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Abstract
Iron is a crucial element for plant growth and survival. Previous studies have shown that 
14-3-3 proteins are required for the proper operation of Fe acquisition mechanisms at 
physiological and gene expression levels in Arabidopsis thaliana. In this study, we 
generated three 14-3-3 quadruple knockout mutants (klpc, klun and unpc) to investigate 
the function of 14-3-3 proteins in the adaptation of Arabidopsis roots to Fe deficiency. 
The mutant plants that combine kl with un (klun) or kl with pc (klpc) mutations showed a 
better Fe uptake than Wt plants at low medium Fe, while this phenotype was absent in 
unpc mutant. The higher Fe uptake by klun correlated with a higher Fe-deficiency 
induced expression of a number of -Fe-related genes. However, the use of Fe by Wt 
plants to sustain growth was more efficient than that of the mutant plants at the low 
medium Fe concentrations. To examine the dynamics of 14-3-3-client interactions after 
Fe deficiency, we applied quantitative affinity-purification mass spectrometry (qAP-MS) 
proteomics to characterize 14-3-3 interactomes of Wt roots with or without exposure to 
Fe deficiency. A total of 117 proteins were identified in the Wt roots (+ and -Fe), of which 
a subset of 27 proteins differentially interacted with 14-3-3 in roots grown without Fe for 
24 h. Functionally, many of these -Fe responding proteins have a role in glycolysis and 
TCA cycle, the FoF1-synthase and in the cysteine/methionine synthesis. Also the 14-3-3 
interactome of the klun roots showed significant differences with that of Wt roots under 
Fe sufficient conditions, where most of these differential binding proteins showed 
enhanced binding in the klun mutant. So, 14-3-3 proteins of the non-epsilon group clearly 
have an important role in adaptation to Fe stress and a clear explanation for the observed 
phenotypes awaits a more detailed analysis of  the functional aspects of 14-3-3 binding 
to the target proteins identified in this study. 
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Introduction 
Iron (Fe) uptake and bioavailability is critical for plant growth and survival. Iron 
deficiency leads to decreases in vegetative growth and quality losses, also known as 
"lime-induced chlorosis". Although iron is abundant in soils, it is mainly in the Fe3+ form 
and not soluble. Thus, the bioavailability of iron can be limited to many plants. So far, 
plants have developed two distinct strategies to cope with Fe acquisition: i) the reduction 
strategy (strategy I), which is employed by non-graminaceous plants such as Arabidopsis, 
and involves acidification of the rhizosphere, followed by Fe3+ reduction to Fe2+ prior to 
iron uptake, and ii) the chelation strategy (strategy II), which is employed by 
graminaceous plants, and this strategy relies on the exudation of phytosiderophores which 
can rapidly chelate Fe3+ and mobilize iron in soil solution. The reduction strategy involves 
a number of key genes, e.g. FRO2 (FERRIC REDUCTION OXIDASE2) and IRT1 
(IRON REGULATED TRANSPORTER1), which were first cloned from Arabidopsis and 
co-regulate the root high-affinity iron uptake system (Vert et al. 2002, Vert et al. 2003). 
FRO2 is responsible for reduction of Fe3+ to Fe2+ on the root surface and Fe2+ is taken up 
through the root plasma membrane by IRT1. The citrate transporter FRD3 (FERRIC 
REDUCTASE DEFECTIVE3), transports Fe to the xylem sap for distribution of Fe 
throughout the plant (Green and Rogers 2004, Morrissey et al. 2009). For this long 
distance transport, Fe3+ is likely chelated by citrate in the xylem sap. The basic 
helix-loop-helix (bHLH) transcription factor FIT (FER-LIKE FE 
DEFICIENCY-INDUCED TRANSCRIPTION FACTOR) acts as a central transcription 
factor involved in iron homeostasis in Arabidopsis and tomato (Colangelo and Guerinot 
2004, Brumbarova and Bauer 2005, Yuan et al. 2005, Wu et al. 2012). In Arabidopsis, 
accumulation of FIT transcripts is induced by Fe deficiency (Colangelo and Guerinot 
2004, Jakoby et al. 2004, Sivitz et al. 2012), and FIT protein positively regulates the 
expression of FRO2, IRT1, and AHA2 (H+-translocating P- type ATPase) (Yuan et al. 
2008, Santi and Schmidt 2009).  
Plants rely on various pro-survival strategies to respond to environmental stress. Recently, 
high-throughput "omics" analyses have been applied in iron deficiency studies and have 
provided a network of Fe deficiency adaptation mechanisms at the transcriptional, 
metabolic and protein level (Li et al. 2008, Lopez-Millan et al. 2009, Lan et al. 2011, Lan 
et al. 2012). At the metabolic level, activities of enzymes which are involved in 
tricarboxylic acid (TCA) cycle and glycolytic pathway, such as malate dehydrogenase, 
citrate synthase, isocitrate dehydrogenase, fumarase and aconitase, as well as PFK 
(phosphofructokinase) and glyceraldehyde 3-phosphate dehydrogenase, significantly 
increased with Fe deficiency in roots (Agnolon et al. 2002, Zocchi et al. 2007, Flor 
Lopez-Millan et al. 2009, Lopez-Millan et al. 2012). The same conclusion can be reached 
from transcriptomic and proteomic studies with Fe deficient plants (Rellan-Alvarez et al. 
2010, Lan et al. 2013). López-Millán et al. reviewed the common changes in the root 
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proteome induced by Fe deficiency among five species (Cucumis sativus, Beta vulgaris, 
Medicago truncatula, Prunus persica and Arabidopsis thaliana) (Lopez-Millan et al. 
2013). These proteomic results showed that increases in glycolysis and TCA cycle 
enzymes upon Fe deficiency is common amongst different species. For instance, fructose 
1,6-bisphosphate aldolase and enolase increased in three of the five plant species and 
catalase-2 decreased in Prunus and S. lycopersicum upon Fe deficiency. In addition, Fe 
deficiency may cause changes in post-translational modifications as well. Several protein 
kinases accumulated differentially upon Fe-deficient roots, what suggests that alterations 
in protein phosphorylation induced by Fe-deficiency are involved in Fe homeostasis. A 
quantitative analysis of Fe deficiency-induced changes in the phospho-proteome profile 
of Arabidopsis roots showed that Fe deficiency induces changes in the phosphorylation of 
45 proteins, with a suggested role in auxin homeostasis, RNA metabolism, carbohydrate 
flow, nitrate assimilation/amino acid synthesis and transport processes at the plasma 
membrane (Lan et al. 2012).  
14-3-3 proteins are a class of molecular chaperones that bind to and thereby influence the 
function of phosphorylated proteins (Lachaud et al. 2013). The 14-3-3s can regulate the 
activity of a wide array of targets via direct protein protein interactions and play a crucial 
role in many metabolic pathways (DeLille et al. 2001). 14-3-3 proteins are involved in 
carbon and nitrogen metabolism by interacting with nitrate reductase (NR) and sucrose 
phosphate synthase (SPS), which are the more extensively characterized 14-3-3 target 
proteins (Comparot et al. 2003). Shin et al. showed that 14-3-3s interact with multiple 
proteins involved in N and S metabolism and confirmed in planta that the activity of the 
target proteins was altered (Shin et al. 2011). According to amino acid sequence data and 
gene structure, the 14-3-3 members break into two major branches, the Epsilon group and 
the Non-Epsilon group. One member of the 14-3-3 epsilon group, GRF11 
(14-3-3OMICRON), is required for the proper operation of Fe acquisition mechanisms at 
physiological and gene expression levels in A. thaliana (Yang et al. 2013). 
Loss-of-function of grf11 resulted in failure of rhizosphere acidification and ferric chelate 
reductase (FCR) induction, and thus decreased Fe uptake. Moreover, expression of IRT1, 
FRO2, and AHA2, were repressed in the grf11 mutant both under Fe-deficient and under 
Fe-sufficient conditions. Quantitative proteomics (Lan et al. 2011, Rodriguez-Celma et al. 
2011), as well as a phosphoproteomics (Lan et al. 2012) of plants exposed to Fe 
deficiency, show that some putative 14-3-3 targets, such as fructose-bisphosphate aldolase, 
glucose-6-phosphate, cytosolic alkaline invertase 1 (CINV1), nitrate reductase and 
H+-ATPase were subject to change by Fe deficiency in Arabidopsis roots. These results 
imply that 14-3-3s may have a crucial role during Fe deficiency in different aspects of the 
Fe acquisition pathway. In this study, we combine analysis of growth, Fe uptake, gene 
expression and quantitative 14-3-3 interactomics to define the biological role of a 
sub-class of 14-3-3 (non-epsilon group) in the response of A. thaliana wild-type and 
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14-3-3 mutant plants to Fe deficiency.  
 
