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Iron is a key transition element in the biosphere and is crucial for living organisms, although its cellular excess can be deleterious.
Maintaining the balance of optimal iron availability in the model plant Arabidopsis (Arabidopsis thaliana) requires the precise
operation of iron import through the principal iron transporter IRON-REGULATED TRANSPORTER1 (IRT1). Targeted
inhibition of IRT1 can prevent oxidative stress, thus promoting plant survival. Here, we report the identification of an IRT1
inhibitor, namely the C2 domain-containing peripheral membrane protein ENHANCED BENDING1 (EHB1). EHB1 interacts
with the cytoplasmically exposed variable region of IRT1, and we demonstrate that this interaction is greatly promoted by the
presence of calcium. We found that EHB1 binds lipids characteristic of the plasma membrane, and the interaction between EHB1
and plant membranes is calcium-dependent. Molecular simulations showed that EHB1 membrane binding is a two-step process
that precedes the interaction between EHB1 and IRT1. Genetic and physiological analyses indicated that EHB1 acts as a negative
regulator of iron acquisition. The presence of EHB1 prevented the IRT1-mediated complementation of iron-deficient fet3fet4 yeast
(Saccharomyces cerevisiae). Our data suggest that EHB1 acts as a direct inhibitor of IRT1-mediated iron import into the cell. These
findings represent a major step in understanding plant iron acquisition, a process that underlies the primary production of
bioavailable iron for land ecosystems.

Deprived of the ability to escape unfavorable condi-
tions, plants have developed powerful mechanisms for
adapting to their environment (Haak et al., 2017). Nu-
trient availability in the soil can be a limiting factor for
plant growth and plants respond to variations in nutri-
ent concentrations by a variety of developmental and
physiological responses (Giehl and von Wirén, 2014;
Briat et al., 2015). Of particular importance is the acqui-
sition of iron, an element abundant in the soil but poorly
available to plants (Guerinot and Yi, 1994; Wedepohl,
1995). As a part of many key biological processes, iron
is indispensable for life; however, in high doses it can
cause deleterious effects and even death. Therefore, its
controlled acquisition from the soil is essential for the
plant. Arabidopsis (Arabidopsis thaliana) employs a
reduction-based iron acquisition strategy (Römheld and
Marschner, 1983; Brumbarova et al., 2015), in which

actively-solubilized iron is first reduced by the FERRIC
REDUCTASE-OXIDASE2 (FRO2; Robinson et al., 1999)
and subsequently imported from the apoplastic space
across the plasma membrane of the root epidermal cells
by the bivalent metal transporter IRON-REGULATED
TRANSPORTER1 (IRT1; Eide et al., 1996; Vert et al.,
2002; Fourcroy et al., 2016).

The system is responsive to the amounts of available
iron and is transcriptionally induced upon iron limita-
tion (Brumbarova et al., 2015). Genes encoding IRT1
proteins are present throughout land plants and green
algae, and show tight coregulation with the rest of the
organism’s iron acquisition and homeostasismachinery
(Hanikenne et al., 2005; Ivanov et al., 2012a; Urzica
et al., 2012; Ivanov and Bauer, 2017). In addition to
this, the Arabidopsis IRT1 protein was shown to un-
dergo posttranslational regulation involving covalent
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modifications and regulated trafficking toward and
away from the plasmamembrane (Barberon et al., 2011,
2014; Shin et al., 2013; Ivanov et al., 2014; Dubeaux et al.,
2018). Under iron deficiency, plasma membrane-
localized IRT1 is modified by the E3 ubiquitin ligase
IRT1-DEGRADATION FACTOR1 (IDF1), which leads
to its clathrin-mediated endocytosis (Barberon et al.,
2011, 2014; Shin et al., 2013). IRT1 was shown to sense
the abundance of its noniron metal substrates zinc,
manganese, and cobalt. When these are present in ex-
cess, IRT1 can bind them and recruit the CBL-INTER-
ACTING PROTEIN KINASE 23 (CIPK23), which
phosphorylates IRT1’s variable region. Phosphorylated
IRT1 is ubiquitinated by IDF1, internalized and de-
graded (Dubeaux et al., 2018). Internalized IRT1 can also
be recycled and resent back to the plasma membrane.
Two proteins, SORTING NEXIN1 (SNX1) and FYVE
DOMAIN PROTEIN REQUIRED FOR ENDOSOMAL
SORTING 1 (FREE1/FYVE1), have been implicated in
this process (Barberon et al., 2014; Ivanov et al., 2014). In
addition, FREE1/FYVE1was shown to participate in the
maintenance of the polar localization of IRT1 to the
plasma membrane facing the rhizosphere (Barberon
et al., 2014). A tight multilevel control of IRT1 activity
counteracts uncontrolled iron acquisition that may oth-
erwise overload the cellular capacity to safely store iron
and result in extensive oxidative damage (Reyt et al.,
2015; Le et al., 2016). Therefore, mechanisms that pre-
vent the excessive entry of iron into the cell are essential
to the survival of plants.
Members of the C2-domain abscisic acidrelated

(CAR) protein family have recently emerged as key
regulators of plant stress responses. These proteins
share homologywith the Arf GTPase activating protein
family but lack the N-terminal Zn-finger motif, char-
acteristic of the Arf GTPase activating protein family,
and only contain a C2 calcium- and lipid-binding do-
main (Knauer et al., 2011). A characteristic feature of
CAR proteins is a family-specific stretch of 48 amino
acids inserted into the C2 domain that connects the two
four-stranded beta sheets (Rodriguez et al., 2014). This

domain, referred to as the “CAR signature domain,”
was shown to be involved in the protein–protein in-
teraction between Arabidopsis CAR4, also named
“AtGAP1,” and the abscisic acid (ABA) receptors
PYRABACTIN RESISTANCE 1 (PYR1)-LIKE1 (PYL1)
and PYL6 (Rodriguez et al., 2014). Members of the
CAR family have been characterized in rice (Oryza
sativa) and Arabidopsis, and are involved in the re-
sponses to wounding, salinity, blue light and ABA, as
well as in the root gravitropic response (Cheung et al.,
2008, 2010, 2013; Knauer et al., 2011; Rodriguez et al.,
2014). The Arabidopsis CAR-family member EN-
HANCED BENDING1 (EHB1), also known as “CAR6,”
was identified in a yeast two-hybrid screen as an
interactor of the blue light response regulator
NONPHOTOTROPIC HYPOCOTYL3. Physiological
analysis revealed EHB1 as a negative regulator of blue
light responses and further showed its involvement in
root gravitropic responses (Knauer et al., 2011;
Dümmer et al., 2016).
Our aim was to investigate the interactome of IRT1

for the identification of processes andmolecular players
involved in the regulation of IRT1 function. Using a
yeast two-hybrid screen with IRT1’s cytoplasmically
exposed variable region, we identified EHB1 as an IRT1
protein interactor. EHB1 was able to bind a subset of
phosphatidylinositide lipids. The EHB1-IRT1 and
EHB1-lipid interactions were significantly promoted by
the presence of calcium. Molecular simulations sug-
gested that the membrane binding of EHB1 precedes
the interaction between EHB1 and IRT1. Physiological
analysis showed that EHB1 presence negatively affects
the import of apoplastic iron into the root and that
EHB1 directly affects IRT1-dependent iron acquisition.
The data suggest a role of EHB1 in mediating calcium
signals for the inhibition of iron acquisition.

RESULTS

IRT1 Interacts with EHB1

To identify proteins involved in the regulation of iron
import from the rhizosphere, we looked for interactors
of IRT1. We used the cytoplasmically exposed variable
region of IRT1 (referred to as “IRT1vr,” residues
145–192), as it constitutes the key IRT1 scaffold for
regulatory andmodification inputs. IRT1vrwas used as
bait in a yeast two-hybrid screen against an expression
library prepared from complementary DNA (cDNA) of
iron-deficient Arabidopsis roots. Among the colonies
growing on the selectionmedium, IRT1vr togetherwith
the C2 domain-containing protein EHB1 were found in
34% of the cases. EHB1 is a part of a 10-member protein
family; however, none of the other members were
identified in the screen. UBIQUITIN 10, a previously
reported IRT1 interactor (Barberon et al., 2011), was
also identified in this screen. We could verify the in-
teraction in a targeted yeast two-hybrid assay using a
recloned full-length EHB1 (Fig. 1A). In this case, only
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the IRT1vr-EHB1 combination but none of the negative
control cotransformations produced colonies on the
triple selection medium, suggesting a specific interac-
tion between IRT1vr and EHB1. The known SNX1
homodimerization (Pourcher et al., 2010) was used as a
positive control (Fig. 1A). To verify the interaction
further, we used the two fragments, together with
several deletion versions, for an interaction test in plant
cells using bimolecular fluorescence complementation
(BiFC; Fig. 1, B and L; Grefen and Blatt, 2012). A posi-
tive BiFC signal indicated the IRT1vr-EHB1 interaction
in this system (Fig. 1, C–E). The CAR signature domain
was found to be the protein interaction interface for the
EHB1 homolog CAR4 interaction with PYR/PYL re-
ceptors (Rodriguez et al., 2014). EHB1 protein lacking
the CAR signature domain was not able to interact with
IRT1vr in transformed cells (Fig. 1, F–H). On the other
hand, the signature domain alone was sufficient for an
interaction with IRT1vr (Fig. 1, I–K), suggesting that
this domain mediates the interaction on the side of
EHB1. To delimit the protein interaction on the side of
IRT1vr, we created four different deletion constructs
of IRT1vr that contained or were devoid of the previ-
ously described regulatory residues for metal binding,
phosphorylation, and ubiquitination, taking into ac-
count the predicted secondary structure (Fig. 1L;
Ivanov and Bauer, 2017). EHB1 was able to bind three
IRT1vr fragments (Fig. 1, M–R and V–X) but not
IRT1vrD3 (Fig. 1, S–U), which lacks the predicted heli-
cal regions in proximity to transmembrane domains III
and IV (Ivanov and Bauer, 2017). These data show that
the interaction requires the part of IRT1vr flanking the
transmembrane regions and the CAR signature domain
of EHB1. The involvement of the EHB1 CAR signature
domain in protein–protein interaction is thus consistent
with previous reports (Rodriguez et al., 2014).

