplemental Figure S2).

Box plots show 25-75 percentile with min-max whiskers, mean as small square and median as line.
Statistical analysis was performed with one-way ANOVA and Tukey post-hoc test. Different letters indicate
statistically significant differences (P < 0.05). Scale bar: 2 um. Arrowheads indicate NBs. G = GFP; C = mCherry.
Fluorescence protein analysis was conducted in transiently transformed N. benthamiana leaf epidermis cells,

following the standardized FIT NB analysis procedure.

All seven NB markers were expressed together with FIT-GFP, and according to the
resulting extent of colocalization we subdivided them into three different types. The first type
(type 1) did colocalize with FIT-GFP neither at t=0 nor at t=5. This was the case for the Cajal
body markers coilin-mRFP and U2 snRNP-specific protein U2B”-mRFP (Supplemental
Figure S3; Lorkovi¢ et al., 2004; Collier et al., 2006). Coilin-mRFP localized into a NB within
and around the nucleolus and with barely any protein in the residual NP, which did not
colocalize with FIT NBs (Supplemental Figure S3A). The NBs of U2B”-mRFP close to the
nucleolus also did not colocalize with FIT NBs (Supplemental Figure S3B). Hence, FIT-GFP
was not associated with Cajal bodies.

The second type (type IlI) of NB markers were partially colocalized with FIT-GFP. This
included the speckle components ARGININE/SERINE-RICH45-mRFP (SR45) and the
serine/arginine-rich matrix protein SRm102-mRFP. SR45 is involved in splicing and alternative
splicing and is part of the spliceosome in speckles (Ali et al., 2003), and was recently found to
be involved in splicing of iron homeostasis genes (Fanara et al., 2022). SRm102 is a speckle
component (Kim et al., 2016). SR45-mRFP localized barely in the NP but inside few and very
large NBs that remained constant at t=0 and t=5. FIT-GFP did not colocalize in those NBs at
t=0, however, it colocalized with the large SR45-mRFP NBs at t=5 (Figure 5A). FIT-GFP also
localized in typical FIT NBs in the residual NP at t=5 (Figure 5A). SRm102-mRFP showed low
expression in the NP and stronger expression in a few NBs that also remained constant at t=0
and t=5. FIT-GFP colocalized with SRm102-mRFP in only few instances at t=5, but not t=0,
while most FIT NBs did not colocalize with SRm102-mRFP NBs (Figure 5B). Both SR45-

mRFP and SRm102-mRFP had the same localization pattern at t=0 and t=5, irrespective of
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Figure 5. Two NB markers and splicing components were present in NBs in which FIT accumulated after
the light trigger, whereas they were not part of FIT NBs (designated type II).

Confocal images showing localization of FIT-GFP and NB markers (type Il) upon co-expression in the
nucleus at t=0 and t=5 min. Co-expression of FIT-GFP with A, SR45-mRFP, and B, SRm102-mRFP. Type || NB
markers localized inside NBs at t=0 and t=5 min. Similar localization patterns were observed upon single
expression, showing that SR45 and SRm102 are present in distinct NB types (compare with Supplemental
Figure S4, A and B). FIT-GFP colocalized with type Il markers in their distinct NBs at t=5 min, but not t=0. FIT-
GFP additionally localized in FIT NBs at t=5 min. Type Il markers were not present in FIT NBs, while FIT-GFP
became recruited into the distinct type 1| NBs upon the light trigger. Hence, FIT NBs could be associated with
speckle components.

Scale bar: 2 ym. Filled arrowheads indicate colocalization in NBs, empty arrowheads indicate no
colocalization in NBs. G = GFP; R = mRFP. Fluorescence protein analysis was conducted in transiently transformed
N. benthamiana leaf epidermis cells, following the standardized FIT NB analysis procedure. For data with type |

markers (no colocalization) and type Ill markers (full colocalization) see Supplemental Figure S3 and Figure 6.
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FIT-GFP co-expression or 488 nm excitation (Supplemental Figure S4). These type || NB
markers seemed to recruit FIT-GFP into NBs after 488 nm excitation that were present (pre-
existing) before FIT-GFP NB formation, while FIT-GFP localized additionally in separate FIT
NBs. Hence, FIT became associated with splicing components and speckles upon the light
trigger.

A third type (type Ill) of three NBs markers, namely UAP56H2-mRFP, P15H1-mRFP,
and PININ-mRFP, were fully colocalized with FIT-GFP. Until now, these NB marker proteins
are not well described in plants. UAP56H2 is a RNA helicase, which is involved in mRNA
export (Kammel et al., 2013). P15H1 was found as a putative Arabidopsis orthologue of an
exon junction complex component in humans (Pendle et al., 2005), while PININ has a
redundant role to its paralogue apoptotic chromatin condensation inducer in the nucleus
(ACINUS) in alternative splicing (Bi et al., 2021).

UAP56H2-mRFP and P15H1-mRFP did not localize in NBs and were not responsive
to the 488 nm excitation when expressed alone or together with FIT-GFP at t=0 (Figure 6, A
and B and Supplemental Figure S4, C and D). When co-expressed with FIT-GFP and
following the 488 nm excitation, at t=5, the two NB markers adopted the FIT NB pattern and
colocalized with FIT-GFP in FIT NBs (Figure 6, A and B). PININ-mRFP was also uniformly
distributed in the nucleus at t=0 like FIT-GFP and fully colocalized with FIT NBs at t=5
(Figure 6C). But curiously, PININ-mRFP showed a very different localization in the single
expression. Predominately, it localized to a very large NB besides several small NBs with no
expression in the NP at t=0 and at =5 (Supplemental Figure S4E). Thus, FIT-GFP recruited
these type Ill NB marker and speckle proteins fully into FIT NBs. Since type |ll NB markers are
also potentially involved in splicing and mRNA export from the nucleus, these same functions
may be relevant in FIT NBs.

Taken together, the colocalization studies underlined the dynamic behavior of inducible
FIT NB formation. FIT NBs had a speckle function, in which on the one hand FIT was recruited
itself into pre-existing splicing-related NBs (SR45-mRFP and SRm102-mRFP, type Il), while
on the other hand it also recruited speckle-localized proteins into FIT NBs (UAP56H2-mRFP,
P15H1-mRFP, and PININ-mRFP, type Ill).