Results 
Physiological responses of the 14-3-3qKO lines to Fe deficiency  
One member of the 14-3-3Epsilon group, GRF11 (14-3-3OMICRON), has been reported 
to play a role in adaptation to Fe-deficiency by regulating the expression of several Fe 
acquisition genes in A. thaliana (Yang et al. 2013). To investigate whether members of 
the non-epsilon group have a function in Fe-deficiency adaptation as well, three 14-3-3 
quadruple KOs, kappa/lambda/phi/chi (klpc), kappa/lambda/upsilon/nu (klun), and 
upsilon/nu/phi/chi (unpc) were used in this study. The quadruple mutants were generated 
by crossing two double mutants: kl*pc, kl*un and un*pc (Fig. S1A). T-DNA insertions 
were monitored using PCR and the mutants were scored on full length 14-3-3 transcripts 
(Fig. S1B) (for details see (van Kleeff et al. 2014a). To check whether the 14-3-3 protein 
expression levels are altered by the loss of four 14-3-3s, western blotting with 14-3-3 
antibody was performed to analyze the 14-3-3 protein levels in 14-3-3 qKOs (Fig. S1C). 
The klun mutant shows the loss of the upper band, which is present in Wt and the two 
other qKO mutants.  
Fresh weight  
To measure the effect of Fe deficiency on biomass production, wild-type (Wt) and 14-3-3 
qKO plants were grown on hydroponics (½ strength Hoagland) with 20 µM Fe-EDTA for 
2 weeks and then transferred to a medium with different Fe concentrations (0 µM, 2 µM, 
5 µM and 20 µM) for 12 days before harvest. All genotypes maintained fresh weight 
production when grown at 5 µM Fe as compared to the control plants (20 µM Fe) (Fig. 1). 
At 2 µM Fe, klpc showed a significant growth reduction of both shoot and root and at 0 
µM Fe all genotypes produced less biomass, whereat unpc showed the strongest growth 
reduction of shoot and root, 40 and 33% resp. All genotypes grown at 0 µM Fe also 
showed Fe-deficiency symptoms in the young leaves, which were pale green or yellow 
(Fig. S2).  
Fe content 
In the same plants as described above, the Fe content of dry shoot and root material was 
measured. Overall, the Fe content decreased two- to three-fold in the shoot of Fe-starved 
plants (Fig. 2) and the Fe content of Wt shoot was overall lower than that of the mutants. 
Notably, klun plants had significantly more Fe in their shoots than Wt plants at 0, 2 and 5 
µM Fe-EDTA. The Fe content of roots, grown at ½ strength Hoagland with 20 µM Fe 
was more than 23-fold higher than that in the corresponding shoots (Fig. 2A&2B). 
Another difference with the shoots is that growth under Fe-starvation conditions induces a 
much stronger decrease in root Fe than in the shoot Fe content: up to 25-fold reduction. 
The comparison between the genotypes shows that also in the roots, klun has a 
significantly higher Fe content at 0 and 2 µM Fe as compared to Wt: at 0 µM the 
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difference is 2-fold. As a measure of Iron-Utilization Efficiency (IUE) we calculated the 
ratio between fresh weight and the Fe content of the shoot and root (Fig. 2C and D). 
Strikingly, the IUE of Wt shoot and root at 0 µM Fe is much higher than that of the 
14-3-3 mutants, what points to a more efficient use of available Fe in the Wt plants. 
Moreover, the root IUE of klun at 0 and 2 µM and that of klpc at 2 µM Fe is significantly 
lower than that of the other genotypes (Fig. 2C). So, whereas the uptake of Fe by some 
mutants is clearly better than that of Wt, the use of Fe by Wt plants to sustain growth is 
better at the lowest medium Fe concentrations. 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Growth performance of Wt and 14-3-3 qKOs under different Fe deficiency 
treatment. After two weeks of growth on ½ strength Hoagland solution, plants were 
grown fo  Fresh weight of 
roots (A), shoots (B) were measured from Wt and 14-3-3 qKOs plants. Each bar 
represents the mean of 10 biological replicates. The line above each bar is the SE. Means 
with different superscripts are significantly different at P<0.05, by two-way ANOVA 
followed by Bonferroni s post hoc test. 
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Fig. 2. Fe content of shoots and roots of WT and 14-3-3 qKOs plants. After two weeks 
of growth on ½ strength Hoagland solution, plants were grown for an additional 12 days 
per two for the Fe-determination. A and B, Fe-content of roots and shoots; C and D, Iron 
Use Efficiency (IUE) of roots and shoots. Each bar represents a mean of observations in 5 
biological replicates, ± SE. Averages with different superscripts are significantly different 
at P<0.05, by two-  
 
