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Iron (Fe) is an essential mineral nutrient for plants, but often it is not available in sufficient quantities to sustain optimal growth.
To gain insights into adaptive processes to low Fe availability at the posttranslational level, we conducted a quantitative analysis
of Fe deficiency-induced changes in the phosphoproteome profile of Arabidopsis (Arabidopsis thaliana) roots. Isobaric tags for
relative and absolute quantitation-labeled phosphopeptides were analyzed by liquid chromatography-tandem mass spectrometry
on an LTQ-Orbitrap with collision-induced dissociation and high-energy collision dissociation capabilities. Using a combination of
titanium dioxide and immobilized metal affinity chromatography to enrich phosphopeptides, we extracted 849 uniquely identified
phosphopeptides corresponding to 425 proteins and identified several not previously described phosphorylation motifs. A subset
of 45 phosphoproteins was defined as being significantly changed in abundance upon Fe deficiency. Kinase motifs in Fe-responsive
proteins matched to protein kinase A/calcium calmodulin-dependent kinase II, casein kinase II, and proline-directed kinase,
indicating a possible critical function of these kinase classes in Fe homeostasis. To validate our analysis, we conducted site-
directed mutagenesis on IAA-CONJUGATE-RESISTANT4 (IAR4), a protein putatively functioning in auxin homeostasis. iar4
mutants showed compromised root hair formation and developed shorter primary roots. Changing serine-296 in IAR4 to
alanine resulted in a phenotype intermediate between mutant and wild type, whereas acidic substitution to aspartate to mimic
phosphorylation was either lethal or caused an extreme dwarf phenotype, supporting the critical importance of this residue in
Fe homeostasis. Our analyses further disclose substantial changes in the abundance of phosphoproteins involved in primary
carbohydrate metabolism upon Fe deficiency, complementing the picture derived from previous proteomic and transcriptomic

profiling studies.

Iron (Fe) often limits plant growth because of its
tendency to form complexes of low solubility. To im-
prove the acquisition of Fe from pools of limited
availability, plants have developed a suite of responses
that readjust cellular homeostasis, comprising changes
in developmental programs, metabolism, and expres-
sion of transporters mediating the uptake and distri-
bution of Fe. In Arabidopsis (Arabidopsis thaliana), Fe
acquisition is controlled by two basic helix-loop-
helix (bHLH) transcription factors, FER-LIKE IRON
DEFICIENCY-INDUCED TRANSCRIPTION FACTOR
(FIT) and POPEYE (PYE), regulating nonoverlapping
subsets of genes with various roles in Fe uptake and
metabolism (Colangelo and Guerinot, 2004; Bauer et al.,
2007; Long et al., 2010; Schmidt and Buckhout, 2011).
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Disruption of FIT or PYE function leads to severe
growth reduction and chlorosis under Fe-limited con-
ditions, indicating that the function of these genes is
critical for regulating Fe homeostasis. FIT forms heter-
odimers with bHLH38 and bHLH39 and positively
regulates a subset of Fe-responsive genes, including two
key genes required for Fe acquisition that encode the
ferric reductase FERRIC REDUCTION OXIDASE2 and
the Fe transporter IRT1 (Eide et al., 1996; Robinson
et al., 1999; Vert et al., 2002; Colangelo and Guerinot,
2004; Yuan et al., 2008). PYE is preferentially expressed
in the pericycle and aids in maintaining Fe homeostasis
by positively regulating a separate cluster of genes. The
expression of BRUTUS (BTS), encoding a putative E3
ligase protein that negatively regulates the Fe deficiency
responses, is tightly correlated with PYE gene activity.
Both proteins interact with the PYE homologs IAA-
LEU-RESISTANTS3 (ILR3) and bHLH115, suggesting a
complex and dynamic regulatory circuit that adapts
plants to fluctuating availability of Fe.

The signaling processes that are upstream of or
parallel to FIT, PYE, and BTS are largely unknown.
All three genes are regulated by the plant’s Fe status,
indicating that other components are involved in
Fe sensing and signaling. A study of Fe deficiency-
induced protein profile changes revealed that many
of the differentially expressed proteins were not associated
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with changes in their corresponding transcripts, in-
dicating that posttranscriptional and posttranslational
processes are employed to acclimate the plant to low
Fe availability (Lan et al., 2011). Homozygous muta-
tions in the UBIQUITIN CONJUGASE13A (UBC13A)
locus caused alterations in Fe deficiency-induced root
hair formation and in the expression of several Fe-
responsive genes, including early signaling components
such as bHLH38/39 (Li and Schmidt, 2010). UBC13
proteins catalyze the formation of noncanonical Lys-63-
linked polyubiquitin chains, suggesting that posttrans-
lational modifications of proteins are crucial for the Fe
deficiency response (Hofmann and Pickart, 1999; Pickart
and Fushman, 2004; Wen et al., 2006).

The possible function of other posttranslational
processes in the Fe deficiency response has not been
investigated. An estimated one-third of all eukaryotic
proteins could be regulated by reversible phospho-
rylation via kinases/phosphatases, demonstrating the
importance of this posttranslational protein modifica-
tion. Modifications of protein with phosphate can af-
fect protein structure, activity, localization, and stability,
thereby regulating crucial processes such as metabolism
and development. The reversible phosphorylation of
proteins on Ser, Thr, and Tyr residues is the most
common and conserved posttranslational modification
and is one of the key regulators of the cellular re-
sponses to external stimuli. In transcriptional profiling
experiments on Fe-deficient roots, several protein ki-
nases were found to be differentially expressed upon
Fe deficiency, suggesting that alterations in protein
phosphorylation patterns induced by Fe deficiency are
involved in the control of Fe homeostasis (Colangelo
and Guerinot, 2004; Dinneny et al.,, 2008; Buckhout
et al., 2009; Garcia et al., 2010; Yang et al., 2010). Their
exact role and substrates, however, remain enigmatic.

In contrast to the analysis of global changes in
transcript abundance during development or in re-
sponse to external stimuli, the role of posttranslational
modification in these processes is understudied. Re-
cent technological advances in mass spectrometry
(MS)-based proteomics techniques allow the genera-
tion of a system-wide analysis of phosphoproteomics
data via improved enrichment and analysis method-
ologies for phosphorylated proteins. A highly specific,
unbiased enrichment of phosphopeptides is crucial for
understanding regulatory processes that are mediated
by reversible phosphorylation of proteins. Deciphering
specific signaling pathways in response to external
cues, however, not only requires the identification but
also the quantification of phosphorylated peptides.
Quantitative phosphoproteomics in plants remain a
major challenge, mainly due to the low abundance
of phosphorylated proteins and the neutral loss of
phosphoric acid during the collision-induced dissoci-
ation (CID) process.