IRT1 Interaction with EHB1 Is Calcium-Dependent

Because EHB1 was able to bind to the cytoplasmically
exposed variable region of IRT1, we tested its ability to
interact with the full-length IRT1 protein in plant cells.
For this, we expressed EHB1-HA and IRT1-GFP fusions
and performed coimmunoprecipitation. The presence of
EHB1-HA in the IRT1-GFP–containing sample was vis-
ible after anti-GFP immunoprecipitation (Fig. 2A), sug-
gesting that the full-length proteins can form a complex.
EHB1-HA was present as a double band, one at the ex-
pected size of 25 kD and another of;35 kD, presumably
representing a modified form of the protein. As EHB1 is
a calcium-dependent protein due to the presence of a C2
domain, we hypothesized that calcium concentration
might influence EHB1’s capacity to bind IRT1.When the
coimmunoprecipitation procedure was performed in the
presence of 100-mM Ca21, we observed a dramatic in-
crease of recovered EHB1-HA (Fig. 2B). The EHB1 pro-
tein lacking the CAR signature domain was not able to
interactwith the full-length IRT1-GFP, irrespective of the
calcium availability (Fig. 2, C and D). This confirms the

importance of the CAR signature domain for the for-
mation of the IRT1-EHB1 complex and shows that the
strength of the interaction is dependent on the local
calcium concentration.

EHB1 and IRT1 Colocalize at the Plasma Membrane

C2 domain proteins are described as peripheral
membrane proteins and previous studies have sug-
gested that CAR-family proteins localize partially at the
plasma membrane (Cheung et al., 2010; Demir et al.,
2013; Rodriguez et al., 2014). We expected that as an
IRT1 interactor, EHB1 should also localize to the
membrane system of plant cells. An EHB1-GFP fusion
protein expressed in Nicotiana benthamiana epidermis
cells resulted in a broad localization pattern with sig-
nals visible also in the nucleus (Fig. 2, E–G). We per-
formed a control immunoblot, which revealed two
bands, onewith the expected size of 57 kD and one at 67
kD (Fig. 2H), likely corresponding to a modified EHB1-
GFP form, as observed with EHB1-HA. No signal was
observed in the 27-kD region that would suggest the
existence of free GFP. We first investigated the coloc-
alization of free GFP and the plasmamembrane marker
AHA1-mRFP (Caesar et al., 2011). Distinct, spatially-
separated signals were visible in cells coexpressing
the two proteins, suggesting that they differ in their
subcellular localization (Fig. 2, I–K). This was con-
firmed by intensity-based colocalization scatterplot
(Fig. 2L), and by plasmolyzing the cells in the presence
of mannitol. After plasmolysis, AHA1-mRFP was seen
in Hechtian strands, by which the plasma membrane
remains attached to the cell wall, whereas GFP was
absent from these structures (Fig. 2, M–O). Next, we
tested the EHB1-GFP plasmamembrane localization. In
the cell periphery, it displayed a good colocalization
with the AHA1-mRFP marker. We could observe ad-
ditional EHB1-GFP intracellular signals, not visible for
AHA1-mRFP (Fig. 2, P–R). This demonstrates the par-
tial presence of EHB1 at the plasma membrane in plant
cells. Intensity-based colocalization scatterplot con-
firmed the observation (Fig. 2S). Upon mannitol-
induced plasmolysis, we found both EHB1-GFP and
the AHA1-mRFP marker in Hechtian strands (Fig. 2,
T–V), confirming the presence of EHB1-GFP at the
plasmamembrane. We then performed a colocalization
analysis between EHB1-GFP and IRT1-mCherry. Sig-
nals at the cell periphery showed a high degree of
colocalization (Fig. 2, W–Z). Together, the data suggest
that EHB1 is partially localized at the plasma mem-
brane where it colocalizes with IRT1.

EHB1 Can Bind Phosphoinositides

To understand whether lipids are targeted by EHB1,
we expressed and purified recombinant StrepII-tagged
EHB1 in Escherichia coli (Supplemental Fig. S1) to use in
a lipid overlay assay. Probing a set of immobilized
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Figure 1. EHB1 interacts with the variable region of IRT1. A, Targeted yeast two-hybrid assay, showing the interaction between
BD-IRT1vr (IRT1 variable region) and AD-EHB1. Growth on triple selection medium (right) indicates protein–protein interaction.
B, Schematic representation of EHB1 protein and the two fragments used in the BiFC experiments testing interaction with IRT1vr.
The position of the CAR signature domain, as defined in Rodriguez et al. (2014), together with the amino acid numbers, are
indicated. C to K, Targeted BiFC experiment for verification of the interaction between EHB1 and its fragments (depicted in B) with
the IRT1vr. Signal in the YFP channel indicates a reconstitution of a functional YFP protein as a consequence of an interaction.
Signal in the RFP channel is used as a control, showing that the cell was transformed. Each of the shown protein combinationswas
tested a minimum of three times yielding comparable results. Bars 5 50 mm. L, Schematic representation of the IRT1vr and the
IRT1vr-derived fragments used in the BiFC experiments testing interaction with EHB1. The different predicted secondary struc-
tureswithin IRT1vr, as defined in Ivanov and Bauer (2017), are indicated.DR1 andDR2 indicate the predicted disordered regions.
The two Lys residues, known as ubiquitination targets, are labeled in red. The known potential phosphorylation targets directing
the interaction with IDF1 E3 ubiquitin-ligase are shown in blue. The His-rich region, characteristic for the variable region of the
ZIP-family transporters and involved in metal binding, is underlined. Numbers indicate the first and last amino acid of IRT1vr
within IRT1 protein. M to X, Targeted BiFC experiment for verification of the interaction between the IRT1vr and its fragments
(depicted in L) with EHB1. Signal in the YFP channel indicates a reconstitution of a functional YFP protein as a consequence of an
interaction. Signal in the RFP channel is used as a control, showing that the cell was transformed. Each of the shown protein
combinations was tested a minimum of three times yielding comparable results. Bars 5 50 mm.
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Figure 2. Interaction and subcellular localization of full-length IRT1 and EHB1. A, EHB1-HA coimmunoprecipitates with IRT1-
GFP. IRT1-GFP, EHB1-HA or a combination of the two were expressed in N. benthamiana epidermis cells and used for anti-GFP
immunoprecipitation. The samples before (left, input) and after (right, IP: anti-GFP) the procedure were tested by immunoblot
analysis. Weak, yet specific, presence of EHB1-HA was found in the combined immunoprecipitated sample. Nontransformed
samples were used as controls. The experiment was performed three times yielding comparable results. Asterisk indicates
coimmunoprecipitated EHB1-HA. B, The same experiment as in (A) was performed in the presence of 100-mM Ca21. A marked
increase of EHB1-HA signal in the combined sample could be observed, in comparison to (A). The experiment was performed
three times yielding comparable results. Asterisks indicate coimmunoprecipitated EHB1-HA forms. C, EHB1Dsig-HA fails to
coimmunoprecipitate with IRT1-GFP. IRT1-GFP, EHB1Dsig-HA, or a combination of the two was expressed in N. benthamiana
epidermis cells and used for anti-GFP immunoprecipitation. The samples before (left, input) and after (right, IP: anti-GFP) the
procedure were tested by immunoblot. No EHB1-HA signals could be detected in the combined immunoprecipitated sample.
Nontransformed samples were used as controls. The experiment was performed three times yielding comparable results. D, The
same experiment as in (C) was performed in the presence of 100-mM Ca21. No EHB1-HA signals could be detected in the
combined immunoprecipitated sample. The experiment was performed three times yielding comparable results. E to G, Local-
ization of EHB1-GFP in N. benthamiana epidermis cells. H, Anti-GFP immunoblot made on extracts either expressing or not
EHB1-GFP. No obvious degradation products or free GFP can be seen. The single asterisk indicates the EHB1-GFP band at the
predicted 57 kD and the double asterisk—an additional band at 67 kD. I to L, Colocalization between free GFP and ARABI-
DOPSIS H1-ATPASE 1 (AHA1)-monomeric Red Fluorescent Protein (mRFP). L, Scatterplot of the signals in the GFP and mRFP
channels, showing the typical distribution of non-colocalizing signals. M–O, Colocalization between free GFPand AHA1-mRFP
in mannitol-plasmolyzed cells. Open arrowheads point toward Hechtian strands indicating the presence of AHA1-mRFP at the
plasmamembrane. Free GFP could not be found in these structures. P–S, Colocalization between EHB1-GFPand AHA1-mRFP in
the region of the plasma membrane. S, Represents a scatterplot of the signals in the GFPand mRFP channels, showing the typical
distribution of colocalizing signals. T to V, Colocalization between EHB1-GFP and AHA1-mRFP in mannitol-plasmolyzed cells.
Solid arrowheads point towardHechtian strands indicating the presence of AHA1-mRFPat the plasmamembrane. EHB1-GFPwas
also present in these structures, indicating its localization at the plasmamembrane.W–Z, Colocalization between EHB1-GFPand
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lipids on the Membrane Lipid Strip (Echelon) showed a
strong preference of the purified StrepII-EHB1 protein
for phosphatidylinositol (PtdIns) and phosphatidylin-
ositol 4-phosphate (PtdIns4P; Fig. 3A). The finding is
particularly intriguing because PtdIns4P is known to
accumulate in the plasma membrane of plant cells and
has emerged as a key target for the attachment of reg-
ulatory proteins (Simon et al., 2016). To verify the
finding in an actual membrane environment, we gen-
erated liposomes with phosphatidylcholine (PC) as the
base lipid. After an incubation with StrepII-EHB1, we
pelleted the liposomes by centrifugation. We then
monitored the presence of StrepII-EHB1 in the pellet
and the supernatant by protein immunoblot followed
by band intensity quantification (Fig. 3, B and C).
StrepII-EHB1 was copelleted with liposomes contain-
ing PC-PtdIns and PC-PtdIns4P mixture, indicating
that the protein was able to bind the liposome surface.
No signal could be detected in the pelleted fraction of
liposomes containing exclusively PC, showing that
StrepII-EHB1 bound specifically PtdIns and PtdIns4P
lipids. Nor was there signal in the pellet fraction in the
absence of liposomes, which demonstrates the absence
of protein aggregation (Fig. 3B). Interestingly, when the
experiment was performed in the presence of 100-mM
Ca21, a relative enrichment of the membrane-bound
StrepII-EHB1 could be observed, especially in the case
of PtdIns-containing liposomes (Fig. 3, B and C). The
liposome binding activity of EHB1 was unchanged
when the signature domain was deleted (Supplemental
Fig. S2A). This shows that the signature domain does
not affect the membrane-binding capacity of EHB1, and
this finding is in agreement with the described structure
of the CAR proteins (Rodriguez et al., 2014). Taken to-
gether, EHB1 can bind PtdIns and PtdIns4P-containing
membranes and the binding is partially enhanced in the
presence of calcium.