 
Expression of Fe deficiency induced genes is enhanced in the klun mutant plant 
Arabidopsis follows Strategy I for iron acquisition, involving rhizosphere acidification by 
plasma membrane H+-ATPases (AHA2), reduction of Fe(III) to Fe(II) performed by 
FRO2 (FERRIC REDUCTASE-OXIDASE 2) and import of Fe(II) by the Fe transporter 
IRT1 (IRON-REGULATED TRANSPORTER 1) (Tissot et al. 2014, Brumbarova et al. 
2015). Under Fe deficiency, high-level expression of the genes encoding the 
abovementioned proteins is controlled by the bHLH transcription factor FIT (FER-LIKE 
IRON DEFICIENCY INCUCED TRANSCRIPTION FACTOR), where the induction of 
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FIT expression is dependent on the 14-3-3OMICRON protein (Yang et al. 2013). 
Whereas physiological changes are only manifest after long term Fe starvation, gene 
expression responds within 24 h (Xu and Shi 2006, Brumbarova et al. 2015). Therefore, 
we measured Fe-deficiency induced expression of FIT, 14-3-3OMICRON, AHA2, FRO2 
and IRT1 in roots of Wt and 14-3-3 qKOs after 24 h by quantitative real-time PCR (qPCR) 
(Fig. 3). In Wt plants, the 24 h Fe-starvation induced a 2- (AHA2) to 18-fold 
(14-3-3OMICRON) increase in transcript of all 5 genes. Under Fe-sufficient conditions, 
klpc mutants showed significantly higher expression of FIT, GRF11, and FRO as 
compared to Wt, but these differences disappeared when the plants were Fe starved. The 
most obvious effect of Fe-deficiency on gene expression is shown by the klun plants: 
under Fe-sufficient conditions the expression of all genes (except IRT1) is comparable to 
that in Wt, but under Fe-starvation the expression of all 5 genes is much higher than in Wt 
plants (Fig. 3). This suggests that somehow the KLUN 14-3-3 proteins act as negative 
regulators of gene expression when the plants are Fe-starved.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Expression analysis of 14-3-3 Omicron, FIT, FRO, IRT and AHA2 in Wt and 
14-3-3 qKO lines grown with (plus) and without (minus) Fe. A. thaliana seedlings 
were grown in +Fe medium for 22 days and then transferred to nutrient medium with or 
without Fe for 24 hours. Expression levels were normalized to ubiquitin 10 (UBQ10) and 
then to the value of each gene from the Wt under Fe-sufficient conditions. Values are 
means ± SD (n = 3). +, significant change vs +Fe  *, significant change vs WT + Fe at P 
<0.05 (one-way-ANOVA).  
 
 
Quantitative affinity-purification mass spectrometry analysis of the 14-3-3 
interactome of Wt roots as affected by Fe deficiency 
14-3-3 target proteins identified in the pull-down of Wt root extracts, +/- Fe.  
In view of the reported Fe deficiency-induced changes in protein amounts (Lan et al. 
2011) and phosphorylation (Lan et al. 2012) we addressed the question whether and how 
Fe-deficiency affects the root 14-3-3 interactome, which is phosphorylation dependent. To 
this end, we carried out a semi-quantitative interactome analysis by affinity-purification 
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mass spectrometry (qAP-MS) to assess Fe deficiency induced changes in 14-3-3/target 
interaction. His-labeled 14-3-3 protein was used to pull-down interacting proteins from 
root protein extracts grown under Fe sufficient (+Fe) and Fe deficient (-Fe) conditions, 
after which a semi-quantitative LC-MS/MS proteomics was performed (Fig. 4). For the 
pull-down assay nickel-beads were coated with N-terminally His-labelled 14-3-3 KAPPA, 
LAMBDA, NU and UPSILON proteins in equimolar ratios (1:1:1:1:1). These four 14-3-3 
isoforms were selected to get more insight into the klun phenotype, which showed 
relatively high Fe content of root and shoot, and high level of gene expression under Fe 
deficient conditions (Fig. 2 and 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Overall scheme of the workflow used for 14-3-3 interactome analysis. Protein 
extracts were prepared from roots grown at Fe-sufficient or Fe-deficient condition. 14-3-3 
interacting proteins present in the imidazole elution were separated by SDS-PAGE and 
then characterized by LC-MS-MS. Finally, all these data were combined for data analysis 
to illustrate the 14-3-3 interactome. The experiment was conducted three times with 
independent biological replicates. 
 