Here, we present a large-scale analysis of phospho-
peptides that differentially accumulated upon Fe de-
ficiency. It is shown that with a combination of two
complementary phosphoprotein enrichment methods
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and identification/quantification of isobaric tags for
relative and absolute quantitation (iTRAQ)-labeled
proteins on an Orbitrap with CID/high-energy colli-
sion dissociation (HCD) capability, an accurate detec-
tion and determination of quantitative changes in the
phosphoproteome upon Fe deficiency can be moni-
tored from a relatively small sample input. Using this
strategy, we show that Fe deficiency induces substan-
tial, previously unnoted changes in the relative abun-
dance of phosphoproteins. These changes are likely to
be associated with functions in auxin homeostasis,
RNA metabolism, carbohydrate flow, nitrate assimi-
lation/amino acid synthesis, and transport processes
at the plasma membrane.

RESULTS
Identification of Phosphopeptides in Arabidopsis Roots

To gain insights into changes of protein phospho-
rylation patterns upon Fe deficiency, we quantitatively
compared phosphopeptides isolated from roots of Fe-
sufficient plants and roots from plants that were
grown on Fe-depleted medium for 3 d. This time point
was chosen because it mirrors an acclimation phase in
which a new homeostasis is established (Kosova et al.,
2011) and allows for a comparison with previous
transcriptional and proteomic profiling studies using
the same material and growth conditions (Yang et al.,
2010; Lan et al., 2011). The workflow of the analysis is
shown in Figure 1. Proteins were digested in solution
and labeled with iTRAQ tags. The protein extraction
protocol deviated from the manufacturer’s recom-
mendation and was described previously (Lan et al.,
2011). Samples were separated by strong cation-
exchange (SCX) chromatography, and phosphopep-
tides were enriched by means of immobilized metal
affinity chromatography (IMAC) and titanium dioxide
(TiO,) chromatography. The two enrichment methods
are partially complementary, yielding a higher coverage
of the phosphopeptides in the sample (Bodenmiller
et al.,, 2007). Peptides were sequenced by liquid
chromatography-tandem mass spectrometry (MS/MS)
on an LTQ-Orbitrap XL coupled to a linear ion trap
that collects CID spectra for identification and deter-
mination of modification sites and HCD spectra for
quantification of the iTRAQ reporter ions. CID in lin-
ear ion traps allows an accurate identification of
phosphopeptides but is incompatible with iTRAQ la-
beling. HCD widens the scan range and can detect
fragment ions with low mass-to-charge ratio (1m/z). The
2.3.02 version of the Mascot software was used to
simultaneously identify and quantify proteins. Using
this strategy, we identified a total of 654 unique
phospho-sites, spanning 849 phosphopeptides on 427
proteins (Supplemental Table S1). The distribution of
phosphorylation events was Ser (87.2%), Thr (11.9%),
and Tyr (0.9%; Fig. 2, inset). The vast majority of the
peptides (98%) were singly phosphorylated.
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Figure 1. Experimental strategy for the enrichment, analysis, and quantification of phosphopeptides. [See online article for

color version of this figure.]

Twenty-one significantly enriched phosphorylation
motifs (grouped into 10 classes) were extracted from
phosphopeptide data sets and identified using the
Motif-X algorithm (Schwartz and Gygi, 2005). Nineteen
motifs represent Ser phosphorylation, and two motifs
were Thr phosphorylation sites (Table I; Supplemental
Fig. S1). Some of these motifs, such sXH and KSXsXXN,
to our knowledge, have not been reported previously.

Proteins Involved in RNA Processing, Translation, and
Carbohydrate Metabolism Form Major Hubs in the Root
Phosphoproteome Interaction Network

Functional classification of phosphoproteins accord-
ing to the Munich Information Center for Protein Se-
quences revealed highest P values for the Gene Ontology
categories “temperature perception and response” and
“RNA processing” (Fig. 2). To get a better under-
standing of root-related processes that are regulated
by phosphorylation, a protein-protein interaction net-
work was constructed using the STRING system
(http:/ /string-db.org; Szklarczyk et al., 2011). This
software package functionally links proteins based on
predictions, neighborhood analysis, experimental results,
and literature mining. Four major clusters, derived from
the mapping of interologs from the root phosphopro-
teome, were associated with mRNA processing, trans-
lation, carbohydrate metabolism, and proton transport
(Fig. 3, clusters A, B, C, and D, respectively). Cluster A is
composed of five proteins with RNA-binding motifs: an
RNA polymerase II transcription factor and four Ser-
Arg-rich splicing factors that belong to a highly conserved
family of splicing regulators involved in constitutive and
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alternative splicing of eukaryotic mRNA that are re-
sponsive to stresses and hormones (Palusa et al., 2007).
The second cluster (B) consists of 18 proteins, nine of
which are ribosomal proteins, indicating that transla-
tion is regulated and/or biased by phosphorylation.
Several proteins with evolutionarily conserved phos-
phorylation sites involved in primary carbohydrate
metabolism showed close interactions and constitute
the third cluster (C). The remaining cluster (D) con-
tains among other proteins the two major plasma
membrane H*-ATPases AHA1 and AHA2, the proton
pump interactor 1, and the three putative pyrophos-
phatases PPA1, PPA3, and PPAS.

Fe Deficiency Alters Carbohydrate Flow at Different
Regulatory Levels

Phosphopeptides that had a 117-114 iTRAQ ratio
outside the range of 0.74- to 1.36-fold and that were
detected in both biological experiments with similar
accumulation patterns were classified as being signif-
icantly changed in abundance upon Fe deficiency. The
cutoff values were selected by power analysis with a
power index of 7.84 (95% confidence; for details, see
“Materials and Methods”). From the motif patterns of
the Fe-responsive phosphopeptides, it can be con-
cluded that the Pro-directed kinase, casein kinase II
(CK1I), and protein kinase A (PKA)/calcium calmodulin-
dependent kinase II kinase-mediated phosphorylation
may play critical roles in the acclimation to Fe deficiency
(Table I).

Several phosphoproteins that passed our criteria are
related to carbohydrate metabolism (Table II). Figure 4
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Figure 2. Functional classification of Arabidopsis root phosphoproteins according to the Munich Information Center for Protein
Sequences. The BioMap tool package provided at http://virtualplant.bio.nyu.edu/ was used for the analysis. [See online article

for color version of this figure.]

illustrates alterations in the flow of carbohydrate in-
duced by Fe deficiency under different regulatory
levels, integrating data obtained from transcriptional
and proteomic profiling studies conducted earlier on
plants that were grown under similar conditions (Yang
et al., 2010; Lan et al., 2011). Decreased abundance of
glucose-6-phosphate dehydrogenase (G6PD2/G6PD3)
protein indicates that diversion of the hexose phos-
phate pool into the nonoxidative pentose phosphate
pathway is reduced upon Fe deficiency. Increased
abundance of phosphorylated 3-phosphoglycerate de-
hydrogenase (Atlg17745) is indicative of increased Ser
biosynthesis. Phosphorylation of phosphoglycerate mu-
tase, catalyzing the conversion of 3-phosphoglycerate
into 2-phosphoglycerate, also increased under Fe-
deficient conditions. Rib-phosphate degradation may
contribute to replenish the triose phosphate pool that
is depleted by these two enzymes (Fig. 4). A gene
encoding a transketolase (At2g45290) catalyzing the
conversion of Rib-5-P and Xyl-5-P to sedoheptolose-7-
phosphate and glyceraldehyde-3-phosphate was found
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to be up-regulated upon Fe deficiency in a previous
study (Yang et al., 2010). Phosphoenolpyruvate car-
boxylase (PEPC) is a ubiquitous cytosolic enzyme in
vascular plants that mediates the B-carboxylation of
phosphoenolpyruvate, yielding oxaloacetate and in-
organic phosphate. PEPC is tightly controlled tran-
scriptionally by allosteric effectors and by reversible
phosphorylation at the conserved N-terminal seryl
residue. Phosphorylated PEPC1 protein and PEPC1
transcript accumulated under Fe-deficient conditions,
indicating multiple regulatory levels of PEPC activity
(Yang et al., 2010; this study).