PB components influence FIT NB localization and formation

PBs are plant-specific condensates which harbor various light signaling components
(Kircher et al., 2002; Bauer et al., 2004). Among them are the bHLH TFs of the PIF family. As
key regulators of photomorphogenesis, they integrate light signals in various developmental
and physiological response pathways (Leivar and Monte, 2014; Pham et al., 2018). Indeed,
PIF4 may control iron responses in Arabidopsis based on computational analysis of iron
deficiency response gene expression networks (Brumbarova and lvanov, 2019). We tested in

the same manner as described above for NB markers, whether FIT NBs coincide with two of
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Figure 6. Three NB markers and speckle components became localized in FIT NBs and colocalized fully
with FIT (designated type lll), suggesting that FIT NBs have speckle function.
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Confocal images showing localization of FIT-GFP and NB markers (type Ill) upon co-expression in the
nucleus at t=0 and t=5 min. Co-expression of FIT-GFP with A, UAP56H2-mRFP, B, P15H1-mRFP, and C, PININ-
mRFP. All three type Ill NB markers were homogeneously distributed and colocalized with FIT-GFP in the nucleus
at t=0, while they colocalized with FIT-GFP in FIT NBs at t=5 min. UAP56H2-mRFP and P15H1-mRFP showed
homogeneous localization in the single expression at both t=0 and t=5 min (compare with Supplemental Figure S$4,
C and D), while PININ-mRFP localized mainly in one large and several small NBs upon single expression at t=0
and t=5 min (compare with Supplemental Figure S4E). Hence, these three markers adopted the localization of
FIT-GFP upon co-expression and suggest that FIT NBs have a speckle function.

Scale bar: 2 um. Arrowheads indicate colocalization within NBs. G = GFP; R = mRFP. Fluorescence
protein analysis was conducted in transiently transformed N. benthamiana leaf epidermis cells, following the
standardized FIT NB analysis procedure. For data with type | markers (no colocalization) and type Il markers (partial
colocalization) see Supplemental Figure S3 and Figure 5.

the described PB markers, PIF3-mCherry and PIF4-mCherry (Van Buskirk et al., 2014; Qiu et
al., 2019, 2021).

We detected distinct localization patterns for PIF3-mCherry and PIF4-mCherry. At t=0,
PIF3-mCherry was predominantly localized in a single large PB (Figure 7A). In general,
localization of single expressed PIF3-mCherry remained unchanged at t=0 and t=15
(Supplemental Figure S5A). Upon co-expression, FIT-GFP was initially not present in PIF3-
mCherry PB at t=0. After 488 nm excitation and at t=5, FIT NBs were still not visible. Instead,
FIT-GFP accumulated and finally colocalized with the large PIF3-mCherry PB at t=15, while
the typical FIT NBs did not appear (Figure 7A).

PIF4-mCherry localized in two different patterns, and both differed substantially from
that of PIF3-mCherry. In the one pattern at t=0, PIF4-mCherry was not localized to any PBs,
but instead was uniformly distributed in the NP as was the case for FIT-GFP. Such a pattern
was also seen at t=15, and then neither PIF4-mCherry nor FIT-GFP were localized in any
PBs/NBs (Figure 7B). In the other pattern, PIF4-mCherry and FIT-GFP localized in multiple
PBs at t=0 and t=15, whereas none of them corresponded morphologically to the typical FIT
NBs (Figure 7C). The same two localization patterns were also found for PIF4-mCherry in the
single expression, whereby 488 nm excitation did not alter PIF4-mCherry localization
(Supplemental Figure S5, B and C).

Hence, FIT was able to localize to PBs when co-expressed with PIF3 and PIF4,
underlining the ability of FIT as a key regulator to cross-connect iron acquisition regulation to

other signaling pathways.

Discussion

In this study, we uncovered a previously unknown phenomenon, the light-induced
accumulation of FIT condensates in FIT NBs. LLPS was most likely the underlying mechanism
for this highly dynamic process. FIT NBs were enriched in active FIT TF complexes for iron
deficiency gene regulation. FIT associated with speckles and PBs in a highly dynamic fashion.

Based on these data, FIT NBs are dynamic microenvironments with active FIT TF complexes
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Figure 7. FIT colocalized with photobody (PB) markers in distinct PBs.
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Confocal images showing localization of FIT-GFP and PB markers upon co-expression in the nucleus at
t=0 and t=15 min. Co-expression of FIT-GFP with A, PIF3-mCherry, and B and C, PIF4-mCherry, in B, showing a
typical pattern with absence of NBs (ca. 50% of nuclei), in C, showing a typical pattern with presence of NBs (ca.
50% of cells). When FIT-GFP was co-expressed with PB markers, FIT NBs did not appear at t=5 min, but instead,
FIT-GFP colocalized with PB markers in PBs at t=15 min. A, PIF3-mCherry localized predominantly to a single large
PB at t=0 and t=15 min. FIT-GFP colocalized with PIF3-mCherry in this single large PB at t=15 min. B, PIF4-
mCherry and FIT-GFP were both homogeneously distributed in the nucleoplasm at t=0 and t=15 min. In C, FIT-
GFP colocalized with PIF4-mCherry in PBs at t=0 and t=15 min. The same localization patterns were found for
PIF3-mCherry and PIF4-mCherry upon single expression (compare with Supplemental Figure S5). Hence, FIT-
GFP was recruited to the two distinct types of PIF3 and PIF4 PBs, whereas PIF3 and PIF4 were not recruited to
FIT NBs. This suggests that FIT NBs are affected by the presence of PIF3- and PIF4-containing PBs and a
connection to light signalling exists.

Scale bar: 2 ym. Arrowheads indicate colocalization in PBs. G = GFP; C = mCherry. Fluorescence protein
analysis was conducted in transiently transformed N. benthamiana leaf epidermis cells, following the standardized
FIT NB analysis procedure.

that possibly are hubs to cross connect transcriptional iron deficiency gene expression with

post-transcriptional regulation and light signaling.

A standardized procedure for FIT NB induction was crucial to delineate the
characteristics of FIT NBs in reliable manner

A major aim of this study was to characterize the nature and potential function of light-
induced FIT NBs. To be able to apply the quantitative microscopy-based techniques, we
needed to control the appearance of NBs in reliable manner and FIT-GFP fluorescence
needed to be sufficiently strong. This was clearly a limitation for inspection of root epidermis
cells of the root differentiation zone in iron-deficient plants in which FIT-controlled iron uptake
takes place. Not every root epidermis cell showed NBs and only few FIT NBs were detectable
after a delay of 40 min to 2 h. Since condensation depleted FIT protein in the nucleoplasm, the
remaining low FIT protein concentration can be the reason why FIT NBs remained few in
number in the Arabidopsis root cells. The N. benthamiana protein expression system did not
present these limitations and high-quality measurement data were obtained for all
experimental series. Furthermore, this expression system is a well-established and widely
utilized system in plant biology (Martin et al., 2009; Bleckmann et al., 2010; Leonelli et al.,
2016; Burkart et al., 2022). The developed standardized assay generated reliable and accurate
data for statistical analysis and quantification to conclude about FIT NB characteristics.