 
After separating the protein mixture by 10% SDS-PAGE, the samples were digested with 
trypsin and analyzed by LC-MS/MS. To exclude proteins that bind non-specifically to the 
beads, we also performed a mock pull-down with empty beads along with the test 
pull-down experiments.  values generated 
from the software ProteinPilot (Klemmer et al. 2009). After removal of contaminant and 
false positive interactors (for details see M&M), a curated list of 117 14-3-3 interacting 
proteins was identified in the Wt roots (+ and -Fe), with unused value >2 in at least 2 
independent samples remained (Table S1). These proteins are either so-called primary 
interactors (bind directly to 14-3-3) or secondary interactors (part of a multiprotein 
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complex of which one protein is a primary interactor). We assigned the identified 
14-3-3-interacting proteins to different functional categories, as shown in Fig. 5A. The 
majority of the identified proteins are related to carbohydrate and energy metabolism, 
metabolism, stress response, protein folding, cell structure and signaling. A comparison 
between our results (Table S1) and published 14-3-3 interactome studies shows that 
around 20% of the 14-3-3 interactors identified in this study have been previously 
reported as 14-3-3 interactors (Chang et al. 2009, Paul et al. 2009, Shin et al. 2011, 
Swatek et al. 2011). Sixteen proteins from our list were reported as Fe-responsive 
proteins, amongst which several enzymes involved in S-adenosylmethionine synthesis, 
two cytosolic invertases, Ferretin-1, the germin-like protein GLP5 (a 
plasmodesmata-localized proteins involved in the regulation of primary root growth) 
(Ham et al. 2012) and others (Lan et al. 2011, Lan et al. 2012, Lopez-Millan et al. 2013). 
As will be discussed later, the 14-3-3 interactome is not a random collection of proteins, 
but consists of distinct networks of interrelated proteins and protein complexes, involved 
in mitochondrial respiration, glycolysis, the methionine cycle, protein synthesis and 
folding and protein complexes of the head structure of the FoF1-synthase and vacuolar 
V-ATPase, tubulins and the TCP-1/cpn60/HSP chaperones (Table S2).   
Comparison of Wt interactome of control and Fe deficient roots. 
To study the dynamics of target interaction with 14-3-3 in response to Fe deficiency, we 
compared the abundance of identified proteins from Wt roots grown under Fe sufficient 
and Fe deficient (for 24 h) condition, based on normalized intensity-based absolute 
quantification (iBAQ) values (normalized to the bait proteins in that run). iBAQ 
intensities act as a measure of protein abundance and can be used to compare protein 
abundance between different samples. Twenty seven proteins (out of 117) showed a 
change in 14-3-3 interaction when Wt roots were Fe-depleted for 24 h (Table 2): 13 (11%) 
proteins showed enhanced interaction and 14 a reduction in interaction of which 6 were 
completely lost in the pull-down (Table 1). These differential binding proteins are mainly 
involved in carbohydrate and energy metabolism, S-adenosylmethionine synthesis and in 
stress response (Fig. 5B). Amongst the proteins that were lost in the 14-3-3 pull-down, 
ECIP1 (EIN2 C-terminus interacting protein 1) may be relevant in view of the role of 
ethylene in Fe deficiency adaptation. ECIP1 is an MA3 domain-containing protein that 
interacts with EIN2, a central membrane protein that acts downstream of ethylene 
receptors, and upstream of ethylene regulated transcription factors. ECIP1 directly 
interacts with EIN2 and loss-of-function of ECIP1 resulted in enhanced ethylene response 
(Lei et al. 2011). If ECIP1/14-3-3 interaction prevents ECIP1 breakdown as is e.g. the 
case for ABF3 (Sirichandra et al. 2010b), then loss of interaction between ECIP1 and 
14-3-3 will result in enhanced ethylene signaling. So, this warrants further investigation. 
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Fig. 5. Grouping of identified target proteins according to functional categories. A. 
Pie chart of all 117 identified target proteins grouped according to functional categories 
(Table S1). B. Pie chart of the target proteins grouped according to functional categories 
from Wt roots that respond to Fe-deficiency with respect to their interaction with 14-3-3 
proteins (Table 2). 
 
 
Comparison of Wt and klun 14-3-3 interactome under Fe sufficient conditions. 
It is difficult to predict how the absence of four 14-3-3 proteins, as is the case in the klun 
mutant, will affect the interactome. On the one hand, it may reduce in vitro interaction 
because in vivo binding of 14-3-3 proteins to a phosphorylated motif in target proteins 
enhances the in vivo level of phosphorylation as the site is then protected from 
dephosphorylation by phosphatases. On the other hand, the absence of 14-3-3s may result 
in more target protein in the pull-down because 14-3-3 can act as repressors of 
transcription factors or kinases. An example of the latter is the suppression of SOS2 
activity by 14-3-3 binding (Zhou et al. 2014). The same pull-down experiment as 
described above was also done with protein extracts from the klun roots grown at 
sufficient Fe. A comparison of the klun interactome with that of Wt shows that over 90% 
of all identified interactors are present in both the Wt and klun pull-down. However, there 
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are significant quantitative differences and a few proteins are even absent in the 
pull-down from either of the two genotypes (Table 2). The klun interacome lacks 7 
proteins of the Wt interactome and vice versa the Wt interactome lacks 4 proteins of the 
klun inteactome. Moreover, 17 proteins are 3- to 4-fold enriched in the klun interactome 
as compared to Wt, whereas only 3 proteins are enriched in the Wt interactome as 
compared to klun. So, the absence of the four 14-3-3 isoforms in the klun mutant has a 
clear impact on the 14-3-3 interactome and it is noteworthy that many proteins are 
enriched in the klun interactome, what cannot be the result of a loss of in vivo 
phosphorylation in the absence of the four 14-3-3 proteins, as discussed above.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6. Effect of Fe deficiency on the ethylene biothsynthesis and glycolysis. Fe 
deficiency induces ethylene production by up-regulating SAMS, ACS and ACO genes (in 
red); Fe deficiency increases the activity of GAPDH (in red) and down-regulates the 
phosphorylation level of CINV1 (in blue) in glycolysis pathway. Green symbol indicates 
the relationship is not clear between Fe deficiency and G6PD and HK. 14-3-3 proteins 
regulate the activity of many enzymes in these pathways through direct or indirect 
interaction. SAMS, S-adenosyl metionine synthetase; ACS, ACC synthase; ACO, ACC 
oxidase; ETO, ethylene-overproducer; CINV1, alkaline invertase1; HK, hexokinase; 
GAPDH, glyceraldehyde- phosphate dehydrogenase; G6PD, Glucose-6-phosphate 
1-dehydrogenase. 
 
