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Introduction

Summary

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

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

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

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

uptake  of Fe**  jons by IRON-REGULATED
TRANSPORTERI (IRT1) (Eide etal, 1996; Vert et al., 2002).

Acquisition of trace elements such as iron (Fe) is indispensable
for metabolic pathways, crop yield, and high-quality nutritious
food. Biofortification offers the chance to reduce Fe-deficiency
anemia in humans but relies on elaborate knowledge of nutrient
sensing, uptake, and signaling (Connorton ezal., 2017). Most Fe
is not soluble, and therefore not bioavailable in the soil. Plants
must therefore mobilize Fe in the soil before they can take it up
through their roots. For that, plants balance the need for Fe in
their metabolism and the toxic effects that heavy metal ions can
have in cells (Connorton et al., 2017). Arabidopsis thaliana serves
as model for uncovering regulatory events for Fe acquisition. As a
representative of nongraminaceous angiosperm species, it uses
the so-called Strategy I. Hallmarks of this strategy in Arabidopsis
are reduction of ferric (Fe®") to ferrous Fe (Fe*") by FERRIC
REDUCTION OXIDASE2 (FRO2) (Robinson et al., 1999) and
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In contrast, Strategy Il Fe acquisition is mediated by phy-
tosiderophore-based Fe®" chelation (Marschner et 4., 1986).

The expression of FRO2, IRT1, and more than 30 other Fe-de-
ficiency-induced genes is controlled from early to late vegetative
growth stages by the essential subgroup Illa basic helix-loop—he-
lix (bHLH) FER-LIKE IRON DEFICIENCY-INDUCED
TRANSCRIPTION FACTOR (FIT; Heim ez al., 2003; Colan-
gelo & Guerinot, 2004; Jakoby ezal, 2004; Yuan ez al., 2005;
Mai etal., 2016). fit mutant plants with complete FIT failure,
homozygous for the fiz-3 loss-of-function allele, develop a strong
Fe-deficiency leaf chlorosis, a phenotype caused by the inability
to take up sufficient amounts of environmental Fe by roots
(Jakoby ez al., 2004). This displays the pivotal role of FIT in the
Fe-deficiency response, and particularly in upregulating Fe acqui-
sition genes in roots.
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FIT activity is mainly controlled at protein level through pro-
tein—protein interactions. Upon low Fe (—Fe), subgroup Ib
bHLH proteins bHLHO038/039/100/101 are induced and
heterodimerize with FIT, which enhances FIT expression and
FIT protein activity for inducing downstream FIT target gene
expression (Wang ez al., 2007, 2013; Yuan ez al., 2008; Naranjo-
Arcos et al., 2017). Among subgroup Ib BHLH genes, BHLH039
serves as a robust marker for Fe-deficiency responses (Ivanov
etal., 2012) and promotes Fe acquisition via FIT when overex-
pressed (Naranjo-Arcos eral., 2017). Although the amount of
FIT protein in a FIT overexpression situation can by far exceed
that of FIT protein in wild-type (WT), FIT target gene induction
remains comparable and restricted to —Fe (Jakoby ezal, 2004;
Meiser ez al., 2011). FIT protein is thus present in a rather small
active and in a large inactive pool. FIT is also controlled at the
level of protein abundance and stability. FIT undergoes proteaso-
mal degradation, and both FIT pools are targets of the protea-
some (Lingam ezal, 2011; Meiser etal, 2011). Despite that,
FIT abundance is often lower at —Fe than at +Fe when overex-
pressed (Lingam eral, 2011; Meiser eral., 2011; Sivitz etal.,
2011). Presumably, in order to maintain Fe-deficiency responses,
FIT must become activated and active FIT is being degraded to
‘refresh’ target sites, which could be beneficial for the cell to
remain responsive to quick changes in nutrient abundance
(Meiser et al., 2011; Sivitz et al., 2011). Posttranslational modifi-
cation differentiates between active and inactive FIT. A small
pool of FIT protein is phosphorylated, and calcium-sensing
CBL-INTERACTING PROTEIN KINASE11 (CIPK11) targets
position Ser272 of FIT and activates it. Ser272 is crucial for FIT
to localize in the nucleus, interact with bHLHO039, and activate
FIT targets so that plants ultimately take up Fe and transport it
to seeds (Gratz eral, 2019). Interestingly, Ser272 is present in
the C-terminal part of FIT, which can be regarded as a regulatory
domain of FIT, FIT-C. A dynamic protein interaction network,
particularly involving the FIT-C domain, enables the cell to
quickly react to changes in Fe availability and adapt Fe uptake to
environmental constraints by fine-tuning FIT protein activity
beyond phosphorylation (Lingam ezal., 2011; Le eral, 2016;
Wild et al., 2016; Cui ez al., 2018).

Phosphorylation events contribute to protein activation, and
antagonistic mechanisms often ensure responsiveness to quickly
changing conditions by a balanced protein activity. For example,
cold-responsive  bHLH  protein INDUCER OF CBF
EXPRESSION1 (ICE1; Chinnusamy ezal., 2003) is cold act-
vated by phosphorylation of Ser278 through SnRK2.6/OPEN
STOMATA1 (OST1; Ding etal, 2015). MITOGEN-
ACTIVATED PROTEIN KINASEs 3 and 6 (MAPK3 and -6)
facilitate additional ICE1 phosphorylation with diametrically
opposite effects on stability, causing proteasomal degradation of
ICE1 (Li H. etal, 2017; Zhao et al., 2017).

Plant tyrosine (Tyr) phosphorylation is mainly associated with
proteins having kinase or transferase activity (Sugiyama ezal.,
2008). Only a few transcription factors were identified to be Tyr-
phosphorylated until today. One of them, Coptis japonica
WRKY-type transcription factor CjWRKY1 for alkaloid biosyn-
thesis, enhanced cytosolic localization, reduced
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transactivation activity, and a protein turnover phenotype of its
Tyr phospho-mimicking mutant (Yamada & Sato, 2016).

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

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

Materials and Methods

Multiple sequence alignment of FIT orthologues

Arabidopsis full-length FIT protein sequence was blasted against
protein sequences of every order of the angiosperms and several
families among Brassicales (Cole etal, 2019). Hits with highest
maximum score were re-blasted against the Arabidopsis TAIR10
protein sequence collection, using The Arabidopsis Information
Resource BLast v.2.2.8. (Phoenix Bioinformatics Corp., Fremont,
CA, USA) FIT was aligned to the two other members of
A. thaliana bBHLH subgroup I1la, AT2G16910 and AT4G21330,
using the MuscLE algorithm (Heim ez al., 2003; Edgar, 2004).