EHB1 Membrane Association Is Calcium-Dependent

To further understand the significance of calcium
for EHB1 membrane association, we generated an
Arabidopsis line expressing an HA-EHB1 fusion
(Supplemental Figs. S3 and S4B). Using this, we per-
formed ultracentrifugation-based separation of root
membrane and soluble fractions (Fig. 3D; Supplemental
Fig. S2B). Plants were grown in the two-week growth
systemunder sufficient iron and iron-deficient conditions
to account for potential changes in membrane composi-
tion under these two growth regimes. In the absence of
added calcium, no significant presence of the HA-EHB1
protein could be observed in microsomal fractions. The
presence of 100-mMCa21, however, resulted in amarked
increase of membrane-bound HA-EHB1. The effect was

observed and was comparable in both standard-grown
and iron-deficient plant samples (Fig. 3D; Supplemental
Fig. S2B). This shows that the presence of calcium is an
important prerequisite for EHB1 binding to plant mem-
branes. Stimulus-driven relocalization of CAR family
proteins to the plasma membrane has been observed in
the case of the rice OsGAP1 (Cheung et al., 2010). Our
data suggest that the process of EHB1 membrane asso-
ciation might be calcium-driven. At the same time the
data show that iron starvation likely does not dramati-
cally affect the availability of EHB1 binding sites in plant
membranes.

Molecular Dynamics Simulations Suggest a Two-Step
Binding Mode of EHB1 at the Membrane

To obtain a model of the binding of EHB1 at the
plasma membrane at the atomistic level, a homology
model of EHB1 was generated based on the structures
of the homologous proteins CAR1 and CAR4. Molec-
ular dynamics (MD) simulations of EHB1 binding were
performed in an explicit solvent/membrane environ-
ment. The EHB1 model contained two calcium ions in
the calcium binding site, as indicated by structures of
CAR homologs (Diaz et al., 2016). The membrane
bilayer was composed of a 4:4:1 ratio of 1,2-dioleoyl-SN-
glycero-3-phosphocholine:1,2-dioleoyl-SN-glycero-3-
phosphoethanolamine:1,2-dioleoyl-SN-glycero-3-phospho-
glycerol (DOPC/DOPE/DOPG), resembling the compo-
sition of a plant plasma membrane (Furt et al., 2011). To
avoid any bias, in the starting configuration of the system,
EHB1was placed;25Å apart from the closestmembrane
surface. During the MD simulations, EHB1 was then
allowed to diffuse freely. In all of the five independent
replica simulations performed, after ;1 ms of simulation
time, EHB1 bound to the membrane via the calcium
binding site (Fig. 3, E and F; Supplemental Movie). Fur-
thermore, four out of five replicas showed a potassium
ion in the close vicinity of the calcium binding site, similar
to the homolog Protein Kinase C-a (PKC-a; Fig. 3F;
Guerrero-Valero et al., 2009). Finally, EHB1 showed a
strong tendency to tilt and to engage in interactions with
the membrane with its sides, as demonstrated by a tilt
angle close to 90° with respect to themembrane normal. In
one replica, the protein interacted that way during almost
the complete simulation time (Fig. 3, G and H). Interest-
ingly, the interaction does not occur via a site described as
the polybasic patch in homologs (Li et al., 2006), but rather
through residues 51–62, 140–142, and 164–168. In the tilted
configuration, the CAR-signature domain and the poly-
basic patch remain close to the surface (Fig. 3H).We noted
that the composition of amino acids within the polybasic
patch, putatively interacting with phosphoinositides, dif-
fers between PKC-a and EHB1, as well as between EHB1

Figure 2. (Continued.)
IRT1-mCherry in the region of the plasma membrane. Z, Scatterplot of the signals in the GFPand mCherry channels showing the
typical distribution of colocalizing signals. Bars 5 20 mm; bars in insets 5 5 mm.
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Figure 3. EHB1 bindsmembranes. A, Lipid overlay assay using StrepII-EHB1. Black signal shows the zones of the stripwhere StrepII-
EHB1 was retained after washing. The experiment was performed three times yielding comparable results. TAG, triacylglycerol;
DAG, diacylglycerol; PA, phosphatidic acid; PS, phosphatidyl-Ser; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; CL,
cardiolipin; CH, cholesterol; SPH, sphingomyelin; SM4, 3-O-sulfogalactosylceramide. B, Binding of StrepII-EHB1 to membrane
lipids. Liposomes containing PC were used as controls. After incubation with StrepII-EHB1, the liposomes were pelleted and the
membrane (m), and soluble (s) fractions analyzed by immunoblot. Presence of StrepII-EHB1 in the membrane fraction indicates
liposome binding. The experimentwas performed three times yielding comparable results.MW,molecularweight. C,Quantification
of data presented in (B). Error bars represent SD, n5 3. Letters above the bars indicate statistically significant difference (P, 0.05). D,
Extracts from HA-EHB1-expressing Arabidopsis plants were fractionated into microsomal (m) and soluble (s) fraction in either the
absence (2Ca21) or presence (1Ca21) of calcium. The composition of the fractions was analyzed using immunoblots. The soluble
enzyme UDP-Glc pyrophosphorylase (UGPase) and the plasma membrane H1-ATPase (PM-ATPase) were used as markers. The
experiment was performed three times yielding comparable results. E–H, EHB1membrane interactions through the calcium binding
site based on five independent MD simulations of 1-ms length in the presence of a membrane bilayer with a 4:4:1 ratio of DOPC/
DOPE/DOPG. E, Distance between the calcium ions bound to the protein and the center of mass of the phosphorous atoms of the
phospholipids of the closest leaflet over the simulation time; in the starting configuration, EHB1 was placed ;25 Å away from the
membrane surface. In all replicas, EHB1 binds to the membrane surface through the calcium binding site. F, Representative structure
showing an EHB1 configuration (green) bound to the membrane (gray carbon atoms) through the calcium binding site (Ca21: white
spheres). An additional potassium ionwas found to bind to an extra calciumbinding site (magenta). G, Tilt angle defined between the
vector formedby the center ofmass of EHB1with the complexed calcium ions and themembrane normal over the simulation time. A
repeated, frequent, and, in one case, persistent tilting of EHB1was observed in the replica simulations. H, Representative structure of
the “parallel” configuration of EHB1 at themembrane. Residues that showdirect interactionswith themembrane are colored yellow;
residues that correspond to the described polybasic patch are colored magenta.
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and other CAR-family members (Supplemental Fig. S2,
C–F). In PKC-a, these amino acids can interact with all P
groups of PtdIns4,5P2, whereas this is not possible for
EHB1. Thus, the different amino acid composition in the
case of EHB1 might contribute to the observed changes in
lipid-binding specificity (Supplemental Fig. S2, C–F). To
conclude, under the chosen simulation conditions, EHB1
shows a clear trend to bind to the membrane via the cal-
cium binding site and then to tilt toward the membrane.

EHB1 Acts as a Negative Regulator of Iron Acquisition

CAR proteins that bind to signaling protein interme-
diates like the ABA receptor and NONPHOTOTROPIC
HYPOCOTYL3 affect the physiological responses to
ABA and blue light in a significant manner (Knauer
et al., 2011; Rodriguez et al., 2014). Our next aim was
to understandwhether the interaction between IRT1 and
EHB1 also affects downstream physiological reactions,
in this case the plant capacity to acquire iron. To estimate
the role of EHB1 in iron acquisition, we first analyzed
two mutants carrying EHB1 loss-of-function alleles,
ehb1-1 and ehb1-2, forwhichwe confirmed the absence of
full-length EHB1 transcript, and two HA-EHB1 over-
expressing lines (Supplemental Fig. S4). Control Col-0
wild-type, ehb1, and HA-EHB1 plants were grown in
the 2-week growth system. Under iron-deficient condi-
tions, wild-type as well as HA-EHB1-expressing plants
developed the characteristic iron-deficiency chlorosis,
whereas the effect was much less pronounced in the two
ehb1 lines (Fig. 4A). Leaf chlorosis is caused by a decrease

in the chlorophyll content. Chlorophyll content in all
plant lines was lower under iron-deficient than that
under iron-sufficient conditions. However, in agreement
with the morphological observations, the chlorophyll
content was lowest in the HA-EHB1 lines, whereas it
was similar in ehb1 mutant lines under iron deficiency
compared with that in wild type grown with sufficient
iron. This shows that, compared towild-type plants, ehb1
mutant plants are less sensitive whereas HA-EHB1 lines
are more sensitive to iron deficiency (Fig. 4B). As a key
readout for the efficiency of the reduction-based iron
acquisition system, we measured the activity of the
FRO2 protein, functioning as the principal root-surface
ferric reductase, the step before uptake of ferrous iron by
IRT1 (Fig. 4C). As expected, the activity was strongly
increased under iron deficiency in all tested genotypes.
The absence of EHB1, however, led to a significant in-
crease of FRO2 activity under iron deficiency in com-
parison to that in the wild type. Conversely, HA-EHB1
lines showed a reduced activity under these conditions
compared to that in both wild-type and ehb1 plants
(Fig. 4C). The result is consistent with the phenotypical
observations and shows that, in the absence of EHB1, the
iron acquisition system ismore active. This suggests that
EHB1 might function as a negative regulator of iron ac-
quisition. We then examined the expression level of the
EHB1 gene in response to iron availability (Fig. 4D). In
wild-type plants, we observed EHB1 expression down-
regulation under iron deficiency compared to that under
iron-sufficient conditions. In ehb1 mutant plants, the
EHB1 expression levels were very low, whereas in HA-
EHB1 overexpressing plants, the expression levels were

