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ABBREVIATIONS

NRAMPI: Natural Resistance Associated Macrophage Protein 1
CIPK: CBL-Interacting Protein Kinase

CBL: Calcineurin B-like protein

CPK: Calcium-dependent Protein Kinase

AKT1: Arabidopsis Potassium Transporter 1

IRT1: Iron Transporter 1

LecRK-I9: Legume-like lectin receptor kinases 19
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LUC: Luciferase

GFP: Green Fluorescent Protein

RFP: Red Fluorescent Protein

MBP: Maltose binding protein

GST: Glutathione S-Transferase

HA: Human influenza hemagglutinin tag

Cter: carboxyterminal

Nter: Amino terminal

GST-Nter: GST fused to the Nter fragment of NRAMP1

GST-Cter: GST fused to the Cter fragment of NRAMP1

ABSTRACT

Manganese (Mn) is essential for plants but is toxic when taken up in excess. To maintain Mn
homeostasis, the root Mn transporter NRAMP1 cycles from the plasma membrane to
endosomes upon phosphorylation. To identify the kinase involved, a split-luciferase screening
was carried out between NRAMP1 and kinases of the CIPK family and identified CIPK23 as a
partner of NRAMP1. The interaction was confirmed by split-mCitrine bimolecular fluorescence
complementation and co-immunoprecipitation assays. In vitro phosphorylation assays
pinpointed two CIPK23 target residues in NRAMP1, among which serine 20, important for
endocytosis. Interestingly, Mn-induced internalization of NRAMP1 was unaffected by cipk23
mutation suggesting a potential redundancy between CIPK23 and other kinase(s). How CIPK23
could regulate NRAMP1 in response to Mn availability is discussed.
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INTRODUCTION

In plants, manganese (Mn) serves as a cofactor for numerous enzymes crucial for
photosynthesis, reactive oxygen species detoxification, protein glycosylation, or cell wall
components production. Mn deficiency generates therefore many cell disorders ultimately
leading to poor growth of the plant, decreased fertility and susceptibility to pathogens [1]. Mn
excess is also deleterious for plant cells as it triggers mismetallation of enzymes, excessive ROS
production, accumulation of oxidized phenolic compounds in the apoplast, and competition
with the uptake of other nutrients [2,3]. As a consequence, plants exposed to an excess of Mn
eventually suffer important oxidative stress, impaired photosynthesis and secondary nutrient

deficiencies [4,5].

Plants must therefore control Mn uptake in order to maintain Mn homeostasis and feed the Mn-
dependent enzymes while avoiding toxicity. In Arabidopsis, Mn uptake is mainly ensured by
two metal transporters, namely NRAMP1 and IRT1. NRAMPI is responsible for the high-
affinity Mn uptake [6], that allows plants to thrive when Mn availability is reduced. IRTI,
beyond its essential function as the major high-affinity Fe transporter at the root surface [7],

also contributes to Mn uptake under optimal conditions [8].

NRAMPI and IRT1 activities are regulated by Mn availability to maintain proper Mn uptake.
This is achieved mainly by post-translational regulation of these transporters. Indeed, they are
both addressed at the plasma membrane when their metal substrates are becoming scarce in
order to maximize their uptake, and internalized in endosomes when Mn is in excess to protect
the cell from toxicity [9—11]. Internalization of NRAMP1 and IRT1 relies on clathrin-mediated
endocytosis induced by post-translational modifications added to the cytosolic domains of the
transporters [10—12]. IRT1 can sense excessive Mn through its cytosolic loop, which triggers
its phosphorylation by the CBL-interacting kinase CIPK23 and subsequent ubiquitination by
the ubiquitin ligase IDF1, promoting its targeting to the vacuole [10]. In the case of NRAMPI,
internalization in response to Mn excess depends on the phosphorylation of serine (Ser) 20 since
a phosphodead mutation of this residue prevents its endocytosis [11]. In addition,
phosphorylation of threonine (Thr) 498 at the C-terminus of NRAMP1 by the calcium-activated
protein kinases CPK21 and CPK23 kinases promotes its transport activity in response to Mn

limitation [13].

The above-mentioned kinases responsible for Mn-dependent regulation of NRAMP1 and IRT1
belong to two different families of Ca®'- activated kinases: the CPKs (Calcium-dependent
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Protein Kinase), that can directly bind Ca?* and phosphorylate their target, and CIPKs (CBL-
interacting protein kinase), that do not directly bind Ca?** and need activation by Ca*"-bound
CBL (Calcineurin B-like protein) prior to phosphorylate their target [14—16]. These kinases
decode cytosolic Ca*" oscillations triggered upon perception of a signal, such as Mn deficiency
or excess, and relay it by phosphorylating their target effector proteins, eventually leading to a
cellular response [13,17-19]. Among these kinases, the CBL-interacting protein kinase CIPK23

has emerged as a central hub in the regulation of root nutrients acquisition systems [20].