This way, we linked the dynamic process of FIT NB formation with LLPS, which was
most likely the mechanism of FIT NB formation. First of all, according to FRAP data, FIT NBs
maintained a dynamic exchange of FIT protein with the surrounding NP. Despite of that, the
initiation of condensation may overall reduce the mobility of FIT-GFP versus FITmSS271AA-
GFP in the whole nucleus in the absence of visible FIT NBs that we observed in a previous
study (Gratz et al., 2019). bHLHO039 accumulates in cytoplasmic foci at the cell periphery
(Trofimov et al., 2019). In these foci, bHLHO039 is immobile. Probably, bHLH039 was retained
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in these cytoplasmic foci in a non-functional state, as it was only seen in the absence of FIT.
This underlines the understanding that liquid condensates such as FIT NBs are dynamic
microenvironments, whereas immobile condensates point rather towards a solid and
pathological state (Shin et al., 2017).

Second, FIT NBs were mostly of circular shape. Circular condensates appear as
droplets, in contrast to solid-like condensates that are irregularly shaped (Shin et al., 2017).
This is speaking in favor of liquid-like features, suggesting that LLPS underlies FIT NB
formation. A similar situation was described for CRY2 PBs, which were also of circular shape
with mobile protein inside PBs (Wang et al., 2021). In conclusion, the properties of liquid
condensation along with the findings that it occurred irrespective of the fluorescence protein
tag preferentially with wild-type FIT, but with different dynamics for the mutant FITmSS271AA

and not at all for ZAT12, allowed us to coin the term of ‘FIT NBs'.

IDRSer2711272 was crucial for interaction and NB formation of FIT

FIT NBs were hotspots for FIT interaction, allowing to assume that they are integrated
in the iron deficiency response as interaction hubs. FIT formed homodimers and heterodimers
with bHLHO39 preferentially in NBs compared with the NP. These abilities distinguished wild-
type FIT and mutant FITmSS271AA. According to these findings FITmSS271AA was less
successful in interacting within NBs, indicating that wild-type FIT is a multivalent protein and
IDR®e271272 is important for that. bHLH proteins interact with other proteins via the helix-loop-
helix interface, which may certainly also be the case for FIT. Our study supports previous
reports that FIT protein interaction via its C-terminus is relevant (Lingam et al., 2011; Le et al.,
2016; Gratz et al., 2019). The property of being able to interact via the HLH and via the C-
terminal domain allows FIT to be multivalent. It could not be distinguished whether FIT
homodimers were a prerequisite for the localization of bHLH039 in NBs or whether FIT-
bHLHO039 complexes also initiated NBs on their own.

The predicted and disrupted C-terminal FIT IDRS®?7"272 jn the FITmSS271AA mutant
was relevant for NB formation capacity. IDRs are often required for protein interactions of hub
proteins since the flexible IDRs adapt to interactions with multiple protein partners and are
therefore crucial for multivalency (Tarczewska and Greb-Markiewicz, 2019; Emenecker et al.,
2020; Salladini et al., 2020). Besides, evidence exists that the amino acid composition of IDRs
is crucial for condensation (Powers et al., 2019; Emenecker et al., 2021; Huang et al., 2022).
Very interestingly, post-translational modification in form of phosphorylation within IDRs is
suggested to be a mechanism to regulate condensate formation (Owen and Shewmaker,
2019). Ser271/272 is targeted by a FIT-interacting protein kinase that was shown to affect FIT
activity in vivo and FIT phosphorylation in vitro (Gratz et al., 2019). Hence, phosphorylation of

Ser271/272 might perhaps be a trigger for NB formation in vivo.
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Formation of FIT NB could happen de novo but also associate with pre-existing
condensates in the nucleus

FIT may have formed FIT NBs as entirely newly formed structures upon the light trigger.
But it is also possible that FIT joined pre-existing NBs, which then became the structures we
termed FIT NBs. Partial or full colocalization of FIT-GFP with NB and PB markers revealed the
remarkably high and intriguing dynamic nature of FIT NBs and suggests that both possibilities
are plausible. Speaking in favor of pre-existing NBs is on the one hand that FIT NBs are seen
upon a light trigger. Since FIT does not possess light-responsive domains, it is most likely that
a light-responsive protein must be inducing FIT NB formation. The basic leucine zipper TF
ELONGATED HYPOCOTYL5 (HY5) could be a good candidate, since HY5 is a mobile protein
involved in iron acquisition in tomato (Gao et al., 2021; Guo et al., 2021). Possibly activation
and condensation involve not only the studied NB and PB markers but also potentially signaling
proteins or further scaffold proteins that are part of the multivalent protein complexes in FIT
NBs. On the other hand, FIT-GFP accumulated not only in FIT NBs but also in the pre-existing
NBs with type Il NB markers (SR45 and SRm102) after the FIT NB induction procedure. In this
respect, type Il markers were similar to PIF3 and PIF4. FIT-GFP was recruited to pre-existing
PBs and again only after the light trigger. Interestingly, typical FIT NB formation did not occur
in the presence of PB markers, indicating that they must have had a strong effect on recruiting
FIT. Overall, the dynamics of FIT colocalization with type Il NB and PB markers suggest that
these condensates dictated FIT condensation in their own pre-existing NBs/PBs. This
recruiting process could be navigated via protein-protein interaction since this is the driving
force of condensation (Kaiserli et al., 2015; Emenecker et al., 2020).

Speaking in favor of a de novo FIT NB formation is the localization with type IIl NB
markers. The three fully colocalizing type Il NB markers (UAP56H2, P15H1 and PININ)
accumulated only in FIT NBs upon co-expression with FIT and mostly not on their own. The
same was true for bHLHO39, that joins FIT in FIT NBs, showing that FIT not only facilitated
bHLHO39 nuclear localization (Trofimov et al., 2019) but also condensation. Interestingly, FIT
was able to change PININ nuclear localization. In single expression, PININ was localized to a
major large NB, but in colocalization with FIT it joined the typical FIT NBs. This suggests that
FIT dictates bHLHO039 and type Ill NB markers and highlights that FIT is also able to set the
tone for NB formation. Hence, FIT can recruit other proteins into NBs, and it is possible that
FIT forms its own NBs. Protein-protein interaction could underly this recruitment, as evident for
bHLHO039 (Kaiserli et al., 2015; Emenecker et al., 2020). Ultimately, as a high diversification of
condensates exists, a combination of newly formed NBs and localization to pre-existing NBs
cannot be ruled out. Given the variety of proteins localizing in condensates, effort in isolating
FIT NBs and identification of proteins within FIT NBs is necessary to further uncover the driving

forces of FIT NB formation.
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FIT NBs might have a transcriptional and post-transcriptional function