Figure 4. EHB1 inhibits Arabidopsis
iron acquisition. A, Seedlings grown
in the two-week growth system show
iron deficiency chlorosis (leaf yel-
lowing). In EHB1 loss-of-function
plants, the effect is much less pro-
nounced, compared to that in the
wild-type (Col-0), whereas the effect
is stronger in HA-EHB1-expressors.
Bar 5 1 cm. B, Total chlorophyll
content of plants grownas in (A;n55).
C, Ferric reductase activity of plants
grown as in (A; n 5 5). D, Expres-
sion level of EHB1 under different
iron regimes and in plants with
modified iron acquisition capacity
(n 5 3). Error bars 5 SD. Letters
above the bars indicate statistically
significant difference (P , 0.05).
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high and not affected by the iron status of the plant
(Fig. 4D; Supplemental Fig. S5). In IRT1 loss-of-function
plants, EHB1 expression levels were higher than that in
the wild type under the corresponding conditions
(Fig. 4D). This suggests that EHB1 gene expression is
influenced not only by the iron status of the plant but it
also responds to the presence of IRT1. The observed
downregulation under iron deficiency is consistent with
its proposed role as a negative regulator.

We further investigated the role of EHB1 in root re-
sponses to iron deficiency by evaluating the expres-
sion of key iron-deficiency marker genes (Fig. 5;
Supplemental Fig. S5). The FERRITIN1 (FER1) gene re-
sponds positively to the amounts of iron present in the
plant (Reyt et al., 2015) and it showed downregulation
under iron deficiency inwild-type plants. In ehb1 loss-of-
function plants, FER1 expression under sufficient iron
supply was higher than that in the wild type, suggesting
that higher amounts of iron are present in the root in the
absence of EHB1. Consistently, the opposite effect, re-
duced FER1 expression compared to that in wild-type
plants under sufficient iron, was observed in HA-EHB1
plants and irt1 mutant plants, the latter lacking the iron
transporter (Fig. 5A). The expression of the FER-LIKE
IRON DEFICIENCY-INDUCED TRANSCRIPTION
FACTOR (FIT) genewas upregulated in response to iron
deficiency compared to that under iron-sufficient con-
ditions in wild-type, ehb1mutants, andHA-EHB1 plants
(Fig. 5B; Supplemental Fig. S5). A marked upregulation
of FIT under both iron conditions compared to that in the
wild type could be observed in IRT1 loss-of-function

plants (Fig. 5B). The FRO2 gene showed a stronger
upregulation under iron deficiency in ehb1mutant plants
and tendency for reduced upregulation in HA-EHB1
compared to that in thewild type (Fig. 5C; Supplemental
Fig. S5). This effect was consistent with the measured
ferric reductase activity in these plants. The FRO2 ex-
pression pattern in irt1 mutants was similar to that in
ehb1-1 (Fig. 5C). Surprisingly, the induction of the IRT1
gene was less pronounced under iron deficiency in ehb1
mutant plants than that in the wild type (Fig. 5D;
Supplemental Fig. S5). The effect was consistent, as HA-
EHB1 plants showed increased IRT1 expression in the
absence of iron compared to that in the wild type
(Fig. 5D). FRO2 and IRT1 genes are both FIT transcrip-
tional targets, although their induction levels are not
strictly coupled and may vary significantly (Liberman
et al., 2015; Wang et al., 2018). In addition, the docu-
mentedbroad stress-responsiveness of IRT1 (Brumbarova
et al., 2015), together with its expression and iron regu-
lation in the absence of FIT (Barberon et al., 2011), sug-
gests that additional transcriptional regulators may
modulate its transcript levels. To test whether this effect
somehow reflects the IRT1 protein abundance, we quan-
tified the amount of IRT1 in total protein extracts of EHB1
loss-of-function plants. Compared to that in thewild type,
roots of ehb1mutants were found to contain significantly
more IRT1 protein (Fig. 5, E and F). This suggests that the
absence of EHB1 leads to stabilization of IRT1 and the
observed reduced gene expression in ehb1 might be a
compensatory mechanism for maintaining proper IRT1
levels.

Figure 5. Regulation of iron homeostasis-related genes and proteins is affected by the absence of EHB1. A–D, Expression of genes
related to iron storage (FER1, A) and acquisition (FIT, FRO2, and IRT1; B–D, respectively). Wild-type (Col-0) seedlings as well as
one ehb1mutant and one HA-EHB1-expressing line were grown in the 2-week growth system. nd, not detected. Error bars5 SD.
Different letters above the bars indicate statistically significant difference (P, 0.05), n5 3. E, Anti-IRT1 immunoblot on extracts
of plants grown in the 2-week growth system. Detection of actin was used as a loading control. The experiment was performed
three times yielding comparable results. F, Quantification of the experiments presented in (E). Error bars 5 SD. Different letters
above the bars indicate statistically significant difference (P , 0.05), n 5 3.

1572 Plant Physiol. Vol. 180, 2019

Khan et al.

http://www.plantphysiol.org/cgi/content/full/pp.19.00163/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00163/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00163/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00163/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00163/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00163/DC1


Presence of EHB1 Suppresses Iron Assimilation

Modulation of IRT1 activity was shown to affect the
extent at which iron, found in the root apoplast, is taken
up by the plant (Ivanov et al., 2014). Because EHB1 af-
fects IRT1 protein, we suspected that iron uptake is
modulated in ehb1 mutants and that this can be visu-
alized at the level of apoplastic iron. We performed
Perls-3,3’-diaminobenzidine tetrahydrochloride stain-
ing to visualize the apoplastic iron. Roots of wild-type
plants, grown for 8 d under standard iron supply,
showedmoderate staining at the base of the root (Fig. 6,
A and B), which decreased in the early differentiation
zone (Fig. 6, A and C). On the other hand, the roots of
the fit-3 mutant, which fails to express IRT1, showed
intensive iron staining (Fig. 6, M–O), as previously
described for IRT1 loss-of-function plants (Ivanov et al.,
2014). Roots of ehb1 mutant plants showed strongly
decreased iron staining in comparison to that in the
wild-type (Fig. 6, D–I), whereas HA-EHB1 plants
showed enhanced staining in the early differentiation
zone, compared to that in the wild-type (Fig. 6, J–L).
These results are consistent with the observations on
the physiology of EHB1 loss- and gain-of-function
plants, and show that EHB1 affects the import of apo-
plastic iron, a process mediated by IRT1.
We evaluated how the observed alterations in iron

import affect the metal contents in the seeds of soil-
grown EHB1 loss- and gain-of-function plants. The
iron content in ehb1 mutant seeds showed only slight
but not statistically significant increase compared to
that in the wild type; however, the seeds of the HA-
EHB1 overexpressing line accumulated significantly
less iron. This is consistent with the negative effect of

EHB1 on iron uptake. In the case of ehb1, probably other
mechanisms interfered with the loading of the excess
iron. To test whether this effect is specific to iron, we
measured the content of manganese, which is imported
by a different high-affinity transporter but is also a
secondary substrate of IRT1 (Korshunova et al., 1999;
Vert et al., 2002). The levels o f manganese in ehb1
mutant seeds were fully comparable to that in wild-
type seeds, whereas HA-EHB1 plants showed slightly
elevated manganese content. The two elements are
known to be dependent on each other’s transport in
seeds (Chu et al., 2017), so themanganese accumulation
in HA-EHB1 plants is potentially a secondary effect of
compromised iron loading in these seeds. Thus, EHB1
preferentially affects the acquisition of iron at the im-
port step, which in Arabidopsis is mediated by its in-
teraction partner IRT1.