In the present work we have identified the CBL-interacting kinase CIPK23 as a new kinase able
to phosphorylate the high-affinity Mn transporter NRAMP1, thus adding a new layer of
complexity to the regulation of Mn uptake in Arabidopsis. We found that CIPK23 interacts with
NRAMPI1 and phosphorylates Ser20 and Ser499. Investigating the role played by CIPK23-
mediated phosphorylation in the regulation of NRAMP1 under Mn excess led to the conclusion
that CIPK23 may act redundantly with other kinases in that process.

MATERIALS AND METHODS

Plant material, growth conditions and Mn excess treatment

WT and T-DNA insertion Arabidopsis lines of the Columbia (Col-0) ecotype were used in this
study. The nramp1-1 line (SALK 053236) (nrampl in the text) and the transgenic line nramp1-
1 35S::NRAMP1-GFP #8 (NRAMPI-GFP in the text) were described in previous studies
[6,11]. The cipk23-5 line (Salk 138057) (cipk23 in the text) was previously described [21,22].
The double mutant cbl1l cbl9 was previously described [23] and generated by crossing of the
cbll (SALK 110426) and cbl9 (SALK 142774) lines [24]. The transgenic lines cipk23-5
nrampl-1 35S::NRAMP1-GFP (cipk23 NRAMP1-GFP in the text) and cbll cbl9 nrampl-1
35S::NRAMP1-GFP ( cbll cbl9 NRAMP1-GFP in the text) were obtained by crossing the
previously published nrampl-1 35S::NRAMP1-GFP #8 line with the cipk23-5 and cbll cbl9

mutants, respectively.

Transient expression in Nicotiana benthamiana leaves

A. tumefaciens GV3101 strains carrying the constructs of interest (including P19) were grown
overnight and resuspended in infiltration buffer (10 mM MgClz; 10 mM MES [pH 5.6] and 150
uM acetosyringone) to a final ODesoo of 0.1 each for split-LUC assay and 0.5 each for split-
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mCitrine assay. Bacteria were co-incubated and then infiltrated in four-week-old N.

benthamiana leaves.

Split-LUC assay

The Gateway® technology (Invitrogen) was used to clone the coding sequences of CIPK23 and
CIPK20 into pDEST-nLUC®Y vector [25], and the coding sequences of NRAMP1 and AKT1
into pDEST-SWcLUC and pDEST-cLUCSY vectors respectively [25]. Combinations of
Agrobacterium strains carrying these constructs were co-infiltrated in tobacco leaves. Leaf
disks were harvested 72 h after infiltration and incubated 1 h in the dark with 1 mM luciferin in
infiltration buffer. Luminescence intensity was measured by Victor microplate reader (Perkin
Elmer Wallac Victor2 1420 Multilabel Counter). The mean of 3 reads was done for each leaf
disk. Luminescence of 8 leaf disks from 2 different plants were measured for each combination
of constructs. Luminescence intensity values were plotted relative to that of the positive control

cLUC-AKT1/nLUC-CIPK23 combination set to 1.

Split-mCitrine assay

The Gateway® technology (Invitrogen) was used to clone mCitrine N-terminal (nCit) or C-
terminal (cCit) fragments (residues 1 to 155 and 155 to 238, respectively) and the 2x35S
promoter into p2R-P3 and p4-P1R donor vectors, respectively. The coding sequences without
stop codons of NRAMP1, LecRK-1.9, CIPK23 and CIPK20 were cloned in pDONR207 vector
and subcloned in 2X35S::GW-nCit and 2X35S::GW-cCit vectors, respectively. Combinations
of Agrobacterium strains carrying these constructs were co-infiltrated in tobacco leaves. The
mCitrine fluorescence imaging was performed 48 h after infiltration with an inverted Leica TCS
SP8 confocal laser scanning microscope (25x water objective; 514 nm excitation, 525-580 nm

detection). Chloroplast fluorescence was collected from 700 to 737 nm.