Site-directed mutagenesis and generation of plasmids for
cellular assays

Plasmids with genomic DNA or complementary DNA (cDNA)
sequences for intermediate cloning steps and experiments were
generated by PCR, subsequent Gateway (Life Technologies), Gib-
son assembly cloning (New England Biolabs, Ipswich, MA,
USA), or AQUA cloning (Beyer eral, 2015) and verified by
sequencing (see list of recombinant plasmids used/constructed in
Supporting Information Table S1; primers for plasmid generation
are in Table S2). Site-directed mutagenesis was conducted by
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PCR with genomic FIT to create phospho-mutant gF/7m forms,
namely FITm(S221A), FITm(S221E), FITm(S221E/SS271/
272AA), FITm(Y238F), FITm(Y238E), FITm(Y278F), and
FITm(Y278E), as described previously (Gratz etal, 2019) for
FITm(SS271/272AA). Briefly, methylated template plasmid
DNA was eliminated by Dpnl treatment before DH5a
Escherichia coli transformation. FIT and FITm coding sequences
without introns were obtained from cDNA prepared from tran-
siently transformed Nicotiana benthamiana leaves with expression
plasmids containing ¢F/7T-GFP and gFITm-GFP forms (GFP,
green fluorescent protein).

Transient expression in tobacco leaf epidermis cells

Tobacco (N. benthamiana) leaf epidermal cells were transiently
transformed by infiltration with Agrobacterium (Rhizobium
radiobacter) GV3101 (pMP90) strain containing the respective
plant expression vectors, as described (Gratz et al., 2019).

Subcellular localization of GFP fusion proteins

The cytoplasm-to-nucleus ratio for FIT-GFP and FITm-GFP was
determined 48 h after tobacco leaf infiltration with agrobacteria
containing pMDC83:gFITns-GFP or pMDC83:gFITmns-GFP
forms (Table S1), as described previously (Gratz etal, 2019).
Briefly, Z-stack images taken with an LSM780 laser-scanning con-
focal microscope (Zeiss) were exported to .tiff and converted to
grayscale format. The cytoplasm-to-nucleus ratio was calculated by
accessing the fluorescence signal intensity once for the nucleus, and
once for the cell while excluding the nucleus, with IMAGE] software
(US National Institutes of Health, Bethesda, MD, USA). For each
independent experiment, several cells from one or two leaves of a
transiently transformed tobacco plant were imaged and the fluores-
cence ratios quantified (7=6-11 cells). Three experiments using
independently transformed plants were performed.

Nuclear mobility of GFP fusion proteins

Fluorescence recovery after photobleaching (FRAP) experiments
were conducted 48 h after tobacco leaf infiltration with agrobac-
teria containing pMDC83:gFITns-GFP or pMDC83:gFITmns-
GEFP forms, as described (Gratz eral., 2019). In brief, using an
LSM780 laser-scanning confocal microscope (Zeiss), a rectangu-
lar region of interest in the nucleus of a tobacco cell was chosen
to determine initial GFP signal intensity and intensity after
bleaching to monitor fluorescence recovery. Background fluores-
cence was subtracted from FRAP values, which were normalized
to the mean of pre-bleach values. Nonlinear curve fitting was per-
formed (PrisM; GraphPad Software, San Diego, CA, USA) in
order to assess the fluorescence intensities (Fig. S1). Using the
initial fluorescence intensity £, and the fluorescence intensity
after photobleaching F,., the percentages of mobile fractions Mg
of FIT-GFP and FITm-GFP forms were calculated:
M= [(Fend — Fpos)! (Fpre — Foosd] x 100 (Bancaud ez al., 2010).
For each construct, several nuclei were analyzed from two leaves
of transiently transformed plants (z=10-17 nuclei).

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

New
Phytologist

Homo- and heterodimerization using targeted yeast two-
hybrid assays

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

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

Forster resonance energy transfer—acceptor photobleaching
(FRET—APB) experiments were conducted 48 h after tobacco leaf
infiltration ~ with  agrobacteria  containing  pABindGFP,
pABindmCherry, and pABindFRET vectors recombinant for
FIT, FITm forms, and BHLHO039 to measure the homo- (FIT-
GFP + FIT-mCherry or FITm-GFP + FITm-mCherry) or the
heterodimerization (bHLHO039-GFP + FIT-mCherry or
bHLHO039-GFP and FITm-mCherry) efficiency (Table S1).
Donor proteins were additionally transformed single-tagged with
GFP and double-tagged with GFP-mCherry to serve as a negative
and positive control. Gene expression was induced by spraying
the leaves with a 20 pM B-estradiol solution 16 h before FRET—
APB measurements.

Measurements were operated with ZEN2 black edition software
(Zeiss) at the confocal laser-scanning-microscope LSM780
(Zeiss). Fluorescence intensity for both fluorophores was detected
within 20 frames in a 128 x 128 pixel format and a pixel time of
2.55 ps. After the fifth frame, 100% laser power (561 nm) was
used to bleach mCherry using 80 iterations. FRET efficiency was
calculated in percent as relative increase of GFP intensity after
acceptor photobleaching. At least two independent experiments
with 10 measured nuclei each were performed (7= 10 nuclei).

FIT transcriptional self-activation assay in yeast

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

Quantitative transactivation reporter gene assay for FIT in
mammalian cells

The mammalian cell transactivation assay was conducted accord-
ing to Muller eral (2014). Briefly, Chinese hamster ovary
(CHO) cells were seeded to a density of 40 000 cells per well in
500 pl of medium in 24-well plates and transfected with a solu-
tion of 100 pul per well, containing pMZ333:FIT or pMZ333:
FITm, pKM195:IRT1pro, and pMZ333:bHLHO039, as indi-
cated. 1 lg of plasmids in total was mixed, if necessary by adding
stuffer plasmid pHBO007:BFP (Table S1). The mix was
exchanged 4 h after transfection and the supernatant collected
48 h after transfection for analysis of recombinant secreted alka-
line phosphatase (SEAP) activity using a colorimetric assay and
Gaussia luciferase activity as described (Schlatter ezal, 2002;
Remy & Michnick, 2006; Muller ez 4l., 2014).