Ser-296 Phosphorylation of IAR4 Is Important for Auxin
and Fe Homeostasis

The mitochondrial pyruvate dehydrogenase Ela
subunit, IAA-CONJUGATE-RESISTANT4 (IAR4), is
a further phosphoprotein with increased abundance
upon Fe deficiency. Pyruvate dehydrogenase catalyzes

Plant Physiol. Vol. 159, 2012
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Table 1. Phosphorylation motifs identified in Arabidopsis roots

The phosphorylated residue is indicated in lowercase underlined letters (s for Ser and t for Thr), and X denotes any amino acid. For sequence

alignment, see Supplemental Figure S1.

Fe

No. of Fe-Responsive

No. Motif Motif Score No. . . Putative Kinase®
Responsive Peptides
|
1 E....sP.... 21.21 21 Yes 2 Pro-directed kinase
2 EsP 19.84 16 No
3 sP.... 16.00 93 Yes 12
Il
4 sD.E.. 28.07 27 No CK 1l
5 L sEDE.. 21.89 7 No
6 s.E.EE. 16.73 8 No
7 sDDD 15.18 7 Yes 2
8 s.E.... 3.95 15 No
s L. As.E.... 9.22 8 No
0 L s.KE 9.65 9 Yes 1
mo Ds.D.... 8.24 7 No
1}
12 .H..sS 10.82 8 Yes 1 GSK3-like kinase
13 LSose 4.06 26 Yes 1
v
4 s.S.... 3.34 30 Yes 2 PKA
\
5 L s.H... 3.56 8 Yes 2 Protein kinase C
16 KS.s..N 14.43 6 Yes 1
\1
17 Ll Gs...... 4.51 27 Yes 2 Novel CK I
Vi
8 L s....X 16.00 7 Yes 1 Unknown
VI
19 LRese 16.00 74 Yes 5 PKA/calcium calmodulin-dependent
kinase I
IX
20 L tD..... 3.36 10 Yes 2 CK 1l
X
21 tP..... 3.55 10 Yes 2 Pro-directed kinase

“Predicted by NetPhosK 1.0 (http://www.cbs.dtu.dk/services/NetPhosK/). The putative kinase with the highest score was chosen.

the conversion of pyruvate to acetyl-CoA; the precise
function of IAR4, however, is not clear. It has been
speculated that IAR4 catalyzes the conversion of in-
dole-3-pyruvate to indole-3-acetic acid (IAA)-CoA, an
intermediate of IAA biosynthesis in microbes (LeClere
et al., 2004). The accumulation of IAR4 phosphopep-
tides could thus be related to the synthesis of auxin,
the level of which increases under conditions of Fe
deficiency in Arabidopsis (Chen et al., 2010). To assess
the role of Ser-296 phosphorylation of IAR4, we have
changed this residue by site-directed mutagenesis to
Ala (S5296A) or Asp (5296D) and introduced these
constructs into an iar4 knockout line (SALK_091909)
harboring a T-DNA insertion located in the first exon.
In line with previous reports, both the number and
length of root hairs are reduced in iar4 plants when
compared with the wild type (Fig. 5, A-E; Quint et al.,
2009). In addition, the length of the primary root is
severely decreased in the mutant. Complementation
lines in which Ser-296 was changed to Ala (iar4/
S296A) showed an intermediate phenotype between
the wild type and mutant, whereas acidic substitution
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for Ser-296 to mimic phosphorylation (iar4/S296D)
was either lethal (approximately 50% of the seedlings)
or had severe consequences on growth, resulting in
an extreme dwarf phenotype (Fig. 5). Most of the
kanamycin-resistant iar4/429D seedlings were purple
colored and formed very short primary roots (Fig. 5A).
Complementation of the iar4 mutant with the wild-
type gene restored normal growth (Fig. 5A).

To elucidate whether auxin homeostasis is affected
by Fe deficiency, we grew transgenic plants containing
the DR5-GUS reporter construct under control and
Fe-deficient conditions. Contrary to our expectations,
GUS staining was markedly reduced in Fe-deficient
seedlings (Fig. 5F). Phosphate-deficient DR5-GUS
plants exhibited markedly higher levels of GUS stain-
ing compared with plants grown on phosphate-replete
medium (Fig. 5F). These results also indicate that the
decrease in auxin response upon Fe deficiency is not
part of a nonspecific stress response but rather asso-
ciated with the growth type. Similar to what has been
reported previously (Quint et al., 2009), GUS staining
of iar4-3[DR5-GUS] plants was markedly lower when

Plant Physiol. Vol. 159, 2012
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Table Il. Quantification of Fe deficiency-regulated phosphopeptides

Phosphorylated residues are indicated by p preceding the phospho-amino acid. Oxidized Met is labeled by °M.