Root phenotyping experiment and Mn content quantification

Plants were grown vertically in vitro for 14 days under long days (23°C, 16h light/8 h dark,
65% RH) on sterile /2 MS medium containing 1% sucrose, 0.8% agar, and either 20 pM
(standard) or 1 mM MnSOas. Plates were scanned to allow primary root length (PRL)
measurement using Imagel. Shoots were harvested and rinsed 2 min in 10 mM EDTA. 8 to 20
shoots from the same genotype and growth condition were pooled, dried at 80°C for at least 2

days and mineralized in 7.5 % H202, 49 % HNOs at 85°C until complete disintegration.
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Elemental analyses were performed by Micro Plasma Atomic Emission Spectroscopy (Agilent

4200 MP-AES) according to the manufacturer’s recommendations.

Mn treatment of Arabidopsis roots, confocal imaging and fluorescence quantification

For imaging GFP fluorescence in Arabidopsis root cells, plants were grown one week under
long days (21.5°C, 16h light/8 h dark, 65% RH) in a Mn-free 2 MS liquid medium (1%
sucrose). Seedlings were then incubated in 2 MS Mn-free liquid medium for 1 h or in /2 MS
containing 2 mM MnSOs4 for the amount of time indicated in the figure legend. The incubation
media were supplemented with 100 uM of the translational inhibitor cycloheximide (Sigma
Aldrich) in order to specifically observe the post-translational fate of NRAMP1-GFP proteins.
Epidermal and cortical root cells from the division and elongation zone were imaged using an
inverted Leica SP8 confocal microscope (40%/1.1 water objective; 488 nm excitation, 500—-540
nm detection). The ratio of the plasma membrane over the intracellular signal intensity was
calculated for individual cells by dividing the mean grey value of a segmented line (1-pixel
wide) drawn along the plasma membrane by the mean grey value of the whole intracellular
selected area on individual microscopic pictures, using ImageJ. For each time point, ratios of at

least 10 different cells of 4 different plants were calculated.

Co-Immunoprecipitation and immunoblotting

The Gateway® technology (Invitrogen) was used to clone the coding sequences of CIPK23 and
CBL1 in the pGWB5 and pB7RW62 vectors respectively. Combinations of Agrobacterium
strains carrying these constructs and the pFP101-HA-NRAMP1 (described in [6]) were co-
infiltrated in tobacco leaves. Infiltrated leaf samples were harvested 48 h after-infiltration and
proteins were crosslinked before extraction. Transformed leaf samples were vacuumed 15min
in 1X PBS 1 % formaldehyde. Crosslinking reaction was stopped by addition of 0.125 M
Glycine. Total proteins (Inputs) were extracted from 1 g of crosslinked leaf tissue in 3 mL
extraction buffer (50 mM Tris-HCI [pH 8]; 150 mM NaCl; 0,5 % Na Deoxycholate; 1 % Triton
X-100; 0.1 % SDS; 5 mM DTT and 1 % Protease Inhibitor Cocktail for Plant Cell [Sigmal).
HA-NRAMP1 or CIPK23-GFP proteins were immunopurified from total proteins with anti-HA
and anti-GFP microbeads respectively (Miltenyi Biotec uMACS Isolation kit) according to the
manufacturer’s recommendations. Immunodetection of HA-NRAMP1, CIPK23-GFP and
CBLI-RFP was performed as previously described [11] with the following antibodies
respectively: anti-HA (5B1D10, 1:500, ThermoFisher), anti-GFP (JL-8, 1:4000, Clontech) and
anti-RFP (6G6, 1:2000, Chromotek).
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Production of recombinant proteins

The Gateway® technology was used to clone the coding sequences of CIPK23 and CIPK20
into the pKM596-MBP-GW vector. A stop codon was added by PCR to the coding sequences
of NRAMP1 N-terminal domain (amino acids 1 to 45) which was then cloned in pDEST™15-
GST-GW  vector. pDEST™15-GST-Nter-S20,22,24A, pDEST™15-GST-Nter-S20A,
pDEST™15-GST-Nter-S22A and pDEST™15-GST-Nter-S24A constructs were obtained
similarly using mutated NRAMP1 coding sequences as previously described [11]. The coding
sequences of NRAMP1 C-terminal domain (amino acids 493 to 532) was cloned in the
pDEST™15-GST-GW vector. NRAMP1 C-terminal domains carrying point mutations to
mutate Ser499 into alanine (S499A) or Ser503 and Ser506 into aspartic acids (S503,506D) were
obtained by PCR site directed mutagenesis. These variants were fused to GST as well by

cloning into pDEST™15-GST-GW.