 
Discussion 
14-3-3 Proteins regulate the activities of a wide array of targets via direct protein protein 
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interactions and play a crucial role in many metabolic pathways (DeLille et al. 2001). 
Several studies have reported that 14-3-3 proteins have crucial role in Fe deficiency (Lan 
et al. 2011, Rodriguez-Celma et al. 2011, Yang et al. 2013). In this study, we compared 
the physiological responses to Fe deficiency of Wt and three 14-3-3 quadruple mutant 
lines (klpc, klun and unpc), which were generated by crossing two double mutants: kl*pc, 
kl*un and un*pc. Next, we conducted a qAP-MS to analyze the 14-3-3 interactomes of 
roots in response to Fe deficiency (Wt, -Fe/+Fe) and in the klun mutant compared to Wt 
(Wt/klun, +Fe).  
14-3-3 qKOs show isoform specific growth and Fe accumulation in response to Fe 
deficiency  
Fe deficiency is a major nutritional disorder that causes decreases in vegetative growth 
and marked yield and quality losses (Abadia et al. 2002). With the hydroponic culture 
used in this study, we found that 14-3-3 qKOs performed distinctly in response to 
long-term Fe deficiency at physiological levels. The Fe deficiency caused a much higher 
IUE of Wt shoot and root than that of the 14-3-3 mutants, what points to a more efficient 
use of available Fe in the Wt plants. Moreover, the root IUE of klun at 0 and 2 µM and 
that of klpc at 2 µM Fe is significantly lower than that of the other genotypes (Fig. 2C, D). 
The mutant plants that combine kl with un (klun) or kl with pc (klpc) mutations showed a 
better Fe uptake than Wt plants at low medium Fe, while this phenotype was absent in 
unpc mutant. So, whereas the uptake of Fe by some mutants is clearly better than that of 
Wt, the use of Fe by Wt plants to sustain growth is better at the lowest medium Fe 
concentrations. 
14-3-3 qKOs affects the transcription of Fe deficiency required genes  
H+-ATPases (AHA2), FIT, FRO2 and IRT1 together mediate Fe deficiency induced 
medium acidification and Fe uptake in Strategy I plants. Fe deficiency induces FIT 
expression and FIT regulates the expression of AHA2, FRO2 and IRT (Colangelo and 
Guerinot 2004, Jakoby et al. 2004, Sivitz et al. 2012). Recently, 14-3-3OMICRON 
(GRF11) was shown to act downstream of NO and further regulate FIT expression (Yang 
et al. 2013). In this study, 14-3-3OMICRON, FIT, FRO2 and IRT1 were all induced by Fe 
deficiency, and they were significantly higher in the klun line than in Wt plants under Fe 
deficiency (Fig. 3). This suggests that somehow the KLUN proteins act as negative 
regulators of gene expression when the plants are Fe-starved. Moreover, in the klpc line 
the expression level of 14-3-3OMICRON was not affected by Fe deficiency, accordingly 
FIT and FRO2 also failed to respond to Fe deficiency. Furthermore, a concurrent increase 
in the transcript levels of FIT and FRO2 with higher expression of 14-3-3OMICRON in 
klpc under Fe-sufficient condition was also observed. Functional redundancy and isoform 
specificity associated with different mineral nutrients has been observed for 14-3-3 
proteins. For example, P, K or Fe deprivation induced differential regulation of the genes 
encoding different isoforms of 14-3-3s in tomato roots (Xu and Shi 2006, Cao et al. 2007). 
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So far, 14-3-3OMICRON was the only 14-3-3 isoform reported to show different 
expression on Fe deficiency (Colangelo and Guerinot 2004, Dinneny et al. 2008, 
Buckhout et al. 2009, Zamboni et al. 2012, Yang et al. 2013). Van Kleeff et al. have 
domanstrated that phenotypic differences are consistent with isoform-specific functions 
and potential antagonistic functions between higher order Arabidopsis 14-3-3 mutants 
under abiotic stress conditions (van Kleeff et al. 2014a). Although we observed that the 
14-3-3 qKOs affected the expression of Fe deficiency induced genes, it remains a 
question whether this regulation is affected directly by the mutations or indirectly by the 
14-3-3OMICRON  
The 14-3-3 interactome in Wt roots  
Recently, several proteomic studies using different techniques, such as iTRAQ, 2D-gel 
and phospho-proteomics, have provided a better insight in the role of the proteome in the 
adaptive mechanisms of plants, especially roots, to Fe deficiency. In this study, we 
applied quantitative affinity-purification mass spectrometry (qAP-MS) proteomics to 
analyze how the 14-3-3 interactome changes upon Fe deficiency. It must be noted that 
proteins found in the 14-3-3s affinity purification include not only primary or direct 
14-3-3 targets but also secondary or indirect targets as members of multiprotein 
complexes containing 14-3-3s.  
In total, almost 117 proteins were identified in our pull-down assays. Of these, a number 
have been identified and characterized as 14-3-3 binding targets in vivo or in vitro, such 
as EIF4A (Freire ER et al. 2014), FoF1-synthase (Bunney et al. 2001), V-ATPase 
(Klychnikov et al. 2007), CINV1 (Gao J et al. 2014) and CPK3 (Lachaud et al. 2013). 