Since the type Il and Ill markers are splicing components, the colocalization studies
suggest that FIT NBs are speckles. On the one hand, the speckle nature coincides well with
the dynamic nature of FIT NBs. Like FIT NBs, speckles are highly dynamic. They are forming
around transcriptionally active sites in the interchromatin regions recruiting several protein
functions like MRNA synthesis, maturation, splicing and export (Reddy et al., 2012; Galganski
et al., 2017). The type Il speckle component SR45, for instance, was shown to be a highly
mobile protein in speckles and required phosphorylation for proper speckle localization (Ali et
al., 2003; Reddy et al., 2012). These processes fit well to the described FIT NB attributes. On
the other hand, speckle components are also linked with epigenetic mechanisms (Mikulski et
al., 2022). The characterization of FIT NBs as speckles is interesting because regulation of
splicing and epigenetic regulation is associated with iron deficiency gene expression. Genes
were spliced incorrectly in a sr45-1 null mutant Arabidopsis line, and gene expression of FIT
and FIT target genes was increased in sr45-1 seedlings, showing that an interplay between
SR45 and the iron uptake machinery exists (Fanara et al., 2022). Alternative splicing was
detected for FIT targets and the BHLH subgroup Ib genes in iron-deficient versus iron-sufficient
conditions (Li et al., 2013). Hence, FIT NBs may regulate iron uptake gene expression at post-
transcriptional level. Notably, PININ (type IIl), together with ACINUS, were shown to stabilize
SR45 (type Il) in plants (Bi et al., 2021). Further, UAP56H2, P15H1, and PININ (type Ill) are
connected to SR45 and SRm102 (type Il) in mammalian cells as all being part of the exon
junction complex and interacting with each other (Lin et al., 2004; Pendle et al., 2005). This is
an interesting parallel, as it suggests that type Il and type Ill marker localization is conserved
across kingdoms, underlying the ancient nature of condensates. Indeed, SR45 and PININ
located to a very large NB in non-induced cells. This opens the possibility that the two proteins
might localize to the same speckle, as also might FIT. Taken together, the observations confirm
the high diversification and complexity of FIT NBs and speckles (Lorkovi¢ et al., 2008) and it
is tempting to speculate that FIT might regulate splicing and alternative splicing of its target
genes by recruiting speckle components.

FIT is itself a direct target of FIT and the FIT-bHLHO39 complex (Wang et al., 2007;
Naranjo-Arcos et al., 2017), and perhaps FIT NB speckles appear at the FIT transcription site.
Indeed, coupling of transcription with splicing or alternative splicing is an established idea in
the mammalian field, and evidence for co-transcriptional splicing in plants is also recently rising
(Nojima et al., 2015; Zhu et al., 2018; Chaudhary et al., 2019). Mediator complex condensation
was shown to drive transcriptional control (Boija et al., 2018) and interestingly, FIT was also
shown to interact with Mediator complexes, directly and indirectly (Yang et al., 2014; Zhang et
al., 2014). Besides, other studies suggest TF condensation to be involved in transcriptional

regulation (Kaiserli et al., 2015; Huang et al., 2022). Possibly, the basic region of FIT and

152



Manuscript |

. &

Abundant FIT-bHLHO39 heterodimers in

NBs

Less abundant FITmSS271AA-bHLHO039

heterodimers in NBs

B

type | NB marker
+ L

® [ ®® 4
.- e ®
type Il NB marker

& BT

—

type lll NB marker
+ FIT

PIF3 + FIT

o [ e
PIF4 () + FIT
o0\ (o o®
PIF4 () +FIT

NBs are related to transcriptional and post-transcriptional regulation in speckles.
A, Light-induced FIT NB formation in the presence of FIT (top) or FITmSS271AA (bottom) and bHLH039.
FIT accumulates in FIT NBs, that are of circular shape and may undergo LLPS. FIT homodimers and FIT-bHLH039

Figure 8. Schematic summary models illustrating the dynamics of FIT NB formation, suggesting that FIT

heterodimers are present in the nucleus at t=0 and t=5 min. At t=5 min, homo- and heterodimers are preferentially
present in FIT NBs versus NP. IDRSe271272 mgy be important for multivalency of FIT, as it is disrupted in
FITmSS271AA. This mutant has low protein interaction ability (see also Gratz et al., 2019). Consequently,
FITmSS271AA accumulates slowly in NBs (taking up to t=15 min). FIT-bHLHO39 is an active TF complex for
upregulating the expression of iron acquisition genes in roots in contrast to FITmSS271AA-bHLH039 (Gratz et al.,

2019). Hence, FIT NBs are subnuclear sites related to transcriptional regulation and because of their colocalization
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with speckle components, also to speckles. B, Dynamics of NBs revealed by co-expression. FIT did not colocalize
with type | NB markers (Cajal body markers; coilin, U2B”). FIT colocalized with type Ill markers (speckle
components; UAP56H2, P15H1, PININ) and these markers adopted the FIT pattern at t=5 min following the light
trigger. Type Il NB markers (speckle components; SR45, SRm102) and PB markers (PIF3, PIF4) localized to their
own distinct NBs into which FIT became recruited in light-inducible manner. In case of type 1| NB markers, these
markers did not localize in FIT NBs. Hence, there is a light-inducible effect acting upon FIT to become recruited by
type |l NBs and PBs or to recruit proteins into its own NBs. In summary, FIT NBs are light-inducible subnuclear sites
linking transcriptional and post-transcriptional regulation in speckles.

A, Blue ovals = wild-type FIT; violet ovals = mutant FITmSS271AA; orange ovals = bHLH039. B, grey
circles = nucleoli; orange circles = NB/PB marker NBs/PBs; blue circles = FIT NBs; lilac circles = colocalization of
NB/PB marker NBs/PBs and FIT NBs.

bHLHO039 might be accessible for DNA binding either within or outside of NBs to regulate target
genes (Boija et al., 2018; Brodsky et al., 2020). In further studies, it will be interesting to analyze
whether DNA and mRNA FIT targets are present inside FIT NBs and whether FIT may also
interact directly with other speckle components.

The physiological integration and regulation of the induction of FIT NB formation can
be subject of future studies. The rapid speed by which FIT NB appeared within 5 min in
N. benthamiana leaf cells speaks in favor of protein rearrangement rather than protein
synthesis. The long duration of FIT NB formation after blue light induction in Arabidopsis roots
suggests that signal transduction was more complex and possibly involved intracellular or even
cell-to-cell and long-distance leaf-to-root signaling. In how far a long-distance signal or a
signaling cascade triggered by light is involved in FIT NB formation in roots remains to be
investigated, but CRY1/CRY2 and HY5 are promising candidates for further studies (Gao et
al., 2021; Guo et al.,, 2021). In order to undergo phase separation, a certain protein
concentration must be reached (Bracha et al., 2018). Since FIT protein is subject of
proteasomal turnover in roots, FIT NB formation may depend on FIT protein interaction
partners in roots that need to be activated (Lingam et al., 2011; Meiser et al., 2011).