E. coli BL21 strain carrying these constructs were grown until ODsoo 0.3. Expression of the
fusion proteins was induced for 3 h by addition of 0.3 mM final Isopropyl B-D-1
thiogalactoside. Cells were harvested, resuspended in column buffer (20 mM HEPES pH 7, 150
mM NaCl) and lysed by sonication. MBP- and GST- recombinant proteins were incubated 2 h
with Amylose Resin™ (New England BioLabs) and Agarose-glutathion Pierce™ (Thermo
Scientific), respectively and eluted from the resin respectively with 10 mM maltose or 10 mM

reduced L-gluthathione in column buffer.

In Vitro Phosphorylation Assay

10 pg of purified recombinant substrate proteins GST-Nter, Cter or mutated variants were
incubated 3 h at 30°C with 5 pg of MBP-CIPK23 or MBP-CIPK20 in kinase reaction buffer
(1.5 mM MnSO4; 2 mM CaClz; 0.5 mM DTT; 0.1 mM cold ATP and 2 pCi [y-32P] ATP) and
heated at 55°C for 5 min in loading buffer. The proteins were separated by SDS-PAGE and gels
were stained with Coomassie brilliant blue. Radioactivity was detected with a Typhoon™ FLA

9000 imager (GE Healthcare). Band intensity quantification was done using ImagelJ software.

RESULTS

NRAMP1 interacts with the kinase CIPK23
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In order to identify candidate kinase(s) responsible for NRAMP1 phosphorylation in response
to Mn excess, we carried out an interaction screening between NRAMP1 and members of the
CIPK family. To that aim, we realized a split-luciferase assay (Split-LUC) in Nicotiana
benthamiana leaves to test the interaction between NRAMP1 harboring the C-terminal part of
the luciferase (cLUC) and 12 CIPKs chosen on the basis of their putative overlapping
expression territories and fused to the N-terminal part of the luciferase (nLUC). We could detect
strong luminescence signals for the interaction between NRAMP1 and either one of the kinases
CIPK6, CIPK23, CIPK25 (Fig. S1). Among them, CIPK23 was of particular interest because
of'its role in the regulation of several nutrient transport systems, including the Fe/Mn transporter
IRT1 [20]. Interaction between CIPK23 and NRAMP1 was compared to the positive control
CIPK23/AKT]I, which interaction was previously reported [26]. It led to a 2.5 stronger signal
confirming the significance of the NRAMP1/CIPK23 interaction. The specificity of NRAMP1
interaction with CIPK23 was then validated using CIPK20 as a negative control which did
interact with none of the transporters (Fig. 1A). Based on these results, we decided to focus on

the interaction between NRAMP1 and CIPK23.

We further confirmed the interaction of NRAMP1 with CIPK23 by bimolecular fluorescence
complementation using a split-mCitrine assay. Fluorescence of the mCitrine was recovered
when NRAMP1 fused to the N-terminal part of the mCitrine (NRAMP1-nCit) was co-expressed
in tobacco leaves with CIPK23 fused to the C-terminal part of the mCitrine (CIPK23-cCit). The
fluorescent signal was observed at the plasma membrane and in dotted structures that likely
represent endosomes (Fig. 1B). Knowing that NRAMPI traffics between these two
compartments [6,9,11], and that the mCitrine reconstitution is irreversible once formed, these
results suggest that the interaction with CIPK23 may occur at one or both locations. Interaction
was not detected with the negative controls CIPK20 and NRAMPI, and CIPK23 and LecRK-
1.9, a plasma membrane receptor-like kinase involved in plant-pathogen interaction [27],
highlighting the specificity of the BiFC interaction observed between NRAMP1 and CIPK23
(Fig. 1B).

We then tested the formation of a protein complex between NRAMP1, CIPK23 and CBLI1, a
calcium-binding protein known to activate CIPK23 in vivo [26]. To that aim, CIPK23-GFP and
HA-NRAMP1 were expressed in tobacco leaf epidermis in the presence or in the absence of
CBLI1-RFP and immunoprecipitation experiments were performed using anti-GFP or anti-HA
antibodies. Immunoblot analysis on the immunoprecipitated proteins revealed that CIPK23-

GFP was recovered from the HA-NRAMP1 protein complex and reciprocally (Fig. 1C). These
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data further confirm our observations that CIPK23 and NRAMP1 interact in vivo. We then
checked if the presence of CBL1 affected the interaction between NRAMP1 and CIPK23.
Despite the fact that CBL1-RFP could be pulled down with CIPK23-GFP and/or HA-
NRAMPI, its presence was not mandatory for the binding between NRAMP1 and CIPK23
since CIPK23-GFP and HA-NRAMP1 could co-precipitate in absence of CBL1-RFP (Fig. 1C).
This suggests that either endogenous CBLs from tobacco cells can substitute to CBL1-RFP to
promote interaction between CIPK23 and NRAMP1 or that CBLI is not essential for such

interaction.