EHB1 Directly and Negatively Affects IRT1-Mediated
Iron Import

To verify the direct connection between the negative
effect of EHB1 on iron import and the function of IRT1,
we reconstructed this binary system in a heterologous
environment. We expressed combinations of the two
proteins in yeast (Saccharomyces cerevisiae) cells. As a
model, we employed the fet3fet4 mutant yeast strain
(Eide et al., 1996). Due to the absence of a functional
multicopper oxidase FET3 and a bivalent iron trans-
porter FET4, this strain has a severely reduced capacity
of both bivalent and trivalent iron import, compared to
that of wild-type yeast (Fig. 7A). Despite that, fet3fet4

Figure 6. Iron import activity and storage
in Arabidopsis depend on the presence of
EHB1. A–O, Roots of wild-type (Col-0)
seedlings, ehb1 mutants, and an HA-
EHB1-expressing line grown for 8 d under
sufficient iron were stained for the pres-
ence of iron. The fit-3 roots were used as a
control, which cannot take up the iron
available in the apoplast. Apoplastic iron is
visible as dark precipitates. Rectangles in
the overview images (A, D, G, J, and M)
indicate the enlarged regions (B, C, E, F, H,
I, K, L, N, and O). The experiment was
performed three times yielding compara-
ble results. Scale bars 5 0.5 cm. P and Q,
Measurement of the total iron (P) and
manganese (Q) content in seeds of Col-0,
ehb1-1 and one HA-EHB1-expressing line
grown on soil under standard growth
conditions. DW, dry weight. Error bars 5
SD. Different letters above the bars indicate
statistically significant difference (P ,
0.05), n 5 3.
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retains its ferric reductase activity and, due to the
presence of low-affinity iron-chelate transporters, is
capable of surviving under iron-replete conditions. We
performed a complementation test using the full-length
IRT1 in combination with HA-tagged EHB1 forms. The
expression of none of the proteins in the wild type af-
fected yeast growth on iron-depleted medium (Fig. 7B).
Unlike the wild-type control, the fet3fet4 strain was not
able to grow in the absence of iron (chelated by bath-
ophenanthrolinedisulfonic acid [BPDS]). However, the
expression of IRT1 alone was sufficient to rescue this
phenotype, as previously reported (Eide et al., 1996).
The addition of EHB1-HA to the system reverted al-
most entirely this IRT1-mediated complementation,
suggesting that EHB1 is sufficient to suppress IRT1
activity. To test this, we coexpressed IRT1 with the
interaction-deficient form of EHB1 lacking the CAR-
signature domain. This combination led to the com-
plementation of the iron-deficient phenotype, suggest-
ing full activity of IRT1 in the absence of IRT1-EHB1
interaction (Fig. 7B). Because the negative effect of
EHB1-HA could not be observed in the wild-type
strain, we can exclude the possibility that it may affect
other components of the iron acquisition system, such
as the ferric reductase, for example. Therefore we can

conclude that through its interaction with IRT1, which
is mediated by its CAR-signature domain, EHB1 acts as
a direct inhibitor of IRT1 function, leading to suppres-
sion of iron acquisition in Arabidopsis.

DISCUSSION

Although IRT1 is not the only transporter at the root
surface capable of importing iron (Cailliatte et al., 2010),
its controlled expression and subcellular localization in
the root hair cells of the early differentiation zone (Blum
et al., 2014; Marquès-Bueno et al., 2016; Dubeaux et al.,
2018) make it the principal Strategy I iron importer and
therefore a critical gateway for bioavailable iron. The
capacity of iron to change oxidation states makes it a
valuable component of many biological processes.
However, its presence poses a challenge for the cell to
prevent the deleterious effects of oxidative damage. In
addition, IRT1 imports metals other than iron and the
possibility to inhibit its function is an important step in
preventing metal toxicity. Under iron deficiency, IRT1
substrates, such as zinc and manganese, might be
imported and overaccumulate in the plant over time.
Terminating this accumulation process might be the

Figure 7. EHB1 inhibits IRT1-mediated iron
transport. A, Schematic representation of the iron
acquisition system inwild-type (WT) yeast and the
modified system in the fet3fet4 strain. FRE1 and 2,
Ferric Reductase 1 and 2; FET3 and 4, Ferrous
Transport 3 and 4; FTR1, Fe Transporter 1. B,
Growth of wild-type and fet3fet4 yeast on media
with sufficient iron (control) and with iron-
depleted (BPDS) media. The fet3fet4 strain is not
capable of growing when iron is limiting and the
introduction of the Arabidopsis IRT1 can rescue
this phenotype. In the presence of EHB1, IRT1
loses the capacity to rescue fet3fet4, whereas the
EHB1Dsig form, incapable of interacting with
IRT1, has no effect on IRT1-mediated iron ac-
quisition. C, Hypothetical mechanism of the
EHB1–IRT1 interaction using information from
other C2 domain proteins, homology models for
EHB1 and IRT1, and results from our MD simu-
lations. Structures highlighted in red relate to
protein regions identified here as relevant for the
EHB1/IRT1 interaction. (1) An increase in the cy-
tosolic calcium concentration leads to the occu-
pation of the EHB1 calcium binding sites. This
increases EHB1’s affinity for the plasma mem-
brane surface (2), which contains negatively
charged phospholipids. After binding in a “per-
pendicular” configuration, EHB1 would tilt to fa-
vor a “parallel” interaction (3). This would bring
the CAR signature domain in close proximity to
the IRT1vr (4), allowing the two to interact, that
way inhibiting iron uptake by a yet unknown
mechanism.
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major reason for having an inhibitory protein, such as
EHB1, act in these conditions.
We have identified the small peripheral membrane

protein EHB1 as an interactor and negative regulator of
IRT1. EHB1 belongs to the 10-member CAR protein
family, several members of which have a well-
documented involvement in the regulation of plant
responses to environmental stimuli (Knauer et al., 2011;
Cheung et al., 2013; Rodriguez et al., 2014).
We showed that EHB1 exists as both a soluble and

membrane-associated protein. EHB1 was found in the
nucleus, the cytoplasm, and at the plasma membrane.
Such localization is consistent with its influence on
the IRT1 transporter, and resembles the reported sub-
cellular localization of other CAR-family proteins
(Rodriguez et al., 2014). Of special interest was the
discovery that EHB1 shows a specific affinity toward
phosphoinositides, such as PtdIns4P, in both an
immobilized and membrane-integrated form. PtdIns4P
is a very low abundant lipid enriched at the plasma
membrane where it generates negative electrostatic
charge critical for the attachment of regulatory proteins,
such as PINOID and BRI1 KINASE INHIBITOR1
(Simon et al., 2016). We show that calcium is a critical
factor in EHB1 membrane association. In the absence of
calcium, the protein was unable to associate with plant
microsomes. This phenomenon cannot be explained
by the EHB1 phosphoinositide binding alone. The
calcium-dependence of PtdIns4P and mainly PtdIns
binding by EHB1 observed in the liposome-binding
experiments was quantitative, rather than a complete
on-off situation as seen in the fractionation experiment.
This suggests that EHB1 targets additional membrane
lipids. Although the exact role of calcium in EHB1
membrane binding is not yet clear, the presence of ca-
nonical calcium-coordination sites in the EHB1 C2 do-
main suggests its involvement in the process. In
contrast to CAR1 and CAR4 proteins (Rodriguez et al.,
2014), EHB1 could neither bind PC, as observed in lipid
strip experiments and liposome binding studies, nor
phosphatidyl-Ser (lipid strip experiment). At this point,
the data suggest a diversification of target lipids within
the family and argues in favor of a functional specifi-
cation of CAR family members.
Our experiments in yeast showed that EHB1 affected

the capacity of IRT1 to complement the iron-deficient
fet3fet4 strain. The control experiment in the wild-type
strain, where EHB1 did not affect the endogenous yeast
iron acquisition components, demonstrates that the
EHB1 effect was due to its direct and specific inhibition
of IRT1. This conclusion is also supported by the fact
that Basic Local Alignment Search Tool searches
revealed no EHB1 homologs, as well as no CAR-family
proteins in Saccharomyces cerevisiae. The experiment,
together with the EHB1-IRT1 interaction, shows that
the observed iron acquisition phenotypes in plants with
modified EHB1 presence are due to the changes in the
efficiency of IRT1 caused by the presence or absence of
EHB1. We cannot exclude that EHB1 affects also other
components of the Arabidopsis iron acquisition system.

We have observed consistent effects on the activity of
the root surface ferric reductase. It may be possible that
FRO2 and IRT1 form a protein complex for increased
iron import efficiency, similarly to the Fet3pFtr1p
complex in yeast. If so, the two proteins might influence
each other’s activity.
At present, the mechanism of EHB1-mediated IRT1

activity inhibition at the molecular level remains un-
clear. Because an experimental structure of the IRT1-
EHB1 complex remains to be determined, we employed
a comparative modeling combined with all-atom MD
simulations to suggest an EHB1 membrane binding
mode and propose an interaction mechanism between
EHB1 and IRT1 (Fig. 7C). It has been previously pro-
posed that the number of calcium ions bound to CAR
proteins varies with respect to the surrounding calcium
concentration (Diaz et al., 2016). An increase in calcium
concentration would therefore favor interactions with
negatively charged lipids in the plasmamembrane, also
causing increased protein concentration close to the
membrane surface (Honigmann et al., 2013; Diaz et al.,
2016). Increased concentrations of cytoplasmic calcium
have been shown in iron-deficient roots (Tian et al.,
2016); however, calcium signatures may vary in inten-
sity and duration (Steinhorst and Kudla, 2014). In a
recent study, we were able to show that a calcium-
decoding unit of CALCINEURIN B-LIKE PROTEIN1/
9-CIPK11 is needed to perceive elevated calcium con-
centrations at the plasma membrane and translate it
into a specific phosphorylation mark on the transcrip-
tion factor FIT, which is thus activated and upregulates
iron deficiency responses (Gratz et al., 2019). Another
CIPK-family member, CIPK23, was shown to specifi-
cally interact with and regulate IRT1 (Dubeaux et al.,
2018). Therefore, the EHB1 membrane association and
EHB1-IRT1 interaction might occur in response to
specific pulses of calcium waves that trigger the events
and disappear shortly after. Thus, EHB1 might repre-
sent a rapid and dynamic response mechanism for
switching off iron uptake under specific conditions.
This may be particularly important under sufficient
iron conditions, where the expression of IRT1 is tran-
siently triggered (Hong et al., 2013) and the possibility
should exist to quickly block iron import once sufficient
iron amounts have been acquired. Such EHB1 function
is well supported by the enhanced EHB1 gene expres-
sion under iron-sufficient conditions, the reduced
acquisition of apoplastic iron in roots of ehb1 mutants,
and the reduced iron content in seeds of HA-
EHB1–expressing plants. Calcium is a second messen-
ger for a wide variety of environmental cues (Steinhorst
and Kudla, 2014). As iron acquisition is affected by the
availability of other metals in the soil (Lešková et al.,
2017), it is possible that EHB1-mediated IRT1 inhibition
is not limited to iron-related signaling. It might occur
under other stimuli as well, and thus, it might con-
tribute to the global plant stress responsemodulation in
a constantly changing environment.
Our EHB1 structural model was complexed with two