Locus Protein Description Peptide 117-114 = s
At1g04820.1 Tortifolia 2, tubulin a-4 chain (TUA4) TIQFVDWCPpTGFK 0.61 = 0.06
At1g08800.1 Unknown protein pSVSFNHLPDVGYTELK 0.59 = 0.18
At1g08800.1 Unknown protein SVpSFNHLPDVGYTELK 0.59 = 0.10
At1g09780.1  Phosphoglycerate mutase AHGTAVGLPSEDD°MGNpSEVGHNALGAGR ~ 2.15 * 0.85
At1g09780.1 Phosphoglycerate mutase AHGTAVGLPSEDDMGNpPSEVGHNALGAGR 2.67 = 1.80
At1g09780.1  Phosphoglycerate mutase AHGTAVGLPSEDDMGNpSEVGHNALGAGR 2.18 = 0.64
Atlgl17745.1  3-Phosphoglycerate dehydrogenase (PGDH) FSTVGpSDSDEYNPTLPKPR 1.36 = 0.2
At3g52930.1  Fru-bisP aldolase LGDGAAEpSLHVK 1.61 + 0.31
At4g34860.1 Plant neutral invertase family protein APDHADYVIpSPSFGR 0.66 = 0.01
At5g17330.1 Glu decarboxylase 1 (GAD1) VLSHAVpSESDVpSVHSTFASR 0.56 * 0.24
At1g20110.1 RING/FYVE/PHD zinc finger superfamily protein SRpSDLGSDLYGK 1.39 = 0.42
At1g20110.1 RING/FYVE/PHD zinc finger superfamily protein pSRSDLGSDLYGK 1.41 = 0.39
At1g20440.1 Cold-regulated 47 (COR47) AQIpSEPELAAEHEEVKENK 1.67 = 0.33
At1g24180.1 IAA-conjugate-resistant 4 (IAR4) YHGHpS°MSDPGSTYR 1.66 = 0.006
At1g24180.1 IAA-conjugate-resistant 4 (IAR4) YHGHpSMSDPGSTYR 1.61 = 0.07
At1g35580.1 Cytosolic invertase 1 (CINV1) AVGpSHCSLSEMDDLDLTR 0.67 = 0.19
At3g07660.1 Kinase-related protein SGPDpSDGRVSPFVSPGVASK 0.72 £ 0.10
At3g07660.1 Kinase-related protein SGPDSDGRVpSPFVSPGVASK 0.73 + 0.27
At3g11330.1 Plant intracellular ras group-related Irr 9 (PIRL9) TYVADVSEYLGSNpSPRDPYLER 1.37 = 0.16
At1g53310.1 Phosphoenolpyruvate carboxylase 1 (PEPC1) MApPSIDVHLR 1.41 = 0.21
At3g12140.1 Emsy N terminus (ENT)/plant Tudor-like HATIQPFDVLPpSPTFSAAR 0.72 * 0.002

domains-containing protein
At1g69040.1 ACT repeat 4 (ACR4) SKpSFVNFGLVR 0.73 £ 0.31
At1g72160.1 Sec14p-like phosphatidylinositol transfer S°MIPQNLGpSFKEESSK 0.71 = 0.12
family protein
At2g18960.1 AHA1 GLDIDTAGHHpYTV 0.74 = 0.02
At2g46630.1 Unknown protein VLpSPYSLPASLLHSER 0.70 = 0.007
At3g05090.1 Lateral root stimulator 1 (LRST) TVGSpSNNISVQSSPSHGYTPTIAK 0.68 = 0.21
At3g15450.1  Aluminum-induced protein RGpSEANWALANSR 0.56 = 0.15
At3g15450.1 Aluminum-induced protein IDpSEGVLCGASFK 0.37 = 0.15
At3g16560.1 Protein phosphatase 2C family protein KVPpSSPALSK 0.60 = 0.09
At3g48450.1 RPMT-interacting protein 4 (RIN4) family protein TAVAGPESIVpSPPRNEEPPK 3.02 £ 0.14
At3g48890.1 Membrane steroid-binding protein 2 (MSBP2) KDVApTDDDDAAKE 1.60 = 0.51
At3g55460.1 SC35-like splicing factor 30 (SCL30) RpSYpSPGYEGAAAAAPDR 0.66 + 0.18
At1g80930.1 MIF4G domain-containing protein RKEpTSDDEELAR 1.45 = 0.38
At4g17720.1 RNA-binding (RRM/RBD/RNP motifs) family protein VHLSEpSPK 1.58 £ 0.27
At4g35785.1 RNA-binding (RRM/RBD/RNP motifs) family protein pTPTPGHYLGLK 1.96 = 1.0
At3g18240.1 Ribosomal protein $S24/535 HAEpTDDELLEK 1.47 = 0.39
At4g22670.1 HSP70-interacting protein 1 (HIP1) SFVVEEpSDDD°MDETEEVKPK 0.70 = 0.29
At5g53330.1 Ubiquitin-associated/translation elongation NSpSFQHNTSPSSGIGIR 1.38 £ 0.15
factor EF1B protein
At4g39150.1 NAJ heat shock N-terminal domain-containing protein ~ ENpSLRHEEETGVK 1.45 £ 0.41
At4g35890.1 Winged-helix DNA-binding transcription factor ISGNHGSPTASVAQpSPR 1.83 £ 0.26
family protein
At5g13890.1 Family of unknown function (DUF716) TGpSYEALPTNNADSNHIQMK 0.66 = 0.35
At5g13890.1 Family of unknown function (DUF716) TGpSYEALPTNNADSNHIQMK 0.62 = 0.05
At5g17920.1  Cobalamin-independent Met synthase (ATCIMS) YGAGIGPGVYDIHpSPR 0.60 = 0.04
At5g19770.1 Tubulin a-3 (TUA3) TVQFVDWCPpTGFK 0.56 = 0.11
At5g40390.1 Seed imbibition 1-like SIP1 SDpSGINGVDFTEK 0.69 = 0.02
At5g49400.1 Zinc knuckle (CCHC-type) family protein TKPSVDDLDGpSDDDDEEERPDATNGK 2.64 = 1.94
At5g49400.1 Zinc knuckle (CCHC-type) family protein TKPSVDDLDGpSDDDDEEERPDATNGK 1.82 £ 0.70
At5g61150.1 Vernalization independence 4 (VIP4) NDVEQDEHRpSPIEDEEGSEK 1.47 = 0.33
At5g64680.1 Unknown protein SMFSGFTETPKpSPK 0.63 = 0.10
At3g60600.1 Vesicle-associated protein 27-1 (VAP27) VTYVAPPRPPpSPVHEGSEEGSpSPR 0.74 = 0.10
At4g11740.1 SAY4 (suppressor of Ara4) AASGSLAPPNADRpSR 1.38 = 0.02
At5g43350.1 Phosphate transporter 1 (PHT1;1) SLEELSGEAEVpSHDEK 0.74 £ 0.15
At5g49890.1 Chloride channel C (CLC-C) KIpSGILDDGSVGFR 0.71 = 0.006
At1g08090.1 Nitrate transporter 2.1 (NRT2.1) EQSFAFSVQpSPIVHTDK 0.56 = 0.01
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Figure 4. Fe deficiency-induced alter-
ations in carbohydrate metabolism at
different regulator levels. Up-pointing
arrows indicate up-regulated processes,
and arrows pointing downward denote
down-regulated processes. See text for

Phosphorylation
Transcription

Translation

details. Asterisks indicate genes that

I G6PD2
were significantly up-regulated more
than 1.5-fold but less than 2-fold. GbAR3

Protein data were taken from Lan et al.
(2011); transcript changes from Yang
et al. (2010). OAA, Oxaloacetate; 2-
OG, 2-oxoglutarate; PEP, phospho-
enolpyruvate; PPP, pentose phosphate
pathway.
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compared with the wild type, supporting a critical
function of IAR4 in auxin homeostasis. The DR5 ex-
pression pattern in the mutant among the different
growth types was generally similar to the wild type,
but lower staining intensity was observed under all
tested conditions (Fig. 5F).