Altogether these data support an interaction between the Mn transporter NRAMP1 and the
protein kinase CIPK23 in planta.

NRAMP1 Ser20 and Ser499 are phosphorylated by CIPK23

As we have shown that CIPK23 interacts with NRAMP1, we then tested if it can phosphorylate
the transporter on its N- and C-terminal cytosolic domains by performing in vitro
phosphorylation assays (Fig 2 and Fig S2). To that aim, we combined purified MBP-CIPK23
with either N- or C-terminal parts of NRAMP1 fused to the GST tag (GST-Nter and GST-Cter,
respectively) in the presence of **P-radiolabeled ATP (Fig. 2A). A radioactive signal
corresponding to MBP-CIPK23 autophosphorylation was detected, attesting of the
functionality of the purified kinase. Interestingly, both GST-Nter and GST-Cter fragments of
NRAMPI1 were radiolabeled, indicating that both N- and C-termini of NRAMP1 can be
phosphorylated by CIPK23. When incubated with MBP-CIPK20 however, only CIPK20
autophosphorylation was detected and neither GST-Nter nor GST-Cter fragments were
phosphorylated (Fig. 2A). These results indicate that one or several residues of NRAMP1 N-
and C-termini are specifically phosphorylated by CIPK23 in vitro.

CIPK23 belongs to the Ser/Thr class of kinases that exclusively phosphorylate Ser and Thr
residues of their target proteins. NRAMP1 N- and C-terminal tails contain several Ser and Thr
residues, some of which playing important roles in the regulation of NRAMP1 [11,13]. We
have previously shown that phosphorylation of Ser20 at the N-terminus of NRAMP1 is required
for its endocytosis under Mn excess conditions [11]. This prompted us to test if CIPK23 also
phosphorylates Ser20 and the nearby Ser22 and Ser24. We therefore generated point mutation
variants of GST-Nter for Ser20, Ser22 and Ser24 and assessed their phosphorylation in vitro in
the presence of CIPK23 (Fig. 2B). When all Ser20, 22, 24 were mutated (Nter S20, 22, 24A),
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phosphorylation of the NRAMP1 Nter part was completely abolished, indicating that one or
several of these residues are phosphorylated by CIPK23. We then tested individual point
mutations of Ser20, Ser22 or Ser24 and we could detect a significant decrease in
phosphorylation only when Ser20 was mutated (Fig. 2B). This result identifies Ser20 as a major
target of CIPK23 in the N terminal part of NRAMPI.

We have shown that CIPK23 is also able to phosphorylate the C-terminal domain of NRAMP1
(Fig. 2A). We therefore generated point mutation variants of GST-Cter in which either both
Ser503 and Ser506 or Ser499 were replaced by non-phosphorylatable residues. Phosphorylation
of GST-Cter by CIPK23 was unaffected by the S503,506D mutation, indicating that these two
residues are not targets of CIPK23 (Fig. 2B). Mutation of Ser499 on the contrary completely
abolished the phosphorylation of GST-Cter by CIPK23 (Fig. 2B). This result establishes that
Serd99 is the only target of CIPK23 on the C terminal cytosolic region of NRAMPI.

Together these data indicate that the interaction of CIPK23 with NRAMPI leads to
phosphorylation of NRAMP1 and identify Ser20 and Ser499, located in NRAMP1 N- and C-
terminal domains respectively, as the main residues phosphorylated by CIPK23.

The CIPK23-CBL1/9 module is not mandatory for Mn-induced endocytosis of NRAMP1

Based on our data showing that the Ser20 of NRAMP1 is phosphorylated by the kinase CIPK23,
we asked whether this kinase could contribute to the plant response to Mn excess by provoking
NRAMP1 endocytosis. Since NRAMP1 stabilization at the plasma membrane leads to
hypersensitivity to Mn, we assessed the tolerance of the cipk23 mutant to Mn excess, which
would potentially reflect a defect in NRAMP1 endocytosis in this background. We exposed
cipk23 mutant and WT plants to ImM Mn in vitro and monitored root growth inhibition and
Mn accumulation in leaves (Fig. 3). While cipk23 mutant displayed no specific phenotype under
standard Mn concentration, it showed a significant decrease in primary root length when
exposed to high Mn, notably stronger than the one observed in the WT (Fig. 3A). Moreover,
cipk23 mutant accumulated more Mn in leaves than the WT when grown under Mn excess
conditions (Fig. 3B and C). These results indicate that the cipk23 mutant accumulates excessive
amounts of Mn leading to its hypersensitivity to Mn excess and prompted us to search for a

defect of Mn-induced internalization of NRAMP1 in the mutant.