In summary, FIT engages in protein complexes inside dynamic NBs. FIT NBs contain
active TF complexes for iron acquisition gene expression (Figure 8A). FIT NBs are speckles
that link transcriptional with post-transcriptional regulation (Figure 8B). The appearance of FIT
NBs is inducible by light, and light-regulated PB components are connected with FIT NBs and
vice versa. It will be interesting in the future to test hormonal and environmental triggers that
may stabilize FIT protein prior to examining the initiation of FIT NBs in root physiological
situations and to investigate the effects on transcriptional and post-transcriptional regulation of

FIT targets.
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Materials and methods
Plant material and growth conditions

Arabidopsis thaliana 2x35S,:FIT-GFP/fit-3 seedlings (Gratz et al., 2019) were used
for localization studies. Seeds were sterilized and grown upright on Hoagland medium plates
(macronutrients: 1.5 mM Ca(NO3), - 4H20, 0.5 mM KH2PO4, 1.25 mM KNO3, 0.75 mM MgSO,
* TH20; micronutrients: 0.075 yM (NH4)6Mo7024 - 4H20, 1.5 yM CuSO;4 - 5H,0, 50 uM H3BOs3,
50 yM KClI, 10 uM MnSOs4 - H20, 2 uM ZnS0O4 - 7H20; 1.4% (w/v) plant agar, 1% (w/v) sucrose,
pH 5.8) with no iron supply for 5 d under long day conditions (16 h light/8 h dark) at 21°C in a
plant chamber (CLF Plant Climatics) under white light (120 ymol m2s™). Nicotiana
benthamiana plants for transient protein expression were grown in the greenhouse facility for

approx. 4 weeks under long day conditions (16 h light/8 h dark).

Microscopy of Arabidopsis thaliana seedlings

Protein localization studies in roots of 5-d-old seedlings of the Arabidopsis thaliana line
2x35Sp0:FIT-GFP/fit-3 (Gratz et al., 2019) were performed with the widefield microscope
ELYRA PS (Zeiss) equipped with a EMCCD camera. Whole seedlings were exposed to blue
light, either for 2 h within a plant chamber (CLF Plant Climatics, 440-500 nm, 55 pmol m? s')
or by exposure to 488 nm laser light for several minutes. GFP was excited with a 488 nm laser
and detected with a BP 495-575 + LP 750 beam splitter. Images were acquired with the C-
Apochromat 63x/1.2 W Korr M27 (Zeiss) objective, pixel dwell time of 1.6 ys and frame size of

512x512. Pictures were processed with the manufacturer’'s software ZEN lite (Zeiss).

Generation of fluorescent constructs

All constructs used in this study are listed in Supplemental Table S1. Generation of
fluorescent translational C-terminal fusion of PIF3 and PIF4 with mCherry was performed with
Gateway Cloning. CDS of PIF3 was amplified with the PIF3 GW fw (5'-
GGGGACAAGTTTGTACAAAAAAGCAGGCTATGCCTCTGTTTGAGCTT-3’) and PIF3 GW rv
(5-GGGGACCACTTTGTACAAGAAAGCTGGGTCCGACGATCCACAAAACTG-3’) primers,
and CDS of PIF4 was amplified with the PIF4 GW fw (5-
GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGAACACCAAGGTTGG-3) and PIF4 GW
rv (5-GGGGACCACTTTGTACAAGAAAGCTGGGTCGTGGTCCAAACGAGAACC-3)
primers, and introduced into the entry vector pDONR207 via the BP reaction (Life
Technologies) and subsequently into the inducible pABind 35S,,:mCherry destination vector
(Bleckmann et al., 2010) via the LR reaction (Life Technologies). Finally, Rhizobium
radiobacter was transformed with the constructs for transient transformation of Nicotiana

benthamiana leaf epidermal cells.
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Transient transformation of Nicotiana benthamiana leaf epidermal cells

Transient protein expression was performed in Nicotiana benthamiana leaf epidermal
cells according to Bleckmann et al. (2010). This was performed for localization studies, FRAP
measurements, anisotropy (homo-FRET) measurements, FRET-FLIM measurements, and NB
quantification. Cultures of Rhizobium radiobacter containing the construct of interest
(Supplemental Table S1) were incubated overnight and cell were pelleted and dissolved in
AS medium (250 uM acetosyringone (in DMSO), 5% (w/v) sucrose, 0.01% (v/v) silwet, 0.01%
(w/v) glucose). An ODsgonm Of 0.4 was set for all constructs. A Rhizobium radiobacter strain
containing the silencing repressor p19 vector (Shamloul et al., 2014) was used additionally for
bHLHO039-mCherry to enhance expression. After 1 h incubation on ice the suspension was
infiltrated with a syringe into the abaxial side of the leaf. Nicotiana benthamiana plants were
kept under long day conditions (16 h light/8 h dark) in the laboratory after infiltration. Imaging
was performed 2-3 d after infiltration. Expression of constructs with an inducible 35S promoter
was induced 16 h prior to imaging with B-estradiol (20 yM B-estradiol (in DMSO), 0.1% (v/v)
Tween 20).

Confocal microscopy

For localization studies a confocal laser scanning microscope LSM780 (Zeiss) was
used. Imaging was controlled by the ZEN 2.3 SP1 FP3 (Black) (Zeiss) software. GFP was
excited with a 488 nm laser and detected in the range of 491-553 nm. mCherry and mRFP
were excited with a 561 nm laser and detected in the range of 562-626 nm. Fluorophore
crosstalk was minimized by splitting of the excitation tracks and reduction of emission spectrum
overlap. Images were acquired with the C-Apochromat 40x/1.20 W Korr M27 (Zeiss) objective,
zoom factor of 8, pinhole set to 1,00 AU, pixel dwell time of 1.27 ys and frame size of
1.024x1.024. Z-stacks for quantification were taken with the same settings, except with pixel
dwell time of 0.79 uys and frame size of 512x512. Pictures were processed with the

manufacturer’s software ZEN lite (Zeiss).

Standardized FIT NB analysis procedure

Following Nicotiana benthamiana leaf infiltration with Rhizobium radiobacter, FIT-GFP
protein expression was induced after 2-3 d by B-estradiol, as described above. 16 h later, a
leaf disc was excised and FIT-GFP fluorescence signals were recorded (t=0). The leaf disc
was excited with 488 nm laser light for 1 min. 5 min later, FIT-GFP accumulation in FIT NBs
was observed (=5 min). See Supplemental Figure S1. This procedure was modified by using
different time points for NB analysis and different constructs (Supplemental Table S1) and
co-expression as indicated in the text. Imaging was performed at the respective wavelengths

for detection of GFP and mRFP/mCherry, respectively.
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FRAP measurements

FRAP measurements (Bancaud et al., 2010; Trofimov et al., 2019) were performed at
the confocal laser scanning microscope LSM780 (Zeiss). Imaging was controlled by the ZEN
2.3 SP1 FP3 (Black) (Zeiss) software. GFP was excited with a 488 nm laser and detected in
the range of 491-553 nm. Images were acquired with the C-Apochromat 40x/1.20 W Korr M27
(Zeiss) objective, zoom factor of 8, pinhole set to 2,43 AU, pixel dwell time of 1.0 ps, frame
size of 256x256, and 300 frames. After 20 frames, a NB was bleached with 50 iterations and
100% 488 nm laser power. Fluorescence intensity was recorded for the bleached NB (ROI), a
non-bleached region equal in size to the NB (BG) as well as for the total image (Tot). Values
were calculated and processed in Excel (Microsoft Corporation). Background subtraction and
normalization to calculate the relative fluorescence intensity was performed as follows:
[(ROI(t)-BG(t)/Tot(T)-BG(t))*(Tot(t0)-BG(t0)/ROI(t0)-BG(t0))]. The mobile fraction was
calculated as follows: [(Feng-Fpost)/(Fpre-Fpost)*100]. Fore marks the average of the 20 values
before bleaching, Fpost marks the value right after the bleaching, and Fend marks the average
of the 280 values after the bleaching. Pictures were processed with the manufacturer’s
software ZEN lite (Zeiss). Total number of 10 measurements were performed in 3 independent

experiments.