calcium ions, reflecting a medium-to-high surrounding
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calcium concentration (Diaz et al., 2016). EHB1 bound
to a membrane with a typical composition of a plant
plasma membrane in all replicas of MD simulations;
initially, the binding occurred with an orientation
“perpendicular” (Honigmann et al., 2013) to the mem-
brane. Under our simulation conditions, the EHB1
concentration in the water phase is rather high (;1.5 mM),
which may explain why we observe binding to a
membrane that lacks phosphoinositides. At the same
time, the membrane does contain negatively charged
DOPG, and the binding is in line with the above sug-
gestion that EHB1 targets additional membrane lipids.
The MD simulations revealed in all but one replica a
potassium ion bound in proximity to the calcium
binding sites, which could represent how an additional
calcium ion would bind under physiological condi-
tions. In the course of all replicas, EHB1 tended to tilt
and interact with the membrane through its positively
charged surface, thereby leading to a binding “parallel”
to the membrane. In one replica, the tilting persisted
throughout the simulation time, mainly through inter-
actions between residues 51–62, 140–142, and 164–168
with the membrane, whereas in the other replica, EHB1
frequently exchanged between “perpendicular” and
“parallel” configurations. On the one hand, the lack of
phosphoinositides in our model membrane may result
in the less stable “parallel” binding mode. On the other
hand, the “parallel” configuration may require further
interactions to become stable. We note in this context
that only in the “parallel” configuration the CAR sig-
nature domain, identified here to be responsible for the
interaction with IRT1, can be expected to come close to
the IRT1vr, as inferred from a structural model con-
taining both EHB1 and IRT1 at or in the membrane. For
the homologous proteins PKC-a (Guerrero-Valero
et al., 2009) and synaptotagmin-1 (Honigmann et al.,
2013), it was shown that the “parallel” configuration
is mediated by interactions between PtdIns4,5P2 in the
membrane and a polybasic patch on the protein. The
close plant homologs CAR1 and CAR4 have significant
differences in the site of the patch that may be respon-
sible for a lack of specific binding to PtdIns4,5P2 (Diaz
et al., 2016). Similarly, the lack of binding of EHB1 to
PtdIns4,5P2 can, at least in part, be explained by the lack
of stabilizing interactions in the polybasic region, while
supporting the binding with PtdIns4P.

A plausible reason for the EHB1-mediated IRT1 in-
hibition may be the interaction with the IRT1 variable
region. This cytoplasmically exposed stretch contains
one of a total of three metal coordination sites in IRT1
(Eng et al., 1998; Rogers et al., 2000). The site may be-
come hidden and therefore nonfunctional due to the
proximity of EHB1. Additionally, two of the IRT1
transmembrane domains, IV and V, contain metal co-
ordination sites. EHB1 interaction might force a change
in their orientation, thus rendering them incapable of
transferring the iron across the membrane. A second
possibility for the inhibitory effect of EHB1 is based on
the finding that CAR4 protein was shown to cause
liposome membrane tubulation in the presence of

calcium in vitro (Diaz et al., 2016). It was thus proposed
that its physiological role would be to react to a calcium
signature and initiate membrane curvatures serving as
signaling platforms for downstream processes (Diaz
et al., 2016). In the case of EHB1, a calcium-dependent
tubulation of IRT1-containing membrane might pro-
mote the endocytosis of the iron transporter. This
would reduce the IRT1 protein available for iron
transport and therefore the iron transport efficiency.
The physiological data that we present in this article are
generally in agreement with such a mechanism. This
includes the observation of an increased IRT1 protein
abundance in the lines lacking EHB1. The two ehb1 lines
show enhanced iron import, suggesting higher abun-
dance and enhanced stability of active IRT1. These
two possible mechanisms of EHB1 function are not
mutually exclusive and might happen sequentially:
first EHB1-mediated IRT1 inactivation, followed by
endocytosis.

In summary, our data show that the peripheral
membrane protein EHB1 can interact with the iron
transporter IRT1. IRT1 is the primary importer of soil
iron. To prevent iron overaccumulation in the cell, the
otherwise soluble EHB1 protein is recruited to the
plasma membrane in a calcium-dependent manner. In
addition, calcium promotes the EHB1-IRT1 interaction,
which results in the inhibition of transporter activity.
This represents a novel mechanism for dynamic reba-
lancing of metal acquisition required for the prevention
of metal toxicity.

MATERIALS AND METHODS

Yeast Transformation, Media, and Selection

The coding sequence of the IRT1 variable region (IRT1vr) was amplified by
PCR from cDNA obtained from iron-deficient wild-type (Col-0) roots using the
primers I1LB1 and I1LB2 (Supplemental Table S1), subcloned into pDONR207
(Life Technologies) and transferred into the final destination vector pGBKT7-
GW. This construct was then introduced into yeast (Saccharomyces cerevisiae)
strain Y187 by the lithium acetate method (BD Biosciences). The resulting strain
wasmated with AH109 strain (BD Biosciences) harboring a cDNA librarymade
from iron-deficient Arabidopsis (Arabidopsis thaliana) roots in the pGADT7
vector (Lingam et al., 2011) and plated on a double-selective Synthetic Defined
(SD) medium lacking Trp (selects for presence of pGBKT7-GW:IRT1vr) and Leu
(selects for presence of a library cDNA clone in pGADT7). Positive colonies
were resuspended in distilled water and spread onto selection plates containing
SD medium lacking Trp, Leu, and His, and supplemented with 4 mM of 3-
amino-1,2,4-triazole (selection for protein–protein interaction). The plates were
incubated for 10 d at 30°C and, starting from d 5, 43 newly-appeared colonies
were picked, and insertions were amplified by PCR from the library-containing
pGADT7 vector using primers Yeast seqF and Yeast seqR (Supplemental Table
S1). For targeted yeast two-hybrid screens, EHB1 coding sequence was am-
plified using primers EHB1nterB1 and EHB1B2, subcloned into pDONR207,
which was then used to create AD-EHB1 fusion in pACT2-GW. Yeast strain
AH109 was cotransformed with AD- and BD fusion-expressing vector combi-
nations. Cultures from the resulting transformation events were spotted in 10-
fold dilutions onto SD medium-containing agar plates either lacking Trp and
Leu or lacking Trp, Leu, and His, and supplemented with and 2.5 mM of 3-
amino-1,2,4-triazole. Cotransformation of SNX1 AD and BD fusions, assaying
for SNX1 homodimerization (Pourcher et al., 2010), was used as a positive
control. Cotransformations with the respective non-recombined pACT2-GW
and pGBKT7-GW were used as negative controls.

For complementation studies, the full-length IRT1 coding sequence was
amplified from cDNA obtained from iron-deficient wild-type (Col-0) roots
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using primers I1B1 and FLI1B2Stop (Supplemental Table S1). The fragment was
subcloned into pDONR207 and transferred to pAG426GPD-ccdB-eYFP vector
(Susan Lindquist, Addgene plasmid # 14228). EHB1 coding sequence was
amplified from wild-type (Col-0) root cDNA using primers EHB1B1 and
EHB1cterB2 (Supplemental Table S1) before subcloning into pDONR207 and
transferred to pAG425GPD-ccdB-HA (Susan Lindquist, Addgene plasmid #
14250). Yeast strains INVSc1 (MATa his3D1 leu2 trp1-289 ura3-52 MAT his3D1
leu2 trp1-289 ura3-52, Thermo Fisher Scientific) and DEY1453 (MATa/MATa
ade2/1 canl/canl his3/his3 leu2/leu2 trpl/trpl ura3/ura3 fet3-2::HIS3/fet3-
2::HIS3 fet4-1::LEU2/fet4-1::LEU2; Eide et al., 1996) were used as hosts. To
study the IRT1-mediated complementation of the DEY1453 iron-deficiency
phenotype, 10-fold dilution of yeast cultures harboring combinations of IRT1
and EHB1, together with control transformants, were plated on agar plates
containing yeast extract peptone dextrose medium either supplemented with
80 mM of BPDS (iron-deficient conditions) or not (control conditions). Yeast
growth was observed on d 3 after plating. Identical experiment in the INVSc1
strain was used to exclude any potential adverse effects to yeast growth from
the expression of the constructs in the absence of the iron uptake-related
mutations.

BiFC and Protein Localization

The 2in1 BiFC vector system was used to visualize protein–protein inter-
actions in transiently transformed (Nicotiana benthamiana) epidermis cells. Full-
length EHB1 sequence was amplified from cDNA using primers EHB1B3 and
EHB1cterB2. EHB1Dsigwas created in a two-step reaction, first the EHB1 coding
sequence fragments neighboring the CAR signature domain were amplified in
separate reactions using primers EHB1B3 and E1DSig1, and E1DSig2 and
EHB1cterB2. In a second step, EHB1Dsig was amplified using primers EHB1B3
and EHB1cterB2, and the two fragments from the first step as a template. The
EHB1 and EHB1Dsig fragments were subcloned in pDONR221-B3B2 vector
(Life Technologies). Primers for the amplification of the IRT1vr deletions were
as follows: IRT1vr, I1LatgB1 and I1LnsB4; IRT1vrD1, I1LatgB1 and 2cternsB4;
IRT1vrD2, 3cterB1 and I1LnsB4; IRT1vrD3, 4cterB1 and 4cternsB4. The
IRT1vrDHis fragment was created in a two-step reaction as described for
EHB1Dsig. The first-step amplifications were made using the primer pairs
I1LatgB1 and 5AM1, and 5BM2 and I1LnsB4. The second reaction was per-
formed with primers I1LatgB1 and I1LnsB4. All IRT1vr fragments were
subcloned into pDONR221-P1P4 vector (Life Technologies). Combinations of
EHB1 and IRT1vr fragments were inserted into vector pBiFCt-2in1-CC vector
(Grefen and Blatt, 2012) by recombination.