For immunoblot analysis, CHO cells were transfected with the
same plasmid combinations, but replacing the aforementioned
pMZ333 plasmids with the respective tagged pMZ333:FIT-
GFP, pMZ333:FITm-GFP forms and pMZ333:HA;-bHLHO039
(Table S1). Protein extraction was performed according to Silva
etal. (2018). Sample separation on sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis (PAGE), immunodetection,
and chemiluminescence signal recording were performed as pre-
viously described (Gratz eral, 2019), using mouse anti-GFP
(catalog no. 11814460001, 1:1000; Roche) followed by goat
anti-mouse immunoglobulin G horseradish peroxidase conjugate
(catalog no. W4021, 1:5000; Promega) or anti-HA-peroxidase
high-affinity monoclonal rat antibody (3F10, catalog no.
12013819001, 1 : 1000; Roche) for immunodetection.

Quantitative cell-free degradation assay

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

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

Arabidopsis fit complementation assay

Arabidopsis  thaliana fir-3 (fiy) mutant and complemented
pMDC83:gFIT-GFP-transformed pro35S::gFIT-GFP/fit-3
(FIT-GFP/fi2) plants are described (Jakoby etal, 2004; Gratz
etal., 2019). Arabidopsis fit mutant plants were transformed with
Tyr phospho-mimicking pMDC83:gFITm(Y238E)-GFP and
pMDCB83:gFITm(Y278E)-GFP, resulting in the lines pro35S::
gFITm(Y238E)-GFP/fit-3 (FITm(Y238E)-GFP/fi#) and pro35S::
gFITm(Y278E)-GFP/fi+-3 (FITm(Y278E)-GFP/fiz) by floral dip
(Clough & Bent, 1998). Lines were multiplied by selfing until
homozygous lines were obtained for analysis. Positive transfor-
mants and lines were selected based on hygromycin resistance,
GFP fluorescence, immunoblot analysis and PCR genotyping.

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

Immunoblot analysis of FIT-GFP/FITm-GFP was conducted
as described earlier. Gene expression analysis was performed by
reverse transcription quantitative PCR using the procedures and
primers as described (Ben Abdallah & Bauer, 2016; Gratz ez al.,
2019). Briefly, analysis was performed with SYBR Green detec-
tion. Absolute gene expression was determined by mass standard
curve analysis and normalized to reference gene EF1B expression.
The assay was performed in three biological replicates (7=3),
each with two technical replicates.

Statistical analysis

Statistical analysis was performed using a two-tailed, unpaired
Student’s rtest (P<0.05) when comparing an individual phos-
pho-mutant with WT. When comparing WT and phospho-mu-
tants among themselves, P-values were obtained using one-way
ANOVA, followed by a Tukey’s post-hoc test performed with
OriginLab (Northampton, MA, USA). Different letters indicate
statistically significant values (2<0.05).

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

Results

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

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

In a first step, NETPHOS 2.0 (Blom et al, 1999) in silico phos-
pho-site prediction in the FIT sequence resulted in a total of 21
amino acid hits, of which six residues were located in the C-ter-
minal part of FIT following the bHLH domain (FIT-C; Fig. 1a).
These six residues were of high interest, as several FIT protein—
protein interactions are facilitated via FIT-C, which we therefore
consider to be a regulatory domain of FIT (Lingam ezal., 2011;
Le etal., 2016; Gratz et al., 2019).

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

We included a full-length sequence alignment between FIT
and  two A thaliana bHLH  proteins, ~ABORTED
MICROSPORES (AT2G16910) and DYSFUNCTIONAL
TAPETUM (AT4G21330), which together with FIT belong to
the subgroup IIla bHLH proteins (Heim ezal, 2003; Fig. 1c).
Both proteins do not show substantial sequence similarity with
FIT in their C-termini. Also, neither of these two bHLH proteins
contains conserved residues that align with predicted FIT phos-
phorylation target sites. This suggests a specific function for the
predicted sites in the FIT protein.
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Finally, we identified phosphorylation motifs for four out of
the six predicted phosphorylation target sites (Fig. 1d). The motif
[pS/pTIX[R/K] (Pearson & Kemp, 1991) encompasses Ser221,
which strengthens the assumption of Ser phosphorylation at this
position. The additional phosphorylation motifs XXpSPX
(Kemp & Pearson, 1990; Beausoleil ez al., 2004; Luo ez al., 2005;
Schwartz & Gygi, 2005) and SXXXpS (Fiol ezal, 1990) were
found to enclose Ser271 and Ser272. This suggests that only one
of the two neighboring Sers undergoes phosphorylation, to which
we refer here as Ser272, which is concordant with our previous
results (Gratz eral., 2019). The highly conserved Tyr238 is part
of the motf pYXX[L/I/V] (Argetsinger eral., 2004). Another
phosphorylation motif, SX[D/E]XpY, was assigned to Tyr278
(Amanchy ez al., 2011), which reinforces the hypothesis of Tyr
phosphorylation for both residues.

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

To conduct a functional FIT phospho-mutant activity screen-
ing, we generated phospho-dead FITm mutations with Ser to Ala
and Tyr to Phe substitutions and phospho-mimicking FITm
mutations with Ser or Tyr to Glu substitutions (Fig. 1d). With
such a mutational approach, we recently showed relevance of
Ser272 for FIT activity (Gratz ez al., 2019). In the course of our
work presented here, FITm(S221E) turned out to be more active
than WT FIT, whereas FITm(S221A) behaved rather neutrally.
Ser221 and Ser272 might be both used for phosphorylation. To
investigate the effect of FITm(S221E) alone, we therefore
included additionally the triple phospho-mutant FITm(S221E/
S§271/2AA) and compared it with single-mutant FITm(S221E)
and as a control to the previously characterized FITm(S5271/
2AA) — also known as FITm(AA) in Gratz etal. (2019). These
eight phospho-mutants were tested for their effects on several
FIT regulatory properties and cellular activities.

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

Posttranslational phosphorylation affects protein properties,
including subcellular localization (Ju eral, 2012; Ren etal,
2017; Takeo & Ito, 2017), and this is also the case for FIT (Gratz
eral., 2019). The cytoplasm-to-nucleus ratio of FIT localization
is in the range of 3—5 (Fig. 2). Out of the eight mutants tested,
six FIT phospho-mutants showed a significant increase of the
cytoplasm-to-nucleus ratio. FITm(SS271/2AA) resulted in a sig-
nificant increase, as expected (Gratz ez al., 2019), whereas FITm
(S221E) and FITm(S221E/SS271/2AA) cytoplasm-to-nucleus
ratios increased greatly, by 180% and 300%, respectively
(Fig. 2a,c). FITm(Y238F), FITm(Y278F), and FITm(Y278E)
showed significantly increased ratios, by 150% to 350% com-
pared with WT (Fig. 2b,c). There was no significant increase
observed for FITm(S221A) and FITm(Y238E). Thus, depending
on the phospho-mutation, FIT protein is retained in the cyto-
plasm.
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(b) Multiple sequence alignment of AtFIT and FIT orthologues