Anisotropy (homo-FRET) measurements

Anisotropy measurements (Stahl et al., 2013; Weidtkamp-Peters et al., 2022) were
performed at the confocal laser scanning microscope LSM780 (Zeiss) equipped with a
polarization beam splitter, bandpass filter (520/35), and a single-photon counting device
HydraHarp (PicoQuant) with avalanche photo diodes (1-SPADs). Emission was detected in
parallel and perpendicular orientation. Rhodamine 110 was used to determine the G factor to
correct for the differential parallel and perpendicular detector sensitivity. Calibration of the
system was performed for every experiment and measurements were conducted in darkness.
Free GFP and GFP-GFP were used as references for mono- and dimerization, respectively.
GFP was excited with a linearly polarized pulsed (32 MHz) 485 nm laser and 0.05-1 yW output
power. Measurements were recorded with a C-Apochromat 40x/1.20 W Korr M27 (Zeiss)
objective, zoom factor of 8, pixel dwell time of 12.5 s, objective frame size of 256x256, and
40 frames. Measurements were controlled with the manufacturer's ZEN 2.3 SP1 FP3 (Black)
(Zeiss) software and SymPhoTime 64 (PicoQuant) software. SymPhoTime 64 (PicoQuant)
software was used for analysis in the respective regions of interest (whole nucleus, NB, NP)
and to generate color-coded FA value images. Minimal photon count was set to 200. Total
number of 10-15 measurements per construct were performed in at least 2 independent

experiments.
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FRET-FLIM measurements

FRET-FLIM measurements (Borst and Visser, 2010; Weidtkamp-Peters and Stahl,
2017) were taken at the confocal laser scanning microscope FV3000 (Olympus) equipped with
a multi-photon counting device MultiHarp 150 (PicoQuant) with avalanche photo diodes (71-
SPADs) and bandpass filter (520/35). Erythrosine B (quenched in saturated potassium iodide)
was used to record the Instrument Response Function to correct for the time between laser
pulse and detection. Calibration of the system was performed for every experiment and
measurements were conducted in darkness. FIT-GFP and FITmSS271AA-GFP were used as
negative controls (donor only), FIT-GFP or FITmSS271AA-GFP (donor) and bHLHO039-
mCherry (acceptor) as FRET pair. GFP was excited with a linearly polarized pulsed (32 MHz)
485 nm laser and 0.01-0.1 uW output power. Measurements were recorded with a UPLSAPO
60XW (Olympus) objective, zoom factor of 8, pixel dwell time of 12.5 us, objective frame size
of 256x256, and 60 frames. Measurements were controlled with the manufacturer's FV31S-
SW (Olympus) software and SymPhoTime 64 (PicoQuant) software. SymPhoTime 64
(PicoQuant) software was used for analysis in the respective regions of interest (whole
nucleus, NB, NP) and to generate color-coded fluorescence lifetime value images. Number of
parameters for the fit depended on the region of interest. Total number of 10 measurements

per construct were performed in at least 2 independent experiments.

Circularity quantification

Circularity quantification was performed with the software ImageJ (National Institutes
of Health). Full intensity projection images were generated from Z-stacks in the ZEN lite (Zeiss)
software and exported as TIFF (no compression, all dimensions). Images were duplicated in
ImagedJ and converted to RGB and 8-bit. Correct scale was set (in um) under ‘Analyze’ - ‘Set
Scale’. Threshold for the intensity limit (areas below that limit were not considered for
quantification) was set under ‘Image’ - ‘Adjust’ - ‘Threshold’ and was set manually for every
image. To separate the nuclear bodies better, ‘Process’ - ‘Binary’ - ‘Watershed’ was used.
Parameters that should be quantified were selected under ‘Analyze’ - ‘Set Measurements’. To
perform the analysis, ‘Analyze’ - ‘Analyze Particles’ was selected. Calculated values were
further processed in Excel (Microsoft Corporation). Total number of 15 images were quantified

from 2 independent experiments.

Nuclear body quantification

Nuclear body quantification was performed with the software Imaged (National
Institutes of Health) and additional plugin ‘3D Object Counter’. Z-stacks were exported from
the ZEN lite (Zeiss) software as TIFF (no compression, all dimensions) first. In Imaged, Z-
stacks were converted to RGB and 8-bit. Correct scale was set (in um) under ‘Properties’.
Parameters that should be quantified were selected under ‘Plugins’ - ‘3D Object Counter’ - ‘Set

3D Measurements’. To perform the analysis, ‘Plugins’ - ‘3D Object Counter’ - ‘3D object
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counter’ was selected. Threshold for the intensity limit (areas below that limit were not
considered for quantification) was set manually for every z-stack. Calculated values were
further processed in Excel (Microsoft Corporation). Only size between 0,01-15 um*® was
considered. Total number of 15 z-stacks per construct were quantified from 2 independent

experiments.

Protein domain prediction

IDRs in FIT/FITmSS271AA were predicted with the tool PONDR-VLXT
(www.pondr.com, Molecular Kinetics, Inc.). According to the sequence of the protein, a
PONDR score was determined for each amino acid. A score above 0.5 indicates intrinsic
disorder. The bHLH domain of FIT was predicted with InterPro (www.ebi.ac.uk/interpro, EMBL-
EBI).

Statistical analysis

Line and bar diagrams represent the mean and standard deviation. Box plots show 25-
75 percentile with min-max whiskers, mean as small square and median as line. Graphs and
statistical analysis were created and performed with OriginPro (OriginLab Corporation). Data
was tested for normal distribution with the Shapiro-Wilk test. Statistical significance of data
with normal distribution was tested by one-way Anova with Tukey post-hoc test. Statistical
significance of data with non-normal distribution was tested by Mann-Whitney test. Different
letters indicate statistically significant differences (P < 0.05). lllustrations were created with

BioRender.com.