306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329

330

331

332
333
334
335
336

To that aim, the cipk23 mutation was introgressed into a NRAMP1-GFP overexpressor line
(described in [11]) and NRAMP1-GFP membrane dynamics in root cells was monitored in the
mutant background. The kinetics of Mn-induced internalization of NRAMPI1-GFP was
followed in this line by confocal microscopy after 1h and 2h of Mn treatment (Fig. 4A and B).
As previously reported [11], when the control NRAMP1-GFP line was exposed to elevated Mn,
the plasma membrane localization of the GFP fluorescent signal progressively shifted to
endosomal compartments, reflecting NRAMPI-GFP endocytosis. In the cipk23 mutant
background, NRAMP1-GFP internalization in response to Mn remained largely unchanged
(cipk23 NRAMP1 Fig. 4A) and showed similar kinetics as the one observed in the wild-type
control (Fig. 4B). This result indicates that the absence of CIPK23 does not impair NRAMP1-
GFP internalization in the NRAMPI1-GFP overexpressor line. To overcome potential
redundancy among CIPKs in NRAMP1 Mn-induced endocytosis, we decided to investigate the
Mn sensitivity of a cbl1cbl9 double mutant impaired in the activation of several plasma
membrane CIPKs. When exposed to toxic Mn amounts, the cbl1cbl9 mutant exhibited root
growth inhibition and Mn overaccumulation that were even stronger than that of the cipk23
mutant, supporting our hypothesis that several CIPKs may contribute to NRAMP1 regulation
(Fig. 3). This observation prompted us to follow NRAMPI1-GFP dynamics in the cbllcbl9
double mutant. We introgressed cbl1cbl9 double mutations in the NRAMPI1-GFP line and
challenged cbll cbl9 NRAMP1-GFP plants with an excess of Mn in order to trigger NRAMP1 -
GFP internalization. In this double mutant background, NRAMP1-GFP was internalized with
no detectable change in kinetics compared to its wild-type counterpart (Fig. 4C and D). This
result indicates that the absence of CIPK23 or CBL1/CBL9 is not sufficient to block Mn-
induced endocytosis of NRAMPI, suggesting that other kinases may compensate for the lack

of their activities.

DISCUSSION

In the present work we showed that the high-affinity Mn transporter NRAMP1 interacts with
and is phosphorylated by the calcium responsive kinase CIPK23. We localized NRAMP1 and
CIPK23 complexes at the plasma membrane and/or in endosomes by BiFC. Whether NRAMP1
only transits by endosomes or whether it acts there as a Mn transporter and interacts with

CIPK23 in that compartment remains to be investigated.
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We identified Ser20 in the N-terminal cytosolic domain of the transporter as a target residue of
the kinase. Since we previously showed that phosphorylation of Ser20 is required for NRAMP1
internalization under Mn excess [11], we investigated the role of CIPK23 and of CBL1 and
CBL9 in NRAMPI endocytosis in response to exposure to toxic Mn levels. Strikingly, the
absence of either CIPK23 or both CBL1 and CBL9 did not significantly perturbed Mn-induced
internalization of NRAMP1-GFP. This result led us to the hypothesis that several kinases may
act redundantly to promote Ser20 phosphorylation and trigger NRAMP1 endocytosis. In
support of our hypothesis, Fu et al. [13] have shown that, in addition to Thr498, the calcium-
dependent protein kinases CPK21 and CPK23 can also phosphorylate Ser20. However, the
authors reported that Mn-induced NRAMP1 endocytosis was unaltered in a cpk2l cpk23
mutant, similar to what we observed in the cipk23 mutant. Following NRAMP1 dynamics in a
cpk21 cpk23 cipk23 triple mutant or in a cpk21 cpk23 cbll cbl9 quadruple mutant may clarify
whether a functional redundancy exists among these kinases from different families in

triggering Mn-induced NRAMP1 internalization.