For investigating EHB1 localization, the full-length EHB1 sequence was
amplified from cDNA using primers EHB1B1 and EHB1cterB2, subcloned into
pDONR207 (Life Technologies) and introduced by recombination to pMDC83
(Curtis and Grossniklaus, 2003). GFP6 sequence was amplified from pMDC83
using primers G6B1 and G6B2, subcloned into pDONR207 (Life Technologies)
and introduced by recombination to pMDC7 (Curtis and Grossniklaus, 2003).
IRT1-mCherry fusion was expressed from the pJNC1:IRT1 vector (Ivanov et al.,
2014), and AHA1-mRFP was expressed from the pB7WG2:AHA1 vector
(Caesar et al., 2011).

Final vectors were introduced into N. benthamiana through a Rhizobium
radiobacter-mediated transformation (Hötzer et al., 2012) and fluorescence was
investigated under a microscope. GFP expression was induced 24 h after in-
filtration by treating the leaf with 20 mM of b-estradiol (Sigma-Aldrich) in di-
methyl sulfoxide with 0.1% (w/v) TWEEN 20 (Sigma-Aldrich).

All mentioned primers are listed in Supplemental Table S1.

Fluorescence and Confocal Microscopy

For standard fluorescence imaging, AxioImager 2 microscope (Zeiss)
equippedwith theApoTome.2modulewasused. Imageswere takenwithaPlan-
Apochromat 403/1.4 Oil objective and recorded by an Axiocam 503 mono-
chromatic camera (Zeiss). Filter sets were as follows: GFP: Filter set 38 HE eGFP
shift free (E) [EX BP 470/40, BS FT 495, EM BP 525/50]; YFP: Filter set 46 HE
YFP shift free (E) [EX BP 500/25, BS FT 515, EM BP 535/30]; mCherry: Filter set
43 HE Cy 3 shift free (E) [EX BP 550/25, BS FT 570, EM BP 605/70].

Confocal microscopy was performed on an LSM 780 (Zeiss). For GFP vi-
sualization, excitation at 488 nm and detection between 505 and 545 nm were
used.FormRFP/mCherry, excitationat 561nmanddetection from575 to615nm
were used. Pinholes for both channels were set to 1AiryUnit resulting in optical
slices of 0.8 mm. Images were recorded in a 1,024-pixel format. Colocalization
analysis was performed on 8-bit grayscale image pairs, representing the GFP

and mRFP/mCherry channels. Images were loaded in the software ImageJ
(http://rsb.info.nih.gov/ij) and analyzed using the JACoP v2.0 plug-in (Bolte
and Cordelières, 2006). Threshold values were automatically adjusted by the
software.

Protein Expression and Purification

EHB1 coding sequence was amplified from cDNA using primers E1SpeIFw
and E1XhoIRev containing SpeI and XhoI restriction sites, respectively
(Supplemental Table S1). The fragment was digested by the two nucleases,
purified and inserted into the SpeI and XhoI sites of the pET-StrepII vector
(Novagen). The resulting pET-StrepII:EHB1 vector was introduced into
BL21(DE3) cells (New England BioLabs). For StrepII-EHB1 fusion protein ex-
pression, a culture with OD600 0.6 was induced by 0.1 mM of isopropyl b-D-1-
thiogalactopyranoside. Cells were collected 3 h after the induction and lysed in
a buffer containing 100 mM of Tris-HCl at pH 8.0, 150 mM of NaCl, 5 mM of 1,4-
dithiothreitol, 0.35 mg/mL of lysozyme, 1 mM of Brij-35, and 13 CIP protease
inhibitor (Roche). After 30 min, 0.1% (w/v) of Triton X-100 was added and the
suspension was sonicated. StrepII-EHB1 was solubilized in the presence of
100 mM of Tris-HCl at pH 8.0, 150 mM of NaCl, 1 mM of Brij-35, and 8 M of Urea.
The unspecific biotin-binding sites were blocked by the addition of avidin to a
concentration of 100mg/mL. The solutionwas then diluted 10-fold in 100mM of
Tris-HCl at pH 8.0 and 1mM of Brij-35 before the addition of Strep-TactinMacro
Prep suspension (IBA Life Sciences). The beads were washed in 100 mM of Tris-
HCl at pH 8.0, 150 mM of NaCl, and 1 mM of Brij-35 and then eluted in the same
buffer in the presence of 2.5 mM of a-Desthiobiotin.

Protein Coimmunoprecipitation

N. benthamiana epidermis was transformed as above with combinations of
IRT1-GFP and EHB1-HA or EHB1Dsig-HA expressing vectors. To create the
EHB1-HA expression cassette, the EHB1 coding sequence was amplified from
cDNA using the EHB1B1 and EHB1cterB2 primers (Supplemental Table S1)
introduced to pDONR207 and then transferred to pAUL1 vector (Lyska et al.,
2013). The same cloning strategy was used for the generation of the EHB1Dsig-
HA cassette. One gram of plant material was ground under liquid nitrogen and
resuspended in immunoprecipitation (IP) buffer (50 mM of Tris HCl at pH 8.0,
150 mM of NaCl, 1 mM of EDTA, 1% [w/v] Triton-x-100, and 13 CIP protease
inhibitor; Roche). Where indicated, 100 mM of CaCl2 was added to the IP buffer.
The cell debris was removed by centrifugation for 10 min (16,800g, 4°C). GFP-
Trap_A beads (ChromoTek) werewashed twice in IP buffer and resuspended to
a final volume of 100 mL. The supernatant was incubated with 25 mL of the
beads suspension at a revolving wheel for 3 h at 4°C. Beads were collected by
centrifugation and washed three times with 1-mL IP buffer each. Elution was
done using 50-mL SDG buffer (62mM of Tris-HCl at pH 8.6, 2.5% [w/v] SDS, 2%
[w/v] 1,4-dithiothreitol, and 10% [v/v] glycerol) at room temperature. Samples
were taken from the original cleared extract (designated “input”) and after
elution (designated “IP”). The experiments were repeated twice, yielding
comparable results.

SDS-PAGE and Immunoblot

Protein electrophoresis and protein immunoblots were performed as de-
scribed in Ivanov et al. (2014). For electrophoresis, 4% to 20% 10-well Mini-
Protean stain-free gradient gels (Bio-Rad) were used. The antibody dilutions
were as follows: mouse anti-GFP (11814460001; Roche) 1:1,000, mouse anti-
actin (MabGPa; Sigma-Aldrich) 1:1,000, rabbit anti-IRT1 (AS11 1780; Agri-
sera) 1:5,000, rabbit anti-PM(H1)-ATPase (AS07 260; Agrisera) 1:1,000, rabbit
anti-UGPase (AS05 086; Agrisera) 1:1,000, rat monoclonal anti-HA horserad-
ish peroxidase conjugated (3F10; Roche) 1:5,000, goat anti-mouse IgG
horseradish peroxidase (W4011; Promega) 1:5,000, and goat anti-rabbit IgG
horseradish peroxidase (AS09 602; Agrisera) 1:5,000. StrepII-tag was detected
using Strep-Tactin horseradish peroxidase conjugate (IBA Life Sciences) at a
dilution of 1:1,000.

Lipid Overlay and Liposome Binding Assays

TheMembrane Lipid Strip (Echelon) membranewas blocked for 3 hwith 3%
(w/v) fatty acid-free bovine serum albumin (Sigma-Aldrich) in Tris-buffered
saline with TWEEN 20 (20 mM of Tris-HCl at pH 7.4, 180mM of NaCl, 0.1% [w/v]
Tween 20) buffer and then incubated overnight with the purified StrepII-EHB1

Plant Physiol. Vol. 180, 2019 1577

EHB1 Inhibits IRT1-Based Fe Import

http://www.plantphysiol.org/cgi/content/full/pp.19.00163/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00163/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00163/DC1
http://rsb.info.nih.gov/ij
http://www.plantphysiol.org/cgi/content/full/pp.19.00163/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00163/DC1


protein (2 mg/mL). The presence of immobilized StrepII-EHB1 was detected us-
ing Strep-Tactin horseradish peroxidase conjugate (IBA Life Sciences). Where
indicated, the Tris-buffered saline with TWEEN 20 buffer contained an additional
100 mM of CaCl2.

For the liposome-binding assay, PC or a 75:25 (w/w) mixture of PC:PtdIns,
or PC:PtdIns4P (Sigma-Aldrich) was prepared. A 2% (w/v) lipid suspension
was prepared in a buffer containing 50-mM HEPES and 100 mM of NaCl at pH
6.8 by sonication and frozen. Upon defreezing, the suspensionwas additionally
sonicated and the resulting liposomes were extruded through a 0.2-mm pore
size polycarbonate membrane using aMini Extruder (Avanti Polar Lipids). The
liposomes were incubatedwith 5mg of purified StrepII-EHB1 for 30min at 30°C
in the above HEPES-NaCl buffer. The suspension was then centrifuged at
100,000g for 30 min in a SW40Ti Swinging Rotor (Beckman). Supernatant and
resuspended pellet were collected and analyzed for the presence of StrepII-
EHB1. Where indicated, the buffer contained an additional 100 mM of CaCl2.
The experiments were performed three times with new lipid membranes or
freshly prepared liposomes, yielding comparable results.

Isolation of Membrane Fractions

Roots of HA-EHB1-expressing Arabidopsis plants, grown in the 2-week
growth system, were used in the experiment. The separation of microsomal
and soluble fractionswas performed as described inAlexandersson et al. (2008),
except that where indicated the buffer contained additional 100-mM CaCl2.
Equal amounts of soluble and microsomal fraction were loaded for analysis.
The experiment was performed three independent times and yielded compa-
rable results.

Immunoblot Band Intensity Quantification

Densitometry analysis of immunoblot images was performed using the soft-
ware ImageJ (National Institutes of Health) as described in Ivanov et al. (2012b).