Fe Deficiency Alters the Phosphorylation Status of Plasma
Membrane-Bound Transporters

The reduction-based Fe acquisition system of strat-
egy I plants is dependent on an acidic rhizosphere to
allow an optimal function of the plasma membrane-
bound reductase and to increase the solubility of Fe,
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Glutamate | Serine biosynthesis |
degradation

which decreases 1,000-fold for each unit of pH increase.
The apoplastic pH is dictated by P-type ATPase-mediated
proton extrusion and by the anion-uptake pattern.
P-type ATPases are regulated posttranslationally in a
complex way, including phosphorylation (Palmgren,
2001). We previously showed that in Arabidopsis,
AHAZ2 is strongly up-regulated by Fe deficiency and
encodes the isoform involved in rhizosphere acidifi-
cation, whereas AHA1 plays a housekeeping function
(Santi and Schmidt, 2009). Contrary to the anticipated
increased abundance of AHA2 phosphopeptides, only
AHA1 phosphopeptides accumulated differentially, be-
ing less abundant under Fe-deficient conditions.

Anion uptake is decreased upon Fe deficiency, prob-
ably to avoid alkalization of the apoplast associated with
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Figure 5. IAR4 is critical in root development, root hair formation, and auxin response. A, Phenotypes of the wild type (Col-0),
the iar4 mutant, an iar4/|AR4 complementation line, and substitution lines in which Ser-296 was changed to Ala (iar4/S296A) or
Asp (iar4/S296D). Analysis was performed on 6-d-old plants. B, Root hair phenotypes of Col-0, iar4, iar4/|AR4, and iar4/S296A.
C to E, Quantification of primary root length (C), root hair number (D), and root hair length (E) of the investigated lines. Different
letters indicate significant differences at P < 0.05. F, DR5-GUS expression in Col-0 plants and iar4 mutants (iar4-3[DR5-GUS])
under control, Fe-deficient, and phosphate-deficient conditions. Thirteen-day-old plants were analyzed for GUS expression.

Plant Physiol. Vol. 159, 2012 411



Lan et al.

the proton-coupled uptake of anions. Phosphorylated
PHT1;1 and NRT2.1 proteins, catalyzing the transport
of phosphate and nitrate, decreased in abundance
under Fe-deficient conditions. Consistent with a re-
duced nitrate uptake, the dual-affinity transporter
NRT1.1 was found to be down-regulated upon Fe
deficiency at the protein level (Lan et al., 2011). Am-
monium assimilation via GIn synthetase is increased at
the transcript (GLN1;4) and protein (GLN1;1) levels,
possibly due to a decrease in activity of the Fe-containing
enzymes nitrate reductase and nitrite reductase. De-
creased accumulation of phosphorylated GAD1 pro-
tein, likely associated with decreased GADI1 activity
and, thus, Glu degradation, prevents the depletion of
the Glu pool in Fe-deficient plants. GAD1 was pre-
dicted to interact with FAB1B, a homolog of the Fabl
phosphatidylinositol-3-phosphate 5-kinase from yeast.

DISCUSSION
Accuracy and Precision of iTRAQ Quantitation

Since its invention in 2004 (Ross et al., 2004), iTRAQ
has become a popular technique for large-scale quan-
titative proteome analysis. This success is based on
its capability of multiplexing up to eight samples in
one experimental setup, its unbiased peptide labeling
(iTRAQ isobaric tags label Lys side groups, and all free
terminal amino groups of the peptides are present
in the sample), and its support by several software
packages, such as Mascot, Pro Quant, SpectrumMill, I-
Tracker, and Libra, among others (Lacerda et al., 2008).
The extensive exploration of the iTRAQ technique over
the past few years, however, also unearthed some ca-
veats of this technique. In particular, the precision (i.e.
reproducibility) and accuracy (i.e. closeness to true
values) of quantitative expression data from iTRAQ
experiments have been challenged. Generally, preci-
sion is affected by random errors and unpredictable
fluctuations around the true value (Karp et al., 2010).
In our study here, this issue was addressed by the
removal of outliers and the use of weighted means in
data analysis. Summed intensities were set as nor-
malization to further improve the precision. In addi-
tion, detected peptides that showed a contradicting
accumulation pattern in the two biological experi-
ments were excluded from further analysis. Accuracy
concerns, by contrast, are caused by predictable sys-
tematic biases (Karp et al., 2010). In the iTRAQ meth-
odology, concerns regarding accuracy derived from
the possibility that coeluted, near-isobaric ions that are
isolated and fragmented together with the target ions
lead to a distortion in reporter ion intensities (Ow
et al., 2009; Karp et al., 2010; Ting et al.,, 2011; Yang
et al., 2011). Several strategies have been employed to
decrease or eliminate the accuracy bias. One of these
strategies comprises a sample pretreatment by SCX
chromatography, which decreases sample complexity
and enriches low-abundance peptides (Yang et al.,
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2011). A second strategy aims at eliminating protein
quantification interference by applying triple-stage MS
(Ting et al.,, 2011). Here, a selected fragment from the
tandem mass scans used for peptide identification
serves as a reporter in a third scan, a procedure that
significantly decreases ratio distortion. However, as a
drawback of this strategy, protein coverage is de-
creased (Ting et al., 2011). Other means, such as nar-
rowing the precursor selecting window, were also
reported to increase the accuracy of iTRAQ (Ting et al.,
2011). In our study, peptide mixtures were cleaned
by SCX chromatography after iTRAQ labeling. The
phosphopeptides were further enriched by TiO, and
IMAC chromatography, followed by immediate MS/
MS analysis. All these procedures lower the sample
complexity and enrich low-abundance peptides, lead-
ing to higher accuracy of the reporter ion intensity and
higher signal-to-noise ratio.

So far, no generally accepted standardization for the
significance of protein/peptide abundance change has
been implemented in quantitative proteomic analysis
using the iTRAQ method. Different fold changes were
chosen as cutoffs to denote the significance of a pro-
tein/ peptide abundance change. In this and a previous
study (Lan et al., 2011), we adopted a method de-
scribed by Cox and Mann (2008) and further confirmed
the calculated cutoff values by power analysis. Based
on the above considerations, we consider the fold
changes used here as conservative and as accurate as
possible without introducing work-intensive and thus
limiting techniques, such as confirmation by western
blotting with specific antibodies or reporter-based
strategies such as absolute quantification (Gerber et al.,
2003). It should also be noted that, in principle, dif-
ferences in phosphopeptide accumulation could reflect
changes in the total protein abundance rather than in
the stoichiometric phosphorylation level per se.

Phosphoproteomics Reveals Novel Aspects in
Carbohydrate Metabolism of Fe-Deficient Plants

In support of previous studies at the protein or
transcript level, glycolysis appears to be activated
upon Fe deficiency (Thimm et al., 2001; Brumbarova
et al,, 2008; Li et al., 2008, 2009; Rellan-Alvarez et al.,
2010). The data from this study support this finding
and add several novel aspects regarding changes of
carbon flow during Fe deficiency. For example, phos-
phopeptides associated with invertase (CINV1 and
At4g34860) showed decreased abundance, suggesting
that the hexose phosphate pool fueling the increased
glycolytic flux was derived rather from starch degra-
dation and not from Suc delivered from the leaves.
CINV1 was shown to be negatively regulated by phos-
phatidylinositol monophosphate 5-kinase 9 (PIP5K9),
possibly by compromising CINV1 activity through
interactions at the C terminus (Lou et al., 2007).
Transcript levels of PIP5K9 were found to be increased
upon Fe starvation (Yang et al., 2010), indicating that
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Suc breakdown is down-regulated both by decreased
phosphorylation at the N terminus and by binding to
PIP5K9 at the C terminus, probably in response to a
reduced photosynthetic rate of Fe-deficient plants.
Phosphorylation of CINV1 may thus represent a major
regulatory hub for the flux of carbohydrate in response
to environmental conditions.