Research® 255

Order Family Species Ser221 Tyr238 Ser256 Ser271/2 Tyr278
2 [ Amborellales  Amborellaceae Amborelia trichopoda SL(:RR- ILC“QDVFCVDENGETFT‘II CEKSEGVLAA WH‘LESLECFYLLSSNE‘ATPS PERTLIT
Asparagales A Asparagus officinali: KQ.FGL'E)\ENWMHEVGEG T?’.\!LRMD:NXH DGAVSAL ys.n:rsrscrwawsuwrﬂc uﬂma'
M| ef, Arecales Arecaceae Elaeis guineensis SPSGGRVLRLI VGEGREFYKLECSKGEGE sALrs.lrr'r..GchLassNrszAs EIXVLT
E 2 Poales B li Ananas spmmxﬂ,m NTTEVGDOREEFMIECENKDGVASSVYSATESLMFFHLECSNESLAS - DREVLS
LS C Zingiberales  Musaceae Musa acuminata AN M VA T E VG R Y KVE G S GDGAAS SLYARYE S LLCF DL ES SHEBLIIP-NGFR T
[ Proteales Nelumbonaceae Nelumbo nucifera PUCHO- ILKMDIFOVEERGERYRVECNKGEGY VAL Y KALESLTGFHLOS SNCARY SDOREVLT
Vitales Vitaceae Vitis vinifera PHC{}'K— IPQMDVFCVEERGEI)[RLA CNRGERVAVESL. YK;E;LESLTSFSIQSSNMTFS‘ETWLT
[ Oxalidales Cephalotaceae Cephalotus folliculans — PIEKK-IIQMDVFOVEERGYXVRLACTKGEGVVVSLYKALESLTSFNVONSNLATLS-ERLVLT
w” Malpighiales ~ Euphorbiaceae Jatropha curcas AICKKSIMQIDVE RLVCNKGH YRTLESLTSFKIONSNLATIP-DRLVLT
2 Fabales Fabaceae Cicer arigtinum PISMK-TLQTDMFQVEERGYYAKTLCNKGEGVAASLYKALESLANFNIQNSNLATIN-DNELLT
wl| & Rosales Rosaceae Malus domestica FVERG-ILQIDVSOVEEKGEYVRVACNKGGGVATSLYRALESLTSFDVOSSNLNTYSADREELT
2 Cucurbitales  Cucurbitaceae Momordica charantia ~ FLENK-IIQLDVFOVEERGE¥LRMVCKMGEGVAMSLYRVLESLTSFNIQSSNLASAS-DREILT
2 L Fagales Juglandaceae Jugians regia LICKK-IIQMDVFQVEEREFZVRLA GVSLSLYKALESLTGFIVQSSNLATVS-DREVLT
- qg’. [ Myrtales Myrtaceae Eucalyptus grandis RLVCPKGAGVAASLYKALESLNS, kDVQNSNLﬁ]Ab-E.RE'V} T
E|g|® Sapindales Rutaceae Cilrus sinensis PTCKK- TMOMGVFQVEKRGEYVRLVCSKGEGVAVSLYOALESLTSFSTONSNLTTVS-ERTVLT
3 8 Malvales Malvaceae Theobroma cacao PMCEK- ITQMDMFQVEERGEY IRLVCDKGEGVAVS LY RALETL INFKVONSNINTAS ~EREVLT
i} 2 i Brassi PW - IIQMDV. YV K5 LE: QuE! assvnmm:'
g = Brassicales Brassicaceae Cama.’ma sativa PVEKK-IVOMDVIQVEEKGEXVRLVCI YRELESLTSFQVONSNLEEPSPDRYLLT
o Brassicales  Caricaceae  Carica papaya PEPHR-TKQMDVFQVEVSEEXVRLVCORGEGIAASL ymesnﬂ;cmhsm:,mo DIFILT
| |  Brassicales Cleomaceae Tarenaya hassleriana  HVCRK- ITQVDVIQVEEKGF!’!?RLEEI\'KGKGVAPSL rmﬁ.zs:.rsr:—rvgh’sw;rsrsmauu’
2 _ Caryophyllales Amaranthaceae Chenopodium quinoa PYCH- TVQUDVIOTE EEREEYVKVVSNKGOGVAASL rxuvsbrz’rrmwsl;ﬂm y-EoEvLT
HE Solanales Solanaceae  Nicotiana aftenuata PAFKK-ISKMDVFOVEEKGEXVRLVCNKGRHVAASLFKALDSLTGFYIOSSNLATSS-DOXILT
] 'E Gentianales  Rubiaceae Coffea canephora PTIRK- TFQMEVEPVEEREEYVRMVCNKGQGIATLL YKALESLAGF IVHS SNLAAAA-ETYTFT
g - Lamiales Pedaliaceae  Sesamum indicum FXVRVVCDKGKGVAVAL YKALOSLKSFRVONSNLATCA-ENXVET
a| & g Asterales Asteraceae  Helianthus annuus PTLRM-ISKLDMFOVEEKE. Y!YRI.IEI\'KGRGVMSLHMESLTSFQVQSSNI.W DDEVLT
L L LELZ Aviales Apiaceae Daucus carola PUYRK- ILQIDVYQVEEKGYYYRVVSNKGHGVAAS LY KALESESTFTLOSSNLATLD~HTELFT
8 L i d i i i

(c) Sequence alignment of Arabidopsis subgroup llla bHLH proteins
AT2G28160 FIT

AT2G16910 ABORTED MICROSPORES
AT4G21330 DYSFUNCTIONAL TAPETUM

(d)

Ser phospho-mutants:
FIT 219

PABIH-T == === mmnmnn, IQMDVIQVEEKGFXVRLVCN K5LE. QVONSNLESPSPDTY -~ -LLT
SNDKGOEMEPOVDVAQLDGREEEVRVICEYKPGCFTRIMEAL DS LGLEVINANT TRYL SLVSNVEKVERNDNENVOAEHVRNSLLE
GFEIIDISEPTSN-GAR---LIS