Accession humbers

Sequence data from this article can be found in the EMBL/GenBank data libraries under
accession numbers: bHLH039 (AT3G56980), COILIN (AT1G13030), FIT (AT2G28160),
P15H1 (AT1G11570), PIF3 (AT1G09530), PIF4 (AT2G43010), PININ (AT1G15200), SR45
(AT1G16610), SRm102 (AT2G29210), U2B” (AT2G30260), UAP56H2 (AT5G11170), and
ZAT12 (AT5G59820).
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Supplemental Data

Supplemental Figure S1. A standardized FIT NB analysis procedure was developed to
analyze the characteristics and dynamics of FIT NBs. (Supports Figure 1)

Supplemental Figure S2. An intrinsically disordered region, IDRS®?7"272 is present in the FIT
C-terminus and disrupted in the FITmSS271AA mutant. (Supports Figure 2, 3, and 4)
Supplemental Figure S3. FIT NBs did not colocalize with Cajal body components (designated
type I). (Supports Figure 5 and 6)

Supplemental Figure S4. Type Il and lll NB markers are similarly localized upon single
expression as upon co-expression with FIT, except PININ. (Supports Figure 5 and 6)
Supplemental Figure S5. PB markers are similarly localized upon single expression and upon
co-expression with FIT. (Supports Figure 7)

Supplemental Table S1. List of vectors used in this study.

Supplemental Movie S1. Light induction triggers the formation of NBs with FIT and
FITmSS271AA with different dynamics. (Supports Figure 1 and 2)
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Supplemental figures, movies, tables and legends
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Supplemental Figure S1. A standardized FIT NB analysis procedure was developed to analyze the
characteristics and dynamics of FIT NBs. (Supports Figure 1)

Experimental steps for FIT NB induction in transiently transformed N. benthamiana leaf epidermis cells.
Fluorescence protein expression was induced by 3-estradiol (‘induction of protein expression’) 16 h prior to imaging
and measurements. Leaf discs were excised, and initial fluorescence images and measurements were taken (‘data
acquisition t=0’). Leaf discs were exposed to 488 nm laser light as a light trigger for 1 min (‘light induction of NB
formation’), and 5 min later, fluorescence images and measurements were taken again (‘data acquisition t=5). With
this procedure, FIT NBs were visible, and their characteristics could be analyzed. In some cases, fluorescence
images and measurements were taken at t=15 min, as indicated in the text. Imaging was performed at the

respective wavelengths for detection of GFP and mRFP/mCherry, respectively.
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Supplemental Figure S2. An intrinsically disordered region, IDRSe271272 js present in the FIT C-terminus
and disrupted in the FITmSS271AA mutant. (Supports Figure 2, 3, and 4)

Diagrams representing the PONDR scores for each amino acid position in A, FIT, and B, FITmSS271AA
protein sequences. Analysis was performed via the tool PONDR-VLXT (Molecular Kinetics, Inc.). A score >0.5
indicates intrinsic disorder. The 0.5 threshold is marked with a red line. Above the graph, schematic representation
of FIT protein showing the position of the bHLH domain in grey (126-201 aa) and subdivided into the basic region
in blue (DNA binding site, 132-162 aa) and the helix-loop-helix region in black (dimerization site, 142-201 aa).
Domain prediction was performed with InterPro (EMBL-EBI). FIT has four regions with a score >0.5 that are
predicted IDRs, two of them in the C-terminal part following the bHLH domain, with one out of them comprising the
position SS271/272, indicated by an arrowhead, termed IDRSe271272_|n FITmSS271AA, the PONDR score dropped

for this region below the threshold.
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Supplemental Figure S3. FIT NBs did not colocalize with Cajal body components (designated type I).
(Supports Figure 5 and 6)

Confocal images showing localization of FIT-GFP and NB markers (type I) upon co-expression in the
nucleus at t=5 min. Co-expression of FIT-GFP with A, coilin-mRFP, and B, U2B”-mRFP. FIT NBs were present at
t=5 min and did not colocalize with NBs of the two markers.

Scale bar: 2 pm. Arrowheads indicate non colocalizing NBs. G = GFP; R = mRFP. Fluorescence protein
analysis was conducted in transiently transformed N. benthamiana leaf epidermis cells, following the standardized
FIT NB analysis procedure.
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Supplemental Figure S4. Type Il and Ill NB markers are similarly localized upon single expression as upon
co-expression with FIT, except PININ. (Supports Figure 5 and 6)

Confocal images showing localization of NB markers (type Il and Ill) upon their single expression in the
nucleus at t=0 and t=5 min, in A, SR45-mRFP, B, SRm102-RFP, C, UAP56H2-mRFP, D, P15H1-mRFP, and E,
PININ-mRFP. Single SR45-mRFP and SRm102-RFP localized in NBs similar to the colocalization with FIT at t=0
and t=5 min (compare with Figure 5). Single UAP56H2-mRFP and P15H1-mRFP did not localize in NBs and were
uniformly distributed, similar to the colocalization with FIT at t=0 (compare with Figure 6, A and B). Only single
PININ-mRFP showed a different localization pattern between its single expression versus co-expression with FIT-
GFP. Upon single expression it localized in NBs at t=0 and t=5 min, while in co-expression with FIT-GFP it showed
no NBs at t=0 but followed the FIT NB pattern at t=5 min (compare with Figure 6C).

Scale bar: 2 ym. Arrowheads indicate NBs. R = mRFP. Fluorescence protein analysis was conducted in

transiently transformed N. benthamiana leaf epidermis cells, following the standardized FIT NB analysis procedure.
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Supplemental Figure S5. PB markers are similarly localized upon single expression and upon co-
expression with FIT. (Supports Figure 7)

Confocal images showing localization of PB markers upon their single expression in the nucleus at t=0
and t=15 min, in A, PIF3-mCherry, and in B and C, PIF4-mCherry in two different patterns. Single PIF3-mCherry
localized to a very large PB at t=0 and t=15 min. Single PIF4-mCherry localized either in a uniform manner in the
nucleus as seen in B, or in several PBs as seen in C. Hence, PIF3-mCherry and PIF4-mCherry were similarly
localized in single expression as upon co-expression with FIT-GFP (compare with Figure 7).

Scale bar: 2 ym. Arrowheads indicate NBs. C = mCherry. Fluorescence protein analysis was conducted
in transiently transformed N. benthamiana leaf epidermis cells, following the standardized FIT NB analysis

procedure.
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Supplemental Movie S1. Light induction triggers the formation of NBs with FIT and FITmSS271AA with
different dynamics. (Supports Figure 1 and 2)

Time series showing representative localization of A, FIT-GFP, B, ZAT12-GFP, and C, FITmSS271AA-
GFP, each of them from 0 to 20 min after the light trigger in the nucleus. Pictures were taken in 15-sec intervals.
FIT-GFP accumulated in NBs within the first minutes after light excitation. ZAT12-GFP did not show NB formation
and was a negative control to show that GFP did not cause the NB effect. FITmSS271AA-GFP accumulated late in
NBs (starting at 10 min), which were also smaller in size, indicating that Ser271/272 is important.

Scale bar: 2 ym. G = GFP. Fluorescence protein analysis was conducted in transiently transformed

N. benthamiana leaf epidermis cells, following the standardized FIT NB analysis procedure.
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Supplemental Table S1. List of vectors used in this study.