Similar to what we describe here, Zhang et al. [28] have recently also reported NRAMP1
phosphorylation by CIPK23 on Ser20. Unlike our study however, they could show that Mn-
induced internalization of NRAMPI1-GFP is abolished in cipk23 and cbll cbl9 mutant
backgrounds. Discrepancy between the two studies concerning the impact of knocking out
CIPK23 on NRAMP1 dynamics may come from the use of different NRAMP1-GFP expressing
lines. Indeed, while we investigated NRAMP1-GFP trafficking in a 35S overexpressor line,
Zhang and colleagues used NRAMP1 native promoter to drive NRAMP1-GFP expression. We
therefore cannot completely rule out that an overaccumulation of NRAMP1-GFP protein may
hinder the contribution of CIPK23 and CBL1/9 to NRAMPI internalization. This is however
unexpected given that this line was previously used to establish NRAMP1 internalization in
response to Mn [11]. In order to avoid potential artifacts originating from the use of transgenic
lines and reporter protein fusions, immunostaining of native NRAMPI1 protein in root cells of

WT, cipk23 and cbll cbl9 mutant plants exposed to Mn excess may help to clarify this point.

In addition to Ser20, we identified Ser499 as the main target of CIPK23 in the C-terminal
domain of NRAMPI. Interestingly, next to Ser499, Thr498 was shown to enhance NRAMP1
activity when phosphorylated by the kinases CPK21/CPK23 [13] and was reported recently as
also phosphorylated by CIPK23 [28]. If the exact function of Ser499 phosphorylation is not yet
known, two hypotheses can be proposed: Ser499 phosphorylation could (i) act in synergy with
Thr498 phosphorylation and further enhance NRAMPI1 activity or (ii) prevent Thr498
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phosphorylation and downregulate NRAMP1 activity. Further work will be needed to find out
if Thr498 and Ser499 phosphorylations are mutually exclusive or whether they can occur

concomitantly and act in concert.

Striking is the fact that CIPK23 seems to regulate the two major Mn transporters at the plasma
membrane NRAMP1 and IRT1 ([10,28] and the present work). This attests of the central role
of this kinase in the control of Mn entry within the cell. We and others [10,28] have shown that
cipk23 and cbll cbl9 are sensitive to Mn excess confirming their incapacity to control Mn entry
in the plant. Given that NRAMP1 and IRT1 contribute to Mn acquisition probably with
different affinities, it would be interesting to further investigate the contribution of each of these
transporters in the Mn hypersensitive phenotype of the mutants and more generally in the

cellular response to Mn excess.
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FIGURE LEGENDS

Fig.1: CIPK23 and NRAMP1 interact

(A) Relative luminescence in arbitrary units (A.U) obtained by Split-LUC assay between
nLUC-CIPK23 and NRAMP1-cLUC. Luminescence values were normalized relative to the
control interaction cLUC-AKT1/nLUC-CIPK23. The cLUC-AKT1/nLUC-CIPK20
combination was used as a negative control. Errors bars represent + SD of the mean (n = 8).
Different letters indicate significant differences between conditions (one-way ANOVA, Tukey
HSD post-test, p < 0.05).

(B) Confocal images of a split-mCitrine assay between NRAMP1 and CIPK23. NRAMPI1-nCit
and CIPK23-cCit (top lane), NRAMP1-nCit and CIPK20-cCit (middle lane) and LecRK-19-
nCit and CIPK23-cCit (bottom lane). Yellow, mCitrine fluorescence. Cyan, chloroplasts auto-
fluorescence. Scale bars, 10 pm.

(C) Co-immunoprecipitation assay of CIPK23-GFP, HA-NRAMP1 and CBL1-RFP in tobacco

leaves. IPs, immunoprecipitations; IB, immunoblotting.

Fig. 2: CIPK23 phosphorylates NRAMP1 on Ser20 and Ser499

(A) In vitro phosphorylation assay of N-terminal (GST-Nter) and C-terminal regions (GST-
Cter) of NRAMP1 by MBP-CIPK23 or MBP-CIPK20.

(B) Identification of the phosphorylation target sites of CIPK23 by in vitro phosphorylation
assay of mutated N-terminal (GST-Nter) and C-terminal regions (GST-Cter) of NRAMPI.
Intensity ratios between Autorad and CBB signals were calculated for GST-Nter variants and
GST-Cter variants and expressed relatively to those of the GST-Nter or GST-Cter, respectively.

CBB, Coomassie brilliant blue staining. Autorad, autoradiography.