. PASKKITQMDVIQVEEKGFYVRLVCNKGEGVAPSLYKSLESLTSFQVONSNLSSPSPDTYLLT. .. 281
Ser221 2

ASKK//NLSSPS

Tyr phospho-mutants:
FIT 219 . PASKKIIQMDVIQVEEKGFYVRLVCNKGEGVAPSLYKSLESLTSFQVQONSNLSSPSPDTYLLT. .. 281
—J

.
Tyr238 ____———— o Tyr218 N\

Fig. 1 Analysis of FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT) protein sequence reveals novel putative phosphorylation target
sites in FIT-C. (a) Phosphorylation site prediction of FIT. Full-length amino acid sequence of FIT (top), composed of an amino-terminal (N-term), basic
helix-loop-helix (bHLH; gray), and carboxyl-terminal (C-term) region, also known as FIT-C, divided by red bars. In silico prediction by NeTPHos2.0
identified potential phosphorylation sites (bottom, bold), of which six are located in FIT-C (bold, colored). Colors reflect the confidence score of the
prediction. (b) Multiple sequence alignment, showing the FIT-C region with putative phosphorylation sites, compared with orthologues in angiosperms.
AtFIT is presented in bold, conserved putative phosphorylation sites are bold and underlined, and these sites are highlighted for comparison in gray. B.A.,
basal angiosperms, M., monocots, E., eudicots. (c) Sequence alignment of subgroup Illa bHLH proteins, showing the FIT-C region with putative
phosphorylation sites. AtFIT full-length protein sequence was aligned with bHLH proteins AT2G16910 and AT4G21330 (subgroup llla). FIT target sites are
not conserved between the bHLH proteins. (d) Identification of phosphorylation motifs and phospho-mutants of FIT-C. Predicted phosphorylated amino
acids are presented in bold, underlined; known phosphorylation motifs are highlighted in yellow. FIT target site phospho-mutants are shown in gray boxes,
with phospho-dead (serine to alanine/S to A, tyrosine to phenylalanine/Y to F) and phospho-mimicking (S, Y to glutamate/S, Y to E) FIT forms.
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Fig. 2 FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT) subcellular compartmentalization is altered in FITm phospho-mutants. (a,
b) Quantification of cytoplasmic to nuclear fluorescence ratio of FIT-green fluorescent protein (GFP) in comparison with (a) serine (Ser) and (b) tyrosine
(Tyr) FITm forms. The subcellular localization was analyzed following transient expression in tobacco leaf epidermis cells by laser-scanning confocal
microscopy. Data are presented in box plots; interquartile range (IQR) 25-75%; whiskers: 25" percentile, —1.5 x IQR; 75™ percentile, +1.5 x IQR;
median, horizontal line within IQR box; mean, small square in IQR box; x, values outside + 1.5 x IQR range. Asterisks indicate statistical significance
between WT and individual mutants, determined by Student's ¢t-test (n =6-11; *, P<0.05; ***, P <0.001). (c) Representative confocal images of leaf
epidermis cells, expressing FIT-GFP and FITm-GFP. Empty arrowheads indicate significantly enhanced cytoplasmic GFP signal accumulation of FITm-GFP

compared with FIT-GFP. Filled arrowheads highlight nuclear signals. Bar, 20 pm.

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

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

FIT phospho-mutants display altered dimerization capacity

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

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

for a subgroup Ib bHLH protein (Naranjo-Arcos eral., 2017;
Gratz etal., 2019). These protein interactions are detectable for
WT FIT-C in semi-quantitative targeted yeast two-hybrid assays
(Figs 4a, 5a; controls in Figs S2, $3; note that, in the yeast assays,
use of full-length FIT-BD is excluded because of autoactivation,
as explained by Gratz ezal. (2019)). Protein interactions of full-
length WT FIT are shown in plant cell quantitative FRET-APB
experiments (FRET efficiency of 8% for FRET pair WT-
G+WT-C, corresponding to FIT-GFP/FIT-mCherry, in
Fig. 4b,c, and of ¢ 15% for FRET pair bHLH039-G + WT-C,
corresponding to bBHLH039-GFP/FIT-mCherry, in Fig. 5b,c).

Less homodimerization was found for FITm-C/FITm with
S221E, SS271/2AA, and combined S221E/SS271/2AA muta-
tions and there was no significant difference with S221A muta-
tion relative to controls in both assays (Fig.4a,b). A slight
reduction in dimerization capacity was found for FITm-C/FITm
with Y238F and a stronger reduction with Y238E and Y278F
mutations (Fig. 4a,c). Only Y278E showed opposing effects in
both systems, as homodimerization was inhibited in yeast, but
FRET efficiency increased vs the nonmutagenized forms.

In FIT-bHLHO039 heterodimerization experiments, phospho-
mutant interactions were either not affected in either of the two

©2019 The Authors
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Fig. 3 FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT) phospho-mutants display altered nuclear mobility. Quantification of the
mobile nuclear fraction M¢ of FIT-green fluorescent protein (GFP) in comparison with (a), serine (Ser) FITm and (b), tyrosine (Tyr) FITm phospho-mutants.
Nuclear mobility was quantified following leaf infiltration in tobacco by fluorescence recovery after photobleaching. Data are represented in box plots;
interquartile range (IQR) 25-75%; whiskers: 25™ percentile, —1.5 x IQR; 75" percentile, +1.5 x IQR; median, horizontal line within IQR box; mean, small
square in IQR box; x, values outside + 1.5 x IQR range. Statistical significance between FIT-GFP and FITm-GFP forms was calculated with Student's ¢-test
and is denoted by asterisks (n = 10-17; *, P<0.05; **, P<0.01). The data for FIT-GFP (wild-type, WT) and FITm(S5271/2AA) were reported in Gratz et al.

(2019). Kinetic plots are shown in Supporting Information Fig. S1.

systems or reduced in only one assay: S5271/2AA and Y238E in
FRET-APB vs Y278F in yeast. Y278E was the only mutation
causing reduced heterodimerization in both assays (Fig. 5a,c).
Taken together, with two independent approaches, FIT
homodimerization was found significantly affected in seven out
of eight phospho-mutants. FIT heterodimerization was changed
in three out of eight phospho-mutants. The previous FITm
(SS271/2AA) data (Gratz et al., 2019) were confirmed. Thus, the
ability of FIT to interact with itself or bBHLHO039 depends on the

phosphorylation status.

Phospho-mutants affect FIT transactivation ability

Promoter activation is a crucial FIT function. Intriguingly, full-
length FIT and FITm had varying abilities to autoactivate the
reporter in the targeted yeast two hybrid assay. Nonmutagenized
FIT and several mutants self-activated the system even in the
presence of 90 mM 3-AT. However, FITm(S§§271/2AA), FITm
(S221E/SS271/2AA) and FITm(Y278E) showed reduced autoac-
tivation (Fig. S4). Altered FIT autoactivation might have been a
consequence of the phosphorylation status.