Vector

Application

Source

ipABind:cFIT-GFP

Imaging, FRAP, anisotropy, FRET-FLIM

ipABind:cFIT-mCherry

Imaging

ipABind:cFITmSS271AA-GFP

Imaging, anisotropy, FRET-FLIM

Gratz et al., 2019

ipABind:cbHLHO039-mCherry

Imaging, FRET-FLIM

Trofimov et al., 2019

pMDC83:ZAT12-GFP Imaging Le etal., 2016
pROK2:COILIN-mRFP Imaging The Plant Nuclear Marker
pROK2:P15H1-mRFP Imaging collection (NASC)
pROK2:PININ-mRFP Imaging

pROK2:SR45-mRFP Imaging

pROK2:SRm102-mRFP Imaging

pROK2:U2B*“-mRFP Imaging

pROK2:UAP56H2-mRFP Imaging

ipABind:cPIF3-mCherry Imaging this study
ipABind:cPIF4-mCherry Imaging
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10 Concluding remarks

This thesis elaborated two levels of iron uptake regulation. On the one hand, we
showed that FIT undergoes post-translational modification in form of phosphorylation events
which alter its interaction. On the other hand, we showed a dynamic subcellular organization
of FIT and bHLH039, which most likely is another level of controlling iron uptake.

Unlike its target genes, FIT is transcribed predominately during the night, when no iron
uptake usually takes place (Santi and Schmidt, 2009). This suggests that FIT protein is readily
available when iron uptake is demanded during the day to act fast on target gene transcription
and therefore adapting iron uptake in a rapid manner to environmental changes. Hence, a
post-translational modification must be in place to regulate FIT protein activation and the iron
uptake module FIT-bHLHO39 to initiate the iron uptake machinery, but also deactivation to stop
the uptake to avoid toxicity. It was suspected that FIT exist in two pools of active and inactive
protein (Lingam et al., 2011; Meiser et al., 2011; Sivitz et al., 2011). The identification of
possible serine and tyrosine phosphorylation sites enabled to assess their influence on FIT-
bHLHO039 interaction. bHLH TFs act in dimers (Heim et al., 2003) and a functional heterodimer
of FIT and bHLHO39 is essential for iron uptake regulation, as neither FIT nor bHLHO039 can
upregulate iron uptake alone (Yuan et al., 2008; Wang et al., 2013; Naranjo-Arcos et al., 2017).
Phospho-dead FITmSS271AA was engaging less in interaction. Reduced capacity to interact
with bHLHO39 explains FITmSS271AA mutant inability to complement fit mutant plants.
Hence, phosphorylation activates FIT protein, enabling a proper heterodimerization with
bHLHO039 to drive iron uptake.

Equally important to the activation is the deactivation of FIT that could be demonstrated
by the phospho-mimicking FITmY278E form. FITmY278E showed reduced interaction capacity
with bHLHO39 and lower protein stability. Most likely, FIT is released from its interaction partner
upon Tyr278 phosphorylation and subjected to degradation. By this, a previously active and
‘used’ FIT is removed to keep the iron uptake regulation modifiable.

We could show that bHLHO039 is not localized in the nucleus without FIT and retained
in the cytoplasm in cytoplasmic foci. Other proteins were previously shown to localize in
cytoplasmic foci as well when not correctly localized in the nucleus (Résler et al., 2007; lvanov
et al., 2008). A TF in the cytoplasm is associated with an inactive form (Allen and Strader,
2021). Since these foci are immobile, bHLHO39 probably remains in an inactive state as the
immobility is indicative of a pathological state. This is supported by the fact that bHLH039
requires functional FIT for action, which in turn positively regulates FIT transcription (Naranjo-
Arcos et al., 2017). Therefore, nuclear localization of bHLHO39 is favorable for the upregulation
of the iron uptake machinery, but dependent on FIT presence. A possibility by how FIT is
dictating bHLHO039 localization could be interaction that either recruits bHLHO039 into the
nucleus or prevents bHLHO039 from exiting the nucleus (possibility (ii) of nucleocytoplasmic

partitioning elucidated in 4.2). Remarkably, an analogue nucleocytoplasmic partitioning was
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observed in rice for bHLH039 orthologue OsIRO2 (Liang et al., 2020; Wang et al., 2020). This
suggests that nucleocytoplasmic partitioning of bHLH039 could be a common and conserved
feature within iron uptake regulation of Strategy | and Il plants.

Contrarily, FIT localization did not depend on bHLHO039, but it changed from a
homogenous distribution within the nucleus to NBs. FIT NB formation goes along with the
reduced FIT mobility and also the predominant localization in the nucleus. Compared to the
phospho-dead FITmSS271AA, wild-type FIT had a stronger and faster NB formation, and
stronger homodimerization within NBs. Since FIT homodimers are not sufficient for iron uptake
(Yuan et al., 2008), the localization of FIT homodimers within NBs could be an initiating step
for NB formation. FIT could possibly recruit bHLHO39 into NBs by interaction, creating a hub
for the iron uptake module. In favor of this speaks that FIT also heterodimerized stronger with
bHLHO39 in NBs compared to FITmSS271AA. As condensation mainly depends on
interactions, wild-type FIT has the advantage of proper homo- and heterodimerization, while
this is reduced in FITmSS271AA. Here, phosphorylation as well as the presence of IDRSer271/272
is an important factor, as this keeps wild-type FIT in the nucleus, probably by interaction with
other proteins, and in turn affecting its mobility due to the increasing size of the complex.
Possibly, a combination of loss of phosphorylation as well as loss of IDR in the C-terminus
could synergistically lead to a conformational change of FIT protein and influence FIT
multivalency and condensation. When FIT localizes in condensates, it colocalizes there with
bHLHO039, but also proteins involved in splicing, thus this type of condensate could have a role
in transcriptional or post-transcriptional regulation, possibly of FIT target genes.

Evidence exists that a light- or circadian clock-dependent iron uptake regulation takes
place, showing that iron uptake is a process adjusting to the environmental conditions. We
have seen FIT NB formation as a consequence of blue light excitation. Blue and red light are
usually absorbed in the scope of photosynthesis and can therefore be signals for a
photosynthetically active period (Smith et al., 2017). This could serve as a cue for the plant
that iron sinks are active, and iron is needed. Subsequently, initiation of NB formation, which
in turn spatially concentrates the iron uptake module, could be a way to meet the iron demand.

In summary, this work has provided a detailed insight into the regulation of FIT. FIT is
underlying a dual regulation via phosphorylation which affects its interaction within the iron
uptake module with bHLHO039. The subcellular localization showed that bHLHO39 localization
is dependent on FIT and that their interaction is concentrated within condensates, suggesting
an additional level of regulation within iron uptake.

Further research will be necessary to understand the exact signaling mechanism that
connects FIT activation and FIT NB formation. Particularly, identifying factors that navigate FIT
NB formation will help to fully understand FIT NB function and might provide a link to

environmental cues.
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