Fig. 3: cipk23 and cbl1 cbl9 mutants are sensitive to Mn excess

(A) Primary root length (PRL) of WT, cipk23, cbll cbl9 seedlings grown on 20 uM Mn
(standard) or 1 mM Mn agar plates for 14 days. Error bars represent + SD of the mean (n = 25
to 30).
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(B) and (C) Shoot Mn content of WT, cipk23, cbll cbl9 seedlings grown on agar plates for 14
days with 20 uM Mn (standard) or 1| mM Mn, respectively. (B) and (C) share legends. Error
bars represent = SD of the mean (n = 3).

An asterisk indicates significant difference with the WT (Student T-test, * p <0.01, ** p<0.005,
*#% p<0.001). ns indicates non-significant difference with the WT (Student T-test, p > 0.05).

Fig. 4: Mn-induced endocytosis in cipk23 and cbl1 cbl9 mutants

(A) Confocal images of root cells from Mn-starved NRAMP1-GFP and cipk23 NRAMP1-GFP
seedlings treated with 2 mM MnSOs4 for O h, 1 h or 2 h. Scale bars, 10um.

(B) Quantification of the ratio between NRAMPI1-GFP plasma membrane and intracellular
signal intensities in NRAMP1-GFP and cipk23 NRAMP1-GFP plants grown as in (A).

(C) Confocal images of root cells from Mn-starved NRAMP1-GFP and cbl1 cbl9 NRAMP1-
GFP seedlings treated with 2 mM MnSOs for 0 h, 1 h or 2 h. Scale bars, 10um.

(D) Quantification of the ratio between NRAMP1-GFP plasma membrane and intracellular
signal intensities in NRAMP1-GFP and cbll cbl9 NRAMP1-GFP plants grown as in (C).

In (B) and (D), error bars represent = SD of the mean (n =40 cells) and different letters indicate

significant differences between conditions (two-way ANOVA, Tukey HSD post-test, p <0.05).
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Supporting materials and methods

Split-LUC assay

The Gateway® technology (Invitrogen) was used to generate the split-LUC expression vectors.
The coding sequences of CIPKs were cloned in pDEST-nLUCSY vector carrying an internal
GFP cassette to evaluate efficiency transformation (26) and the coding sequences of NRAMP1
in pDEST-SVcLUC (26). Combinations of Agrobacterium strains carrying these constructs
were co-infiltrated in tobacco leaves (see Tobacco infiltration methods in the main text). Leaf
disks were harvested 72h after infiltration and incubated 1h in the dark with 1 mM luciferin in
infiltration buffer. Luminescence intensity as well as GFP fluorescence intensity were measured
by the CLARIOStar® microplate reader (BMG labtech). The mean of 3 reads was made for
each leaf disk and 3 leaf disks from 2 different plants were measured per combination of
constructs. Relative luminescence values were obtained by dividing luminescence intensity

value by the GFP intensity value for each leaf disc.
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Fig. S1: NRAMP1 and CIPKSs split-LUC assay

Relative luminescence in arbitrary units (A.U) obtained by Split-LUC assay between
NRAMP1-cLUC and 12 nLUC-CIPKs. Luminescence values were normalized relative to the
GFP fluorescence. NI; non infiltrated. Error bars represent = SD of the mean (n = 3) and
different letters indicate significantly different luminescence values (one-way ANOVA, Tukey

HSD post-test, p < 0.05)
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Fig. S2: Biological replicate of Fig 2

(A) In vitro phosphorylation assay of N-terminal (GST-Nter) and N-terminal S20,22,24A
(GST-Nter-S20,22,24A) regions of NRAMP1 by MBP-CIPK23 or MBP-CIPK20.

(B) In vitro phosphorylation assay of N-terminal S20A (GST-Nter-S20A) and N-terminal S22A
(GST-Nter-S22A) regions of NRAMP1 by MBP-CIPK23.

(C) In vitro phosphorylation assay of C-terminal (GST-Cter), C-terminal S503,506D (GST-
Nter-S503,506D) and C-terminal S499A (GST-Nter-S499A) regions of NRAMP1 by MBP-
CIPK23 or MBP-CIPK20.

CBB, Coomassie brilliant blue staining. Autorad, autoradiography.
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Control of manganese uptake in plants relies on the phosphorylation-dependent internalization of the
NRAMP1 transporter. Here we show that the calcium-activated kinase CIPK23 interacts with NRAMP1;
phosphorylates its serine 20, controlling its endocytosis, and serine 499; and that cipk23 and cbl1cbl9

mutations cause plant hypersensitivity to manganese. We discuss how the CBL1/9-CIPK23 module

could regulate NRAMP1 in response to Mn availability.
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