A hallmark of Fe deficiency responses of strategy I
plants is the increase of CO, dark fixation via PEPC
activity upon Fe deficiency, probably to support ana-
plerotic replenishment of carboxylic acid cycle inter-
mediates and to balance the intracellular pH that is
alkalinized by active proton extrusion via P-type
ATPases (Landsberg, 1986; Rabotti et al., 1995; De Nisi
and Zocchi, 2000). Unlike in inorganic phosphate-
deficient conditions, where PEPC is phosphorylated by
PPCK1 and PPCK2 (Chen et al., 2007; Gregory et al.,
2009), in Fe-deficient plants, PPCK1 but not PPCK2
was induced, indicating that the increased abundance
of phosphorylated PEPC1 upon Fe deficiency is me-
diated chiefly by PPCK1.

Auxin Metabolism Is Critical for Fe Homeostasis

To validate our findings regarding the importance of
the identified phosphorylation sites, we changed the
phosphorylation site at Ser-296 of pyruvate dehydro-
genase Ela subunit IAR4. iar4 mutants have short
roots and are less sensitive to JAA-amino acid conju-
gates (LeClere et al., 2004). Mutations in the second
Ela subunit gene, encoding a protein 81% identical to
IAR4, did not lead to the phenotypes of iar4, pointing
to a different or additional function of the latter pro-
tein. The importance of the mutation is evident from
the extreme phenotype of transgenic lines with acidic
substitution of Ser-296, which mimics phosphoryla-
tion. It is tempting to speculate that this phenotype
is derived from a dramatically altered auxin homeo-
stasis, an assumption that is supported by previous
studies on the iar4 mutant (LeClere et al., 2004; Quint
et al., 2009). Interestingly, another mutant with reduced
sensitivity to IAA conjugates, IAA-Leu-Resistant3 (ilr3),
showed altered Fe and manganese uptake patterns
and reduced expression of three CCC1-like genes that
we recently identified as putative vacuolar Fe trans-
porters (Rampey et al., 2006; Gollhofer et al., 2011).
ILR3 encodes the bHLH transcription factor bHLH105
and interacts with the transcription factor PYE, indi-
cating close linkage of IAA and Fe metabolism (Long
et al., 2010). Although the precise roles of ILR3 and
IAR4 in Fe homeostasis remain elusive, our findings
underline the importance of metal homeostasis for
auxin metabolism reported by Rampey et al. (2006).
These results indicate further that the Fe-dependent
phosphorylation of IAR4 may be important for IAA
metabolism by directing the carbon flux from pyruvate
to JAA under Fe-limited conditions.

An unanticipated finding was the reduced GUS
staining in Fe-deficient plants. This finding provides a
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possible explanation for the branched root hair phe-
notype that is typical of Fe-deficient plants (Miiller and
Schmidt, 2004). The formation of branched root hairs
has been observed in the auxin-resistant mutant axr2
(Wilson et al., 1990; Nagpal et al., 2000) and in mutants
defective in the expression of the RING domain ligases
RGLG1/RGLG2 causing compromised auxin transport
(Yin et al., 2007; Li and Schmidt, 2010). Interestingly,
rglgl rglg? double mutants produce constitutively
branched root hairs independent on the Fe supply, but
root hair development was similar to the wild type
when the plants were grown on phosphate-depleted
medium (Li and Schmidt, 2010). Phosphate deficiency
increased GUS staining in DR5-GUS plants, suggesting
that the branching of hairs is inhibited by higher levels
of or increased responses to auxin. The lower GUS ac-
tivity of Fe-deficient plants does not correlate well with
the reportedly increased auxin levels in Fe-deficient
roots (Chen et al.,, 2010). Expression of the auxin-
responsive reporter DR5 does not necessarily reflect
auxin concentration, which provides a possible expla-
nation for the seemingly contrasting results.

Differential Phosphorylation of RNA-Binding
Proteins Indicates Posttranscriptional Regulation
of RNA Metabolism

The abundance of phosphopeptides of four RNA-
binding proteins (RBPs) was found to be significantly
altered by Fe deficiency, and three RBPs showed in-
creased phosphorylation sites under Fe-deficient con-
ditions (Table II). Overrepresentation of RNA-binding
proteins in the phosphoproteomes has been reported
earlier, indicating the importance of protein phospho-
rylation in RNA processing (de la Fuente van Bentem
et al., 2006; Sugiyama et al., 2008). RBPs are important
in posttranscriptional processes including RNA sta-
bility, export, splicing, and translation. RBPs were
shown to be involved in adaptation to environmental
conditions, but the mechanisms are not well under-
stood (Lorkovi€, 2009). Binding of RBPs to mRNA may
inhibit translation and direct mRNAs to storage. Al-
ternatively, binding of mRNAs could increase trans-
lation by protecting the respective mRNA from
endonucleolytic cleavage. Phosphorylation could be a
means to regulate the affinity of RBPs to mRNA. The
MIF4G domain-containing protein At1g80930 is pre-
dicted to interact with the splicing factor At5g64270
based on experimentally verified interactions of puta-
tive homologs in other organisms (STRING), indicat-
ing a possible function of At1g80930 in the regulation
of splicing. Another potentially important function in
RNA metabolism is related to the RING/FYVE/PHD
zinc finger superfamily protein At1g20110, which is
predicted to interact with the eukaryotic translation
initiation factor 5A3 (elF5A3). Two out of three
members of the elF5A family, e[F5A1 and elF5A3,
were found to be posttranscriptionally up-regulated
upon Fe deficiency (Lan et al., 2011). elF5A proteins
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are important in the regulation of translation, mRNA
turnover, and cell proliferation under stress conditions
in eukaryotes and may be a critical factor for the ac-
climation of plants under nonfavorable growth con-
ditions. At1g20110 phosphoprotein accumulates under
Fe-deficient conditions (Table II), pointing to a possible
control of mRNA-related processes under Fe defi-
ciency via the phosphorylation of this protein.