Moreover, a comparison of our protein list with previous proteomics studies, revealed that 
24 proteins have been identified in other 14-3-3s interactome studies, such as 
fructose-bisphosphate aldolase (Paul et al. 2009, Shin et al. 2011), MAT3 
( S-adenosylmethionine synthase 3) (Shin et al. 2011), TUA4/TUA2 (Tubulin 
alpha-2/alpha-4 chain) (Paul et al. 2009), CINV1 (cytosolic invertase 1,) (Chang et al. 
2009, Swatek et al. 2011), ATMS1 (5-methyltetrahydropteroyltriglutamate-homocysteine 
methyltransferase) (Paul et al. 2009, Swatek et al. 2011) and beta-fructofuranosidase 
invertase (Swatek et al. 2011). In addition, eight of them were also reported as 
Fe-responsive proteins, including a fructose-bisphosphate aldolase, two cytosolic 
invertases, a 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase, an 
S-adenosylmethionine synthase, a Germin-like protein and two Tubulins (Lan et al. 2011, 
Lan et al. 2013, Lopez-Millan et al. 2013) (Table S1). An analysis of the interaction 
network of all identified proteins using the STRING system (http://string.embl.de) shows 
that 46 of these can be assigned to protein complexes or functional networks (Table S2): 
mitochondrial FoF1-synthase, the vacuolar V-ATPase, elongation factors, chaperones, 
Cysteine/methionine synthesis and glycolysis/TCA cycle.  
Since most proteins were found with high abundance in all pull-down experiments, it is 
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difficult to directly assess the dynamic response of 14-3-3 interactions to Fe deficiency. 
Thus, quantitative analysis of the identified 14-3-3 clients is essential to reveal responses 
to Fe deficiency. Changes in 14-3-3 interaction may be due to changes in protein 
abundance and protein phosphorylation: events that were shown to be crucial for the Fe 
deficiency response (Lan et al. 2011, Lan et al. 2012). Thus, changes of interaction with 
14-3-3s can have two causes: 1) Fe deficiency regulates the expression of 14-3-3 targets, 
like that of FIT (Yang et al. 2013) and fructose-bisphosphate aldolase (Lan et al. 2011) 
and 2) the phosphorylation level of 14-3-3 binding targets is different under Fe-deficient 
conditions, as reported for CINV1, AHA1 and MAPKKK (Lan et al. 2012).  
By comparing the normalized iBAQ, we found that 27 proteins were significantly 
changed in the 14-3-3 interactome of Wt upon Fe deficiency treatment (Table 1). 
Moreover, a comparison of the Wt and klun interactome of Fe sufficient roots showed a 
quantitative or absolute difference in the interaction of 32 proteins (Table 2). So, the 
14-3-3 interactome is clearly affected by Fe deficiency (Wt, -/+Fe) as well as by the 
absence of four 14-3-3 isoforms (Wt/klun, +Fe). The observed changes are mainly in 
proteins with a function in carbohydrate and energy metabolism and cysteine/methionine 
synthesis and we will therefore limit our discussion to these pathways. An increase in 
NADH+ATP production by activation of the glycolytic pathway and mitochondrial 
respiration can provide the reducing equivalents to keep the Fe (III) reductase working 
and fuel the plasma membrane ATPase: processes that are essential for the Fe-uptake 
mechanism in iron-deficient roots (Sijmons et al. 1984). Cysteine/methionine synthesis is 
important in the Fe deficiency response as it provides the precursors for ethylene and 
nicotianamine (NA), an important chelator with a crucial function role in Fe homeostasis 
and transport (Klatte et al. 2009). 
Carbohydrate and Energy Metabolism:  
Glycolysis and TCA cycle: Changes of protein abundance in carbohydrate and energy 
metabolism enzymes upon Fe deficiency are consistently identified among different 
proteomics studies (Lopez-Millan et al. 2013). Moreover, alterations in protein 
phosphorylation patterns induced by Fe deficiency are likely to be associated with 
primary carbohydrate metabolism (Lan et al. 2012). Increases in the activities and 
concentrations of enzymes such fructose 1,6-bisphosphate aldolase, enolase, 
triosephosphate isomerase and GAPDH have been observed in Fe-deficient root extracts 
in many studies (Brumbarova et al. 2008, Rellan-Alvarez et al. 2010, Lopez-Millan et al. 
2013). Our results show that enzymes involved in sugar metabolism, glycolysis and TCA 
cycle are 14-3-3 targets (Table S2). The interaction with these proteins in Wt were 
responsive to Fe deficiency (Table 1): both increased interaction (FBA8, GAPCP-1) and 
decreased interaction (G6PD3, CINV2) was observed. The klun mutant showed higher 
levels of interaction of GAPC1 and GAPC2 and a loss of CINV2 interaction at Fe 
sufficient condition as compared to Wt (Table 2). These results warrant a functional 
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analysis of how 14-3-3 affects the activity of the glycolytic/TCA enzymes, as nothing is 
known about that so far. In our previous study, the CINV1 activity was shown to be 
positively regulated by 14-3-3 proteins (Gao et al. 2014b). Here, CINV1 did not show 
different binding to 14-3-3s in Wt (-Fe/+Fe), but the amount of interacting CINV1 was 