Synthetic cellular systems are becoming increasingly popular
to study gene regulatory modules and the impact of functional
variants in the absence of interfering secondary effectors present
in plant cells (Samodelov & Zurbriggen, 2017). Low-level /RTI
promoter induction in a fi# mutant background indicates that
other plant factors can, to some extent, replace FIT function for
promoter control in plants (Jakoby eral, 2004). We thus
exploited transactivation of the target /R7'I promoter by FIT and
bHLHO039 in a quantifiable mammalian assay, based on normal-
ized human SEAP reporter expression, driven by /R71,,,. Nei-
ther expression of FIT nor bHLHO039 protein alone initiated
IRT1,,, activation beyond background, but their combination
led to an approximately seven-fold activation of /R71,,, (Fig. 6a).
This demonstrates that the mammalian transactivation assay is
reliable and quantitative. We observed a statistically significant

©2019 The Authors
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increase in /RT1,,, activity for FITm(S221E) of 25% compared
with WT, whereas a decrease of 25-30% was detectable for
FITm(SS271/2AA) and  FITm(S221E/SS271/2AA).  FITm
(S221A) activity was comparable to the control (Fig. 6b). FITm
(Y238F) and FITm(Y278F) showed a significant increase in
IRT1,,, activity by 20% and ¢ 70%, respectively. However,
FITm(Y238E) and FITm(Y278E) displayed a significant decrease
in activity by ¢. 75% (Fig. 6¢). Immunoblot analyses in combina-
tion with promoter activity demonstrated that transcription fac-
tor proteins were expressed in the system, even in cases where
only weak protein bands (FITm(S221E)) were detected (Fig. 6).

In summary, the altered transactivation activity of FIT pro-
vides evidence that predicted phospho-sites are crucial for fine-
tuning transcriptional FIT activity. Indeed, for the three mutant
forms FITm(SS271/2AA), FITm(Y238E) and FITm(Y278E),
which interacted less with bHLHO039 in plant cells, transactiva-
tion capacities were lower than for WT FIT. Accordingly, phos-
pho-mutant forms interacting with bHLHO039 similar to WT
showed mostly at least the same level of transactivation capacity
as FIT.

A FIT phospho-mutant has altered protein stability

Protein phosphorylation can be a signal for initiation or
decrease of protein turnover (Ni ezal, 2013), and phosphoryla-
tion of FIT might also be linked with proteasomal degradation.
FIT-GFP protein, expressed in plant cells, was nearly com-
pletely degraded over a 240 min time course, as shown by a
quantified cell-free degradation assay (Fig.7). Proteasomal
inhibitor MG132 antagonized this degradation and confirmed
proteasomal involvement in FIT protein turnover (Figs 7, S5a).
The Ser221, Ser271/2 and Tyr238 phospho-mutants, as well
as FITm(Y278F) phospho-mutant, were not degraded in a sig-
nificantly different time from WT, whereas FITm(Y278E) dis-
played a decrease in protein stability, confirmed by half-life
rates (Figs 7, S5b,d).
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Fig. 4 FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT) homodimerization capacity is affected in phospho-mutants. (a) FIT-C and
FITm-C homodimerization by targeted yeast two-hybrid assays. Yeast cells were co-transformed with GAL4-binding domain BD-FIT-C or BD-FITm-C and
GAL4-activation domain AD-FIT-C or AD-FITm-C plasmids. A 10-fold dilution series was spotted onto synthetic defined —leucine, —tryptophan (SD-LW)
plates as growth control (ODego = 1-1073). To analyze the interaction capacity, yeast was spotted onto SD-LW, —histidine (SD-LWH) plates, containing
0.5 mM 3-amino-1,2,4-triazole (3-AT), representing selective growth conditions indicative of interaction. Controls of the assays are shown in Supporting
Information Fig. S2. (b, ¢) Quantification of homo-dimerization of FIT compared to (b) Serine (Ser) FITm phospho-mutants and (c) tyrosine (Tyr) FITm
phospho-mutants following Forster resonance energy transfer (FRET)-acceptor photobleaching assays in plant cells. Green fluorescent protein (GFP) (G)-
and mCherry (C)-tagged FIT and FITm pairs were measured in plant cell nuclei (FRET pairs) following tobacco leaf infiltration and induction of gene
expression. GFP-fusion proteins serve as donor-only negative controls (NC). Fusion proteins with dual GFP-mCherry (G-C) serve as positive controls (PC).
FRET efficiency Erger is the relative increase of GFP intensity following photobleaching of the mCherry acceptor. Elevated Egger for the FRET pair compared
with NC is indicative of protein interaction. Data are presented in box plots; inter-quartile range (IQR) 25-75% ; whiskers, 25™ percentile —1.5 x IQR, 75™
percentile +1.5 x IQR; median, horizontal line within IQR box; mean, small square in IQR box; x, values outside + 1.5 x IQR range. Statistically different
values are highlighted by different letters. Statistical significance was calculated using one-way ANOVA (P <0.05) and Tukey post-hoc test (n = 10). At
least two independent experiments were performed. One representative experiment is shown.
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Fig. 5 FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT)-basic helix-loop—helix 39 (bHLH039) heterodimerization capacity is
affected in phospho-mutants. (a) FIT-C or FITm-C and bHLHO039 heterodimerization by targeted yeast two-hybrid assays. The yeast assay was conducted
as described for Fig. 4(a) using BD-FIT-C or BD-FITm-C and AD-bHLHO039 plasmids for co-transformation. Controls of the assays are shown in Supporting
Information Fig. S3. (b, ¢) Quantification of heterodimerization of FIT, following Forster resonance energy transfer (FRET)-acceptor photobleaching assays
in plant cells, compared with (b) serine (Ser) FITm phospho-mutants and (c) tyrosine (Tyr) FITm phospho-mutants with bHLHO039. FRET efficiency and
statistical significance were assessed as described in Fig. 4(b,c), using as FRET pairs green fluorescent protein (GFP)-tagged bHLH039 (bHLH039-G)
together with mCherry-tagged FIT or —FITm (FIT-C or FITm-C) as negative control (NC) bHLH039-G and as positive control (PC) bHLH039-G-C. FRET
efficiency Erger is the relative increase of GFP intensity following photobleaching of the mCherry acceptor. Elevated Eprer for the FRET pair compared with
NC is indicative of protein interaction. Data are represented in box plots; interquartile range (IQR) 25-75%; whiskers: 25" percentile, —1.5 x IQR; 75™
percentile, +1.5 x IQR; median, horizontal line within IQR box; mean, small square in IQR box; x, values outside & 1.5 x IQR range. Statistically different
values are highlighted by different letters. Statistical significance was calculated using one-way ANOVA (P <0.05) and Tukey post-hoc test (n = 10). At
least two independent experiments were performed. One representative experiment is shown.