CONCLUSION

Despite the rapid development in MS instrumenta-
tion for proteomic studies, quantitative phosphopro-
teomics remains a major challenge. By combining
phosphopeptide enrichment by IMAC and titanium
affinity chromatography, quantification by iTRAQ la-
beling and identification/quantification by dual CID
and HCD scans, phosphopeptides from a relatively
small sample input can be efficiently analyzed with
high reproducibility. An unbiased quantitative analy-
sis of phosphopeptides is crucial for completing the
picture of the responses to Fe deficiency that has
derived from transcriptomics and proteomics ap-
proaches. This is in particular evident for the Fe defi-
ciency-induced alterations in carbohydrate metabolism.
Previous studies have indicated that glycolytic flux is
increased upon Fe deficiency, but proteomic and tran-
scriptomic studies yielded a fragmentary picture. In
addition to providing a database for phosphopeptides
in Arabidopsis roots, our analysis disclosed a new level
of information that helps us understand how plants
acclimate to changing levels in available Fe pools.

MATERIALS AND METHODS
Plants and Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants were grown in a growth chamber
on an agar-based medium as described by Estelle and Somerville (1987). Seeds
of the accession Columbia (Col-0) and the iar4 mutant (SALK_091909) were
obtained from the Arabidopsis Biological Resource Center at Ohio State Uni-
versity. Seeds of DR5-GUS and iar4-3[DR5-GUS] plants were kindly provided
by T. Guilfoyle and B. Gray. Seeds were surface sterilized by immersing them in
5% (v/v) NaOCl for 5 min and 70% ethanol for 7 min, followed by four rinses in
sterile water. Seeds were placed onto petri dishes and kept for 1 d at 4°C in the
dark, before the plates were transferred to a growth chamber and grown at
21°C under continuous illumination (50 gmol m ™2 s™*; Phillips TL lamps). The
medium was composed of (mm): KNO; (5), MgSO, (2), Ca (NO,), (2), KH,PO,
(2.5); (um): HyBO; (70), MnCl, (14), ZnSO, (1), CuSO, (0.5), NaCl (10), Na,MoO,
(0.2), and 40 uM FeEDTA, solidified with 0.3% Phytagel (Sigma-Aldrich). Suc
(43 mm) and 4.7 mm MES were included, and the pH was adjusted to 5.5. After
10 d of precultivation, plants were transferred to fresh agar medium either with
40 pum FeEDTA (+Fe plants) or without Fe and with 100 um 3-(2-pyridyl)-5,6-
diphenyl-1,2,4-triazine sulfonate (ferrozine; —Fe plants) to trap residual Fe.
Plants were grown for 3 d on Fe-free medium before analysis. Phosphate de-
ficiency was applied by growing plants on phosphate-free medium for 3 d.

Protein Extraction, In-Solution Trypsin Digestion, and
iTRAQ Labeling

Total protein from roots of approximately 1,000 13-d-old Col-0 seedlings
grown in the presence or absence of Fe for 3 d was extracted as described
previously (Lan et al., 2011). Total protein (100 ug) was reduced by adding
dithiothreitol (DTT) to a final concentration of 10 mm and incubated for 1 h at
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room temperature. Subsequently, IAA was added to a final concentration of
40 mmM, and the mixture was incubated for 1 h at room temperature in the dark.
Then, DTT (10 mm) was added to the mixture to consume any free IAA by in-
cubating the mixture for 1 h at room temperature in the dark. Proteins were then
diluted by 50 mm triethylammonium bicarbonate and 1 mm CaCl, to reduce the
urea concentration to less than 0.6 M and digested with 40 ug of modified trypsin
(Promega) at 37°C overnight. The resulting peptide solution was acidified with
10% trifluoroacetic acid and desalted on a C18 solid-phase extraction cartridge.
Desalted peptides were then labeled with iTRAQ reagents (Applied Biosystems)
according to the manufacturer’s instructions. Control samples (proteins extracted
from roots of +Fe plants) were labeled with reagent 114; samples from Fe-deficient
roots were labeled with reagent 117. Two independent biological experiments
with three technical repeats each were performed.

Cation-Exchange Chromatography

The combined iTRAQ-labeled peptides were cleaned by cation-exchange
chromatography according to the manufacturer’s instructions. This cleaning step
removed residual SDS, CaCl, DTT, excess iTRAQ reagents, and undigested
proteins such as trypsin. After cleanup, the mixtures were divided into two
parts and desalted using Sep-Pak C18 reverse-phase cartridges (Waters).
Phosphopeptides were enriched by a combination of TiO, affinity chroma-
tography and IMAC.

TiO, Affinity Chromatography

Phosphopeptides were enriched from desalted peptides using TiO, affinity
chromatography according to the manual for the Titansphere Phos-TiO kit
(GL Sciences) and finally eluted with 5% NH,OH followed by 5% pyrrolidine.
Eluted peptides were desalted and lyophilized in a centrifugal speed vacuum
concentrator.

IMAC

Phosphopeptide enrichment by IMAC was performed according to the
protocol of the PHOS-Select Iron Affinity Gel kit (P9740; Sigma). Briefly,
desalted peptides were acidified with 250 mm acetic acid with 30% acetonitrile
(final pH < 3.0), loaded to preequilibrated 80 uL of 50% slurry, and incubated
for 30 min at room temperature with mixing (end-over-end rotation). Samples
were washed five times with washing buffer (250 mm acetic acid with 30%
acetonitrile) and once with deionized water. Phosphopeptides were eluted
with 400 mm NH,OH. The pH of all samples was adjusted to 3 by adding
drops of 20% trifluoroacetic acid followed by desalting and concentration in a
centrifugal speed vacuum concentrator.

MS/MS Analysis

Nano-HPLC-MS/MS analysis was performed on a nanoAcquity system
(Waters) connected to an LTQ-Orbitrap XL hybrid mass spectrometer (Thermo
Electron) equipped with a PicoView nanospray interface (New Objective).
Peptide mixtures were loaded onto a 75-um i.d., 25-cm length C18 BEH col-
umn (Waters) packed with 1.7-um particles with a pore size of 130 A and were
separated using a segmented gradient in 90 min from 5% to 40% solvent B
(acetonitrile with 0.1% formic acid) at a flow rate of 300 nL min ' and a col-
umn temperature of 35°C. Solvent A was 0.1% formic acid in water. The LTQ-
Orbitrap XL hybrid mass spectrometer was operated in positive ionization
mode. The MS survey scan for all experiments was performed in the Fourier
transform cell, recording a window between 350 and 1,600 m/z. The resolution
was set to 60,000 at m1/z 400, and the automatic gain control was set to 500,000
ions. The m/z values triggering MS/MS were put on an exclusion list for 90 s.
The minimum MS signal for triggering MS/MS was set to 10,000. In all cases,
one microscan was recorded. The CID-HCD acquisition method consisted of
three sets of independent MS/MS scans, with a CID and a HCD MS/MS
experiment triggered from the same precursor ion. CID was done with a target
value of 7,000 in the linear ion trap, collision energy of 35%, Q value of 0.25,
and activation time of 30 ms. To improve the fragmentation spectra of the
phosphopeptides, “multistage activation” at 97.97, 48.99, and 32.66 Thompson
relative to the precursor ion was enabled in CID events. HCD-generated ions
were detected in the Orbitrap using a target value of 100,000, collision energy
of 45%, and activation time of 30 ms.
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Database Search and Quantification