two-fold higher in klun as compared to Wt (Table 2). The closely related CINV2 protein 
was found to be reduced in the Wt upon Fe deficiency. It is also noteworthy that other 
sugar and glycolysis related enzymes known to interact with 14-3-3s, like SPS, TPS1 
(trehalose-6-phosphate synthase) and F2KP 
(6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase) (Bustos and Iglesias 2003, 
Kulma et al. 2004, Zuk et al. 2005, Gao et al. 2014b) were not found in our study. 
FoF1-synthase 
Fe acquisition mechanisms demand reducing power and energy in the form of NADH and 
ATP (Lopez-Millan et al. 2013) and increased mitochondrial respiration is a classical 
response to Fe deficiency to fuel the plasma membrane ATPases (Espen et al. 2000). We 
identified three subunits of the mitochondrial ATP synthase head structure ( ,  and ), 
NADH dehydrogenase and the mitochondrial-processing peptidase MPPBETA. The 
FoF1-synthase has been reported as 14-3-3 target (Bunney et al. 2001, Klychnikov et al. 
2007) and the identification of only subunits of the head-structure is in line with the 
evidence that the -subunit is the direct target for 14-3-3. Functionally, the mitochondrial 
synthase activity is reduced by interaction with 14-3-3 (Bunney et al. 2001) and in that 
respect it is surprising that in Wt, Fe deficiency enhances the interaction with the 
FoF1-subunits and the mitochondrial processing peptidase 2- to 10-fold (Table 2). This 
increased interaction suggests a down-regulation of the ATP-synthase, what is contrary to 
the expected increase in respiration. Interaction with MPPBETA and CI51 is increased 3- 
to 10-fold respectively and this warrants further study of the functional consequences of 
14-3-3/MPPBETA and CI51 interaction. It should be noted that the related head structure 
of the vacuolar V-ATPase (A, B and E1 subunits) was isolated as well, but Fe deficiency 
had no effect on the interaction with the V-ATPase. 
Cysteine and methionine synthesis 
Enhanced ethylene production is a well described response to Fe deficiency (Garcia et al. 
2011). Fe deficiency induced multiple S-adenosylmethionine synthases (gene expression 
and protein amount) involved in S-adenosyl-Met (SAM) biosynthesis, an important 
precursor for ethylene production (Lan et al. 2011). 14-3-3s are linked to the ethylene 
biosynthesis by interacting with S-adenosylmethionine synthase (Phanchaisri et al.), ACC 
synthase and 1-aminocyclopropane-1-carboxylate synthase (ACS) (Chang et al. 2009, 
Shin et al. 2011, Yoon and Kieber 2013, Catalá et al. 2014). Here, we identified four 
S-adenosylmethionine synthases (SAM1, SAM2, SAM3, and MTO3) and the 
5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase (ATMS1) in the 
14-3-3s interactome, underlining the importance of 14-3-3s in this pathway (Table S1 and 
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S2). Fe-deficiency stimulated the interaction with SAM1, but reduced the interaction with 
MTO3 and ATMS1 in Wt (Table 1). The interaction of these proteins in klun at sufficient 
Fe was comparable to that of Wt. SAM is not only a precursor for ethylene biosynthesis, 
but also for the production of nicotianamine (NA), a chelator important for Fe 
homeostasis (Brumbarova and Bauer 2005). Fig. 6 shows a model incorporating the role 
of 14-3-3 in ethylene biosynthesis and glycolysis in relation to Fe deficiency adaptation. 
It is difficult to draw further conclusions as to the consequences of the differential 
responses of the SAM-synthases to Fe deficiency: clearly the SAM-synthase/14-3-3 
interaction is important in the Fe adaptation response and it is of prime importance to 
address the question how 14-3-3s affect the SAM-synthase activities. 
In conclusion, the 14-3-3 interactome has provided a wealth of new information about the 
presence of putative 14-3-3 interactors in Arabidopsis roots in general and more 
specifically about the role of 14-3-3/target interaction in adaptation to Fe deficiency. 
Besides the identification and Fe-responsiveness of many individual proteins, whole 
protein complexes and enzyme networks have been identified as being part of the 14-3-3 
interactome. For a clear interpretation of all observed interactions and changes therein it 
is now of prime importance to assess the effects of 14-3-3s on protein/enzymes functions, 
as has been done for so-called gold standard 14-3-3 interactors, like nitrate reductase, 
H+-ATPase, Florigen (FT) and CINV1 (de Boer et al. 2013, Gao J et al. 2014). 
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Table 1. 14-3-3 Interactome changes in Wt roots induced by Fe-deficiency. Interacting 
proteins were classified as Fe responsive when the ratio -Fe/+Fe was higher than 1.5 
(increase in binding) or lower than 0.66 (decrease in binding) with a 95% confidence 
level (P<0.05 -test). Ratios were calculated from three biological replicates. 
Interactors are ranked according to functional categories. A ratio of zero implies that a 
protein found in the +Fe treatment was lost in the -Fe treatment.  