Homology Modeling and MD Simulations

EHB1 and IRT1 (UniProt accession IDs Q9S764 and Q38856, respectively)
were modeled with the software TopModel (Mulnaes and Gohlke, 2018) as
described in Milić et al. (2018). EHB1 was modeled based on structures with
PDB IDs 4V29 and 5A52 (46.9% and 52.2% of sequence identity, respectively; in
both cases, chain “A”was used). For IRT1, only PDB ID 5TSAwas identified as
a template (15.5% sequence identity; chain “A” was used), and the first 50
residues were omitted as no coverage for this portion was available.

MD simulations were prepared to evaluate the binding mode of EHB1 with
respect to a membrane. The system was prepared with the tool Packmol-
Memgen (Case et al., 2018), placing the protein at ;25 Å from the membrane
surface. The membrane composition was 4:4:1 DOPC/DOPE/DOPG, resem-
bling main components of a plant plasma membrane (Furt et al., 2011). Two
calcium sites of EHB1 were occupied by using the coordinates found in the
crystal structure of PDB ID 4V29. The system charges were neutralized by
adding 0.15 M of KCl in the solvation box. The GPU implementation of the
programAMBER18 pmemd (Darden et al., 1993; Le Grand et al., 2013) with the
ff14SB (Maier et al., 2015) and the software Lipid17 (Dickson et al., 2014; Skjevik
et al., 2014; Case et al., 2018) parameters for the protein and the membrane
lipids, respectively, were used. Water molecules were added using the TIP3P
model (Jorgensen et al., 1983). After thermalization to 300 K and density ad-
aptation, five independent MD simulations of 1-ms length were performed in
the NPT ensemble. Covalent bonds to hydrogens were constrained with the
SHAKE algorithm (Ryckaert et al., 1977) in all simulations, allowing use of a
time step of 2 fs.

To obtain a representative depiction of IRT1 embedded in themembrane, the
homology model of IRT1 was treated with the same MD protocol as EHB1,
simulating five replicas for 500 ns. The structure considered is a representative
conformation of the biggest cluster identified by using the Density-based spatial
clustering of applications with noise (DBSCAN) algorithmwith an «-parameter
of 1 Å across the last 200 ns of all replicas. All analyses were performedwith the
software CPPTRAJ (Roe and Cheatham, 2013).

Plant Material

The Arabidopsis ehb1-1, ehb1-2 (Knauer et al., 2011), and irt1-1 (Vert et al.,
2002) mutants were previously described. Absence of a full-length transcript in

ehb1-1 and ehb1-2was verified by PCR on cDNA from the two mutants, as well
as on wild-type and HA-EHB1 cDNA. PCR was performed using primers
EHB1f and EHB1r (Supplemental Table S1). For the generation of the HA-EHB1
lines, full-length EHB1 fragment was amplified from cDNA using primers
EHB1nterB1 and EHB1B2 (Supplemental Table S1), subcloned into pDONR207
vector (Life Technologies) and transferred to pAlligator-2 vector by recombi-
nation. The resulting vector was introduced into R. radiobacter C58C1
(pGV2260) strain. Transformation of Arabidopsis wild-type Col-0 ecotype was
performed using the floral dip method (Clough and Bent, 1998). Homozygous
T4 plants were used in the study.

Plant Growth Conditions

Arabidopsis plants were surface-sterilized and grown upright on agar plates
containing Hoagland medium as in Brumbarova and Ivanov (2016). The me-
dium either contained 50-mM FeNaEDTA (50-mM Fe, sufficient iron condition)
or FeNaEDTA was omitted (0-mM Fe, iron-deficient conditions). Plants were
either grown directly on 50-mM Fe or 0-mM Fe plates for 8 d (referred to as “8-d
growth system”), or were grown on 50-mMFe plates for 14 d and then separated
to either 50-mM Fe or 0-mM Fe plates for three additional days (referred to as
“2-week growth system”).

For localization and interaction analysis in leaf epidermis, N. benthamiana
plants were germinated on soil and grown for 3 weeks in a greenhouse. When
needed, artificial light was used to ensure a 16-h day and 8-h night cycle.

Histochemical Detection of Iron

The visualization of iron in roots of plants, grown in the 8-d growth system,
was performed using the Perls-3,3’-diaminobenzidine tetrahydrochloride
method, as described in Brumbarova and Ivanov (2014). The stained roots were
imaged on AxioImager.M2 microscope (Zeiss) at 203 magnification using the
“Tiles” module and the “stitching” function of the software ZEN 2 (Zeiss) to
assemble the collected images. The experiment was performed on three inde-
pendently grown batches of plants, yielding comparable results.

Chlorophyll Content Measurement

Leaves were collected from plants grown in the 2-week growth system.
Chlorophyll content was analyzed as described in Ivanov et al. (2014). The
experiment was performed on five independently grown sets of plants.

Measurement of Ferric Reductase Activity

Plants were grown in the 2-week growth system. The activity of the root
surface ferric reductase was measured spectrophotometrically as described in
Le et al. (2016). The experiment was performed on five independently grown
sets of plants.

Measurement of Root Length

Root length was measured from frontal images of plant roots using the
JMicroVision software (http://www.jmicrovision.com) as described in Ivanov
et al. (2014). A minimum of 25 plants were measured per genotype per condi-
tion. The whole experimentwas performed on five independently grown sets of
plants.

Gene Expression Analysis by Reverse-Transcription
Quantitative PCR

Total RNA was prepared from Arabidopsis plants grown in the 2-week
growth system using the RNeasy Plant Mini Kit (Qiagen). Oligo dT primer
and RevertAid first-strand cDNA synthesis kit (Thermo Fisher Scientific) were
used for cDNA preparation. Reactions were prepared with DyNAmo Color-
Flash SYBRGreen qPCRKit (Thermo Fisher Scientific) andwere carried out in a
C100 Touch PCRCycler equippedwith the CFX96 Real-Time System (Bio-Rad).
Data were analyzedwith the software CFXManager (Bio-Rad). Reactions using
mass standard dilution series for each gene were used to generate standard
curves, based on which the quantification of the samples was done. Samples
were normalized to the expression of EF1Ba. Amplification of the unspliced
form of EF1Ba was used to control for genomic DNA contamination. The
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experiment was performed on three independently grown sets of plants with
each cDNA sample analyzed in two replicates to control for technical varia-
tions. Primer sequences for all analyzed genes are available in Supplemental
Table S1.

Fe and Mn Content Measurement

Seed samples of soil-grown plants were ground and melted at high tem-
perature in a solution of 65% (v/v) HNO3:30% (v/v) H2O2 5 5:2. The cooled
solutions were measured with inductively coupled plasma optical emission
spectrometry (conical atomizer; 0.61 l/min argon flow; pressure: 2.41 bar, Ul-
tima 2; HORIBA Jobin Yvon). The wavelengths used were as follows: Fe 5
259.940 nm; Mn 5 257.610 nm. Three independent batches of seeds were
measured.

Statistical Analysis

For statistical analysis, datawere analyzedusing one-wayANOVA followed
by Fisher’s least significant difference post hoc test in the software SPSS Sta-
tistics (IBM). The obtained P values were used for identifying statistically sig-
nificant differences between groups (P , 0.05).

Accession Numbers

CAR1, At5g37740; CAR4, At3g17980; EF1Ba, At5g19510; EHB1, At1g70800;
FER, At5g01600; FIT, At2g28160; FRO2, At1g01580; IRT1, At4g19690; SNX1,
At5g06140; PKC-a, GC17P066302.

Data Availability

Data supporting thefindings of this study are availablewithin the article and
its Supplemental Data, and from the corresponding author on request.
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Supplemental Figure S2. Binding of StrepII-EHB1Dsig to membrane
lipids.

Supplemental Figure S3. Generation of HA-EHB1–expressing Arabidopsis
plants.
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Supplemental Figure S5. Gene expression analysis in the ehb1-2 mutant.
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Supplemental Movie. MD simulation of EHB1 membrane binding.
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Lešková A, Giehl RFH, Hartmann A, Fargašová A, von Wirén N (2017)
Heavy metals induce iron deficiency responses at different hierarchic
and regulatory levels. Plant Physiol 174: 1648–1668

Li L, Shin OH, Rhee JS, Araç D, Rah JC, Rizo J, Südhof T, Rosenmund C
(2006) Phosphatidylinositol phosphates as co-activators of Ca21 binding
to C2 domains of synaptotagmin 1. J Biol Chem 281: 15845–15852

Liberman LM, Sparks EE, Moreno-Risueno MA, Petricka JJ, Benfey PN
(2015) MYB36 regulates the transition from proliferation to differentia-
tion in the Arabidopsis root. Proc Natl Acad Sci USA 112: 12099–12104

Lingam S, Mohrbacher J, Brumbarova T, Potuschak T, Fink-Straube C,
Blondet E, Genschik P, Bauer P (2011) Interaction between the bHLH
transcription factor FIT and ETHYLENE INSENSITIVE3/ETHYLENE
INSENSITIVE3-LIKE1 reveals molecular linkage between the regulation
of iron acquisition and ethylene signaling in Arabidopsis. Plant Cell 23:
1815–1829

Lyska D, Engelmann K, Meierhoff K, Westhoff P (2013) pAUL: A
gateway-based vector system for adaptive expression and flexible tag-
ging of proteins in Arabidopsis. PLoS One 8: e53787

Maier JA, Martinez C, Kasavajhala K, Wickstrom L, Hauser KE,
Simmerling C (2015) ff14SB: Improving the accuracy of protein side
chain and backbone parameters from ff99SB. J Chem Theory Comput 11:
3696–3713

Marquès-Bueno MDM, Morao AK, Cayrel A, Platre MP, Barberon M,
Caillieux E, Colot V, Jaillais Y, Roudier F, Vert G (2016) A versatile
multisite Gateway-compatible promoter and transgenic line collection
for cell type-specific functional genomics in Arabidopsis. Plant J 85:
320–333
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