The 2.3.02 version of the Mascot software (Matrix Science) was used to
simultaneously identify and quantify proteins. In this version, only unique
peptides used for protein quantification can be chosen, which is more precise to
quantify proteins. Searches were made against The Arabidopsis Information
Resource (TAIR 10; 35,386 sequences, 14,482,855 residues; ftp:/ /ftp.arabidopsis.
org/home/tair/Sequences/blast_datasets/ TAIR10_blastsets/) concatenated with
a decoy database containing the randomized sequences of the original data-
base. Peak list data (mgf) files used for database searches were generated from
Xcalibur raw files using a program in the MassMatrix conversion tools (ver-
sion 1.4; http://www.massmatrix.net/). Intensities of iTRAQ reporter ions
were then extracted from each HCD spectrum with a mass accuracy of
100 ppm and merged with the corresponding multistage activation spectrum
using the QuantMerge program (Kocher et al., 2009). The protein sequences in
the database were searched with trypsin digestion at both ends and two
missed cleavages allowed, fixed modifications of carbamidomethylation at
Cys, iTRAQ 4plex at Lys and the N terminus, variable modifications of oxi-
dation at Met, and phosphorylation at Ser, Thr, and Tyr. The merged mgf files
were searched with 10 ppm of precursor peptide mass tolerance (mono-
isotopic) and 0.8 D of MS/MS mass tolerance. The search results were passed
through additional filters before exporting the data. For protein identification,
the filters were set as follows: significance threshold P < 0.05 (with 95%
confidence) and ion score or expect cutoff less than 0.05 (with 95% confidence).
For protein quantitation, the filters were set as follows: “weighted” was chosen
for protein ratio type (http:/ /mascot-pc/mascot/help /quant_config_help.html);
minimum precursor charge was set to 2; unique peptides with the highest score
were used to quantify peptides. Summed intensities were set as normalization,
and outliers were removed automatically. The peptide threshold was set as
above homology. These filters resulted in a false discovery rate of less than 1%
after decoy database searches were performed.

Statistical Analysis

Phosphopeptides with differential abundance upon Fe deficiency were
selected using power analysis as described by deSouza et al. (2007). Phos-
phopeptides that fit the following criteria were selected for power analysis:
first, phosphopeptides were detected in both biological experiments; second,
the ratio did not show a contradicting accumulation pattern in the two bio-
logical experiments. A power index of 7.84 was used for confidence limits of
95% for type I error («) and 80% for type II error (8). The deviation from unity,
A, beyond which differential expression is indicated is given by [2 X S.D.% X
(Za + ZB)*/NI*3, where S.D. is the averaged sp of 260 phosphopeptides, (Za +
ZB)2 is the power index, and N is the number of sample sets. Thus, for N = 2,
the ratios must be <1/(1 + A) or >(1 + A) = <0.74 or >1.36 to indicate dif-
ferential expression.

Phosphorylation Motif Analysis Using Motif X

The Motif X algorithm was used (Schwartz and Gygi, 2005) to extract
significantly enriched phosphorylation motifs from phosphopeptide data sets
whose phosphorylation sites were confidently identified. The width of the
peptides is 13 amino acids, with the phosphorylated site centered by retrieving
the sequence context from the TAIR 10 database or by filling up the required
number of X (where X stands for any amino acid), if necessary. Next, the
centered peptides were aligned and used to extract the motif with the prob-
ability threshold set to P < 107>, the occurrence threshold set to 5, and the
default International Protein Index Arabidopsis Proteome data set used as the
background data set (which has the same motif patterns as used in the protein
sequences of the whole-genome Arabidopsis database TAIR 8 in Fasta format
(in a shortened version due to upload restrictions to 10 Mb), as described by
Reiland et al. (2009).

Complementation of iar4 Mutants with the Wild-Type
IAR4 Gene

A 4,192-bp genomic DNA fragment corresponding to the wild-type IAR4
(At1g24180) gene was amplified from Col-0 genomic DNA by PCR with
engineered BamHI sites and cloned into the vector pCR2.1TOPO to generate
pTOPO-IAR4. The construct was verified by sequencing, cut with BamHI, and
subcloned into BamHI-digested pCAMBIA2300 (http://www.cambia.org/
daisy/cambia/585) to generate the pCAMBIA-IAR4 binary vector. This vector
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was introduced into Agrobacterium tumefaciens strain GV3101 and used to transform
iar4 plants (SALK_091909) via floral dipping. The following primers were used for
genomic DNA cloning: IAR4F, 5'-GTTGGATCCCATACGTGTGGTCATTCTTC-3';
IAR4R, 5'-CAGGGATCCTCTTTCTCTTAACTACTCTC-3'.

Generation of Transgenic Lines Expressing IAR4
Substitution Mutants

IAR4 substitution mutants were generated by changing the Ser at site 296
into Ala or Asp with the QuikChange Lightning Site-Directed Mutagenesis kit
(Stratagene; catalog no. 210518) according to the manufacturer’s protocol. PCR
was performed using Pfu polymerase (Promega) on the basis of plasmid
pTOPO-IAR4, which created the plasmids pTOPO-IAR4S296A and pTOPO-
TAR4S296D. These two plasmids were then subcloned into pCAMBIA2300
and transformed into iar4 mutant plants. The primers 5-CAGATACCAC-
GGTCACGCTATGTCTGACCCAGG-3' (sense) and 5'-CCTGGGTCAGACA-
TAGCGTGACCGTGGTATCTG-3’ (antisense) were used for the construction
of IAR45296A, and the primers 5'-TTACAGATACCACGGTCACGATATG-
TCTGACCCAGGAAGC-3' (sense) and 5-GCTTCCTGGGTCAGACATAT-
CGTGACCGTGGTATCTGTAA-3' (antisense) were used for the construction
of IAR45296D.

Root Hair Length and Density Measurements

Root hair length was determined by using a light microscope equipped with
a scale in the ocular. One hundred root hairs from five roots were measured for
each genotype and growth type. Root hair density was analyzed by counting
the root hairs of 10 roots per time point and treatment in serial 2-mm sections
starting from the root tip. Statistically significant deviations from the wild type
were determined by Student’s f test (P < 0.001).

Histochemical Localization of GUS Activity

Histochemical GUS staining was performed by incubating whole seedlings
of DR5-GUS and iar4-3[DR5-GUS] transgenic plants in staining buffer con-
taining 50 mm sodium phosphate (pH 7.2), 0.5 mm potassium ferrocyanide,
0.2% (v/v) Triton X-100, and 1 mm 5-bromo-4-chloro-3-indolyl-p-glucuronide
at 37°C for 20 min. The constructs and transgenic plants were described by
Ulmasov et al. (1997) and Quint et al. (2009).

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure S1. Phosphorylation motif analysis.
Supplemental Table S1. All phosphopeptides identified in Arabidopsis roots.

Supplemental Table S2. Phosphopeptides identified in both experiments
with consistent response patterns.
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