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

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

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

mutants to demonstrate
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phenotypes in planta, using a fit-3 mutant complementation
assay (Fig. 8). FITm mRNA and FITm protein were expressed at
a comparable level to nonmutagenized FIT-GFP in the lines ana-
lyzed (Fig. 8a,b; note that FIT and FITm-GFP are driven by a
constitutive promoter). In the line FITm(Y238E)-GFP/fiz-3, the
FIT target genes FROZ2 and IRT1 were not induced to the same
high level at —Fe as in FIT-GFP/fi#-3. In the line FITm(Y278E)-
GFP/fir-3, FRO2 was similarly expressed as in FIT-GFP/fir-3,
but /RT1 levels were lower. Also, FITm(Y278E)-GFP/fi+-3
expressed /RT7 to a higher level than FITm(Y238E)-GFP/fir-3
did at —Fe. In both Tyr-mutated FIT lines, FRO2 and [RT1
were expressed at higher level than in fi#-3 plants (Fig. 8c,d). We
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Fig. 6 FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT) phospho-mutants differ in transactivation of the IRON-REGULATED

TRANSPORTER1 (/IRTT) target promoter. (a) Proof-of-concept demonstration of the quantifiable cellular transactivation assay in Chinese hamster ovary
(CHO) cells to quantify the ability of FIT and ) basic helix-loop-helix 39 (bHLH039) to induce the target promoter /RT7,, resulting in induced activity of
the secreted alkaline phosphatase (SEAP) reporter. Upper part, quantified promoter induction relative to the baseline control of IRT7,,, in the absence of
bHLHO039 and FIT, normalized to co-transfected Gaussia luciferase activity. Lower part, immunoblot analysis showing protein expression of hemagglutinin
(HA)-tagged HA3-bHLHO39 (Anti-HA, 36 kDa, arrowhead) and FIT-GFP (Anti-GFP, 62 kDa, arrowhead) in transfected CHO cells; as control for protein
transfer, we used Ponceau S staining of the membrane (Loading). Both FIT and bHLHO39 are required to activate IRT7,,,, defining the minimal framework
needed for promoter activation. Data are presented in box plots; interquartile range (IQR) 25-75%; whiskers: 25™ percentile, —1.5 x IQR; 75" percentile
+1.5 x IQR; median, horizontal line within IQR box; mean, small square in IQR box; x, values outside & 1.5 x IQR range. Statistical significance is
highlighted by different letters and was calculated using one-way ANOVA (P <0.05) and Tukey post-hoc test (n = 3). One representative experiment is
shown. (b, ¢) Cellular transactivation assay to quantify the ability of (b) serine (Ser) FITm and (c) tyrosine (Tyr) FITm phospho-mutants compared with FIT.
The assay, statistical analysis, immunoblot analysis, and labeling of protein bands were carried out as described for (a).

therefore conclude that the Tyr phospho-mimicking mutations
cause decreased FIT activity, which confirms results of the cellu-
lar assays. However, Tyr phospho-mimicked FIT still retains suf-
ficient functionality for target gene activation. Elevated
BHILHO039 expression indicates Fe deficiency. At +Fe, BHLH039
expression was similarly low between Tyr mutant- and WT FIT-
complementing plants (Fig. 8¢), whereas it was high in fir-3.
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Therefore, Tyr phospho-mimicked FIT is less active than WT
FIT, but its function is not knocked out.

Discussion

Phospho-dead and phospho-mimicking mutants of four Ser and
Tyr sites caused different molecular and cellular phenotypes in
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Fig. 7 A FER-LIKE IRON DEFICIENCY-
INDUCED TRANSCRIPTION FACTOR (FIT)
tyrosine (Tyr) phospho-mutant is degraded
faster than other phospho-mutants.
Quantified cell-free protein degradation
assay for (a) serine (Ser) and (b) Tyr
phospho-mutant FITm-green fluorescent
protein (GFP) in comparison with FIT-GFP.
The assay was conducted following transient
expression in tobacco leaf epidermis cells.
Equal amounts of total protein extract were
incubated at 25°C for 0, 60, 120 and

240 min, partly treated with the proteasomal
inhibitor MG132 (+MG132). Protein
abundance was determined by quantitative
immunoblot analysis of FIT-GFP and FITm-
GFP. Wild-type (WT) is represented as solid
black, FITm-GFP as solid gray curves, dashed
lines are +MG132 samples. Data are

means + SD (+MG132, one replicate).
Statistically significant differences between
mutant and WT at each individual time-point
are highlighted by asterisks (Student's ¢-test,
*% P<0.01, n=3). Immunoblots and
calculated half-life times of FIT-GFP and
FITm-GFP are presented in Supporting
Information Fig. S5.
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phospho-mutant activity assays of FIT. Whereas Ser phosphory-
lation, with predominance at the previously identified Ser272
site, would activate FIT, Tyr phosphorylation would deactivate
it, and this also in plants. We suggest that alternative pathways
exert multifaceted phosphorylation control of FIT.

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

©2019 The Authors
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step NETPhos prediction, phylogenetic sequence analysis, and
phosphorylation motif searches in combination with a subse-
quent mutant activity screening.

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

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

mean =+ SD. Statistical significance is highlighted by different letters and was calculated using one-way ANOVA (P <0.05) and Tukey post-hoc test (n = 3).
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Fig. 9 Summary of FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT) phospho-mutant phenotype screening using cellular assays.
A color code was applied, highlighting altered regulatory properties and cellular activities between FIT (wild-type, WT) and FITm forms. Red shading
indicates a stronger effect, and blue shading a reduced effect in the respective FITm form compared with FIT for the experiment conducted, referred to by
figure numbers. Increase of the individual color indicates a stronger effect. The absence of differences between FIT and FITm is marked in gray. A
mathematical correlation analysis conducted with the data matrix showed significant correlation between heterodimerization of FIT and basic helix-loop—

helix 39, transactivation capability, and protein stability.

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

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

©2019 The Authors
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transactivation, and protein stability control regulates the respon-
siveness of the signaling system. In 13 out of 16 cases, yeast and
plant systems gave fully concordant results for FIT phospho-mu-
tant protein interactions, underlining the general reliability of
protein interaction assays. Differences can be explained by differ-
ing regulatory mechanisms in the two systems, and likely by lack
of regulatory contributions of the N-terminal and bHLH subdo-
mains of FIT. Yeast interaction assays were conducted with FIT-
C, in contrast to plant assays performed with full-length FIT.
Interestingly, heterodimerization of FIT and bHLHO039 was
correlated with transactivation capability and protein stability
(see Fig.9). On the other hand, FIT transactivation ability did
not correlate with nucleo-cytoplasmic partitioning and homod-
imerization, in line with the failure of FIT alone to activate
IRT1,,
nuclear vs cytoplasmic localization, as indicated in Fig. 9) seems
linked with homodimerization, but the values were not signifi-
cant in correlation (Fig.9). Perhaps FIT homodimerization
affects nuclear localization. Taken together, phospho-mutant

A higher cytoplasmic-to-nuclear ratio of FIT (lower

activity screening of FIT opens up a way to connect Fe acquisi-
tion regulation to new cellular signaling pathways, including
cytoplasmic-to-nuclear partitioning and Tyr phosphorylation.
Positive effects of phospho-mimicking Ser (Gratz ez al., 2019;
this work) and phospho-dead Tyr (this work), in contrast to

New Phytologist (2020) 225: 250-267
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Fig. 10 Model of two-step regulation of FER-LIKE IRON DEFICIENCY-
INDUCED TRANSCRIPTION FACTOR (FIT) activity by protein
phosphorylation. Active FIT (upper): serine (Ser) phosphorylation
promotes FIT activity. Phosphorylation (P) at Ser221 and Ser272 in FIT-C
favors basic helix-loop—helix 39 (bHLH039) interaction and expression of
IRON-REGULATED TRANSPORTERT promoter (IRT1,,,). Inactive FIT
(lower): tyrosine (Tyr) phosphorylation (P) reduces FIT activity in a
situation where no active FIT protein is needed or even could be
detrimental. Phosphorylation at Tyr238 and Tyr278 in FIT-C reduces
bHLHO39 heterodimerization and expression of IRT7,,,, and partly
promotes FIT degradation.

Ser phosphorylation

Tyr phosphorylation

negative effects of the phospho-dead Ser272 (Gratz et al., 2019)
and phospho-mimicking Tyr (this work) mutations, are indica-
tors for multiple phosphorylation triggers for FIT. We therefore
suggest that FIT is controlled via different phosphorylation path-
ways, leading to activation by Ser and deactivation by Tyr phos-
phorylation (Fig. 10).

Ser272 phosphorylation by CIPK11 activates FIT to accumu-
late in the nucleus, dimerize with bHLHO039, and activate target
promoters (Gratz ez al., 2019). CIPK11 also phosphorylates FIT-
Cm(8S271/2AA) protein to a minor extent (Gratz ez al., 2019),
possibly at Ser221. Mutant comparisons between FITm(S221E
SS271/2AA) and the respective single mutants indicated that the
multiple mutant behaved more similar to FITm(SS271/2AA),
suggesting that Ser221 appears less important than Ser272. In
this sense, phosphorylation of position Ser272 plays a pivotal
role. Loss of phosphorylation in phospho-dead FITm(SS271/
2AA) has more dramatic effects than loss of FITm(S221A), and
FITm(SS271/2AA) is not rescued by nearby phospho-mimicking
FITm(S221E) regarding nuclear mobility, transcriptional self-ac-
tivation in yeast, and transactivation. Besides CIPK11, other Fe-
regulated CIPK genes and another CIPK interactor of FIT are
known, but their roles in Fe-deficiency responses or FIT regula-
tion remain to be determined (Gratz etal, 2019). CIPK23, on
the other hand, affects FIT downstream targets FRO2 and IRT1
proteins (Tian eral., 2016; Dubeaux ez al., 2018). Furthermore,
other Ser/Thr kinase families are connected to Fe deficiency and
could target FIT, such as MAPK3 and MAPKG6, upregulated
under Fe deficiency (Ye eral, 2015). mapk3 and mapk6 loss-of
function mutants have decreased gene expression levels of FRO2
and IRTI (Ye etal, 2015). Both kinases are involved in the
expression of ACC SYNTHASE (ACS) genes (Li et al., 2012; Li
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S. etal., 2017) and they could positively influence Fe acquisition
through phosphorylation-based stabilization of ACS proteins,
needed for ethylene production (Liu & Zhang, 2004). Ethylene-
induced transcription factor EIN3 is phosphorylated and stabi-
lized by MAPK3 and MAPKG (Yoo eral., 2008). MAPK3 and
MAPKG6 could thus play a dual role in possibly activating FIT by
Ser phosphorylation and via stabilization of EIN3, known to
interact and activate FIT (Lingam ezal, 2011). Recently, the
involvement  of  serine/threonine  kinases ~CALCIUM-
DEPENDENT PROTEIN KINASEs (CPKs) CPK5 and CPK6
in ACS expression has been shown (Li S. ezal., 2017), and these
could also represent kinase candidates for FIT Ser phosphoryla-
tion.

The presence of two regulatory Tyr sites is very intriguing. Tyr
phosphorylation has been rarely described to date in plant tran-
scription factors, whereas based on phospho-proteomics it could
be quite important (Sugiyama ez al., 2008; van Wijk ez al., 2014;
Lu et al., 2015). Tyr can also be involved in other protein modifi-
cations; for example, nitration, and generally in hydrogen bond
formation. However, the fact that Tyr phospho-mimicking and
phospho-dead mutations yielded contrasting phenotypes in sev-
eral assays speaks in favor for different activities in the phospho-
rylated vs nonphosphorylated state. Tyr phospho-mimicking
mutants have a decreased bBHLH039 interaction and transactiva-
tion ability, and the phospho-mimicking mutant of Tyr278 also
has a lower protein stability in plant cells. Interestingly, the phos-
pho-mimicking Tyr mutants of FIT display very similar features
to phospho-mimicked CjWRKY1(Y115E), which is impaired in
induction of target genes and shows increased cytosolic localiza-
tion, where it is degraded subsequently (Yamada & Sato, 2016).
Thus, Tyr phosphorylation is likely a muld-inhibitory mecha-
nism, rendering FIT inactive by inhibition of protein interaction
with bHLHO039, inhibition of transactivation, and enhanced pro-
tein degradation.

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

Conclusions

The three-step prediction of phosphorylation target sites in FIT-
C was validated by phospho-mutant activity assays. The contrast-
ing effects of Ser and Tyr phospho-mutations suggest alternative
regulation of FIT activity by different phosphorylation pathways.
This multiple regulation of FIT activity underlines the impor-
tance of FIT as a central hub for regulating Fe acquisition in
dicots. It may serve to integrate changes in environmental condi-
tions and to quickly adjust Fe acquisition at the transcriptional
level. FIT can serve as a model to characterize the rare Tyr phos-
phorylation event in plants and to identify a Tyr kinase.
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