Num.a) ATG numberb) Name Function 
WT 

Fold  
-Fe/+Fe p value 

Up-regulated 
108 AT3G02090 MPPBETA ( mitochondrial-processing 

peptidase subunit beta) 
Carbohydrate and 
energy 
metabolism 

10.20 0.036 

134 AT5G13450 ATP5 (ATP synthase subunit delta) Carbohydrate and 
energy 
metabolism 

4.4 0.015 

34 AT3G52930 FBA8 (fructose-bisphosphate aldolase) Carbohydrate and 
energy 
metabolism 

4.03 0.008 

59 AT5G08530 CI51 (NADH dehydrogenase  
flavoprotein 1) 

Carbohydrate and 
energy 
metabolism 

3.2 2E-04 

175 ATMG01190 ATP1 (ATP synthase subunit alpha) Carbohydrate and 
energy 
metabolism 

2.44 0.013 

26 AT1G79530 GAPCP-1 (glyceraldehyde-3- 
phosphate dehydrogenase) 

Carbohydrate and 
energy 
metabolism 

2 0.041 

23 AT5G08670 mitochondrial ion transporting ATP 
synthase beta-subunit 

Carbohydrate and 
energy 
metabolism 

1.82 0.034 

163 AT1G02500 SAM1 (S-adenosylmethionine 
synthase 1) 

Ethylene 
Metabolism 

3.36 0.004 

117 AT1G67760 TCP-1/cpn60 chaperonin family 
protein 

Protein folding 
and degradation 

2.91 0.035 

31 AT1G56070 LOS1 (Elongation factor EF-2) Transcription 
related 

2.57 0.05 

43 AT4G29830 VIP3 (vernalization independence 3) Transcription 
related 

1.74 0.031 

25 AT5G54430 PHOS32 Stress response 2.12 0.009 
142 AT4G23690 Dirigent protein 6 Stress response N.A.c) 0.008 
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Down-regulated 
56 AT1G51470 BGLU35, TGG5 

(Beta glucosidase 35) 
Carbohydrate and 
energy 
metabolism 

0 c) 0.002 

79 AT1G24280 G6PD3 (\Glucose-6-phosphate 
1-dehydrogenase 3) 

Carbohydrate and 
energy 
metabolism 

0.31 0.012 

110 AT4G09510 CINV2 (Neutral invertase 2) Carbohydrate and 
energy 
metabolism 

0.53 0.021 

129 AT3G17390 MTO3 (S-adenosylmethionine 
synthase 4) 

Ethylene 
Metabolism 

0.26 0.01 

66 AT5G17920 ATMS1 (5-methyltetrahydropteroyl 
triglutamate-homocysteine 
methyltransferase) 

Ethylene 
Metabolism 

0.48 0.006 

62 AT3G11830 TCP-1/cpn60 chaperonin family 
protein, eta subunit 

Protein folding 
and degradation 

0.31 0.042 

33 AT2G20990 SYTA (Synaptotagmin A) Stress response 0 0.027 
145 AT4G21960 

 
PRXR1 (Peroxidase 42) Stress response 0.65 0.041 

119 AT4G24800 ECIP1 ( EIN2 C-terminus interacting 
protein 1) 

Stress response 0 0.016 

105 AT2G20900 DGK5 (diacylglycerol kinase), 
putative 

Signaling 0 0.001 

116 AT4G09000 GRF1 (14-3-3-like protein GF14 chi) Signaling 0 5E-04 
97 AT4G23650 CDPK6 (Calcium-dependent protein 

kinase 3) 
Signaling 0.38 0.023 

120 AT4G18950 ankyrin protein kinase, putative Signaling 0.40 0.021 
109 AT1G58270 ZW9 Miscellaneous 0 0.001 
a) Protein number identified is listed in Table S1. 
b) ATG number: the accession number of Arabidopsis genes. 
c) 0 means that the protein was not found in Fe roots, NA means that the protein was not 
found in the +Fe roots. 
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Table 2. 14-3-3 Interactome differences between Wt and klun roots grown with 
sufficient Fe. Proteins with a ratio >1.5 are more abundant in the pull-down from Wt 
roots as compared to klun, whereas proteins with a ratio <0.66 are more abundant in the 
pull-down from klun roots as compared to Wt. Ratios were calculated from three 
biological replicates and only proteins with significant ratio difference are shown (P<0.05, 

-test).  
Num.
a) 

ATG 
number b) Name Function 

Wt / klun 

Fold p value 

Up-regulated 
175 AT2G07698 ATP1 (ATP synthase subunit alpha) Carbohydrate and 

energy metabolism 
2.46 0.049 

134 AT5G13450 ATP5 (ATP synthase subunit delta) Carbohydrate and 
energy metabolism 

2.46 0.050 

56 AT1G51470 BGLU35 (Beta glucosidase 35) Carbohydrate and 
energy metabolism 

N.A. c) 0.001 

110 AT4G09510 CINV2 (cytosolic invertase 2) Carbohydrate and 
energy metabolism 

N.A.. 0.009 

43 AT4G29830 VIP3 (vernalization independence 3) Transcription 
related 

1.55 0.044 

123 AT1G09760 U2A (U2 small nuclear ribonucleoprotein 
A) 

Transcription 
related 

N.A. 0.052 
 

69 AT5G38940 Germin-like protein subfamily 1 member 
11 

Stress response N.A. 0.005 

173 AT1G49570 Peroxidase 10 Stress response N.A. 0.002 
142 AT4G23690 Dirigent protein 6 Stress response N.A. 0.040 
148 AT5G63190 MA3 domain-containing protein Signaling N.A. 0.002 
Down-regulated 
35 AT1G27450 APT1 (Isoform 2 of Adenine 

phosphoribosyltransferase 1) 
Carbohydrate and 
energy metabolism 

0.26 0.000 

36 AT1G13440 GAPC2 (glyceraldehyde-3-phosphate 
dehydrogenase C2) 

Carbohydrate and 
energy metabolism 

0.30 0.027 

88 AT3G04120 GAPC1 (Glyceraldehyde-3-phosphate 
dehydrogenase) 

Carbohydrate and 
energy metabolism 

0.33 0.013 

94 AT1G35580 CINV1 (cytosolic invertase 1) Carbohydrate and 
energy metabolism 

0.44 0.020 

147 AT2G13360 AGT (Serine-glyoxylate 
aminotransferase) 

Metabolism 0.18 0.009 

149 AT5G46290 KAS I ( Isoform 2 of 
3-oxoacyl-[acyl-carrier 
-protein] synthase I) 

Metabolism 0.25 0.035 

146 AT2G38040 CAC3 (Acetyl-coenzyme A carboxylase 
carboxyl transferase subunit alpha) 

Metabolism 0.31 0.004 
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41 AT3G15980 Coatomer subunit beta'-3 Protein folding and 
degradation 

0.00c 0.016 

176 AT1G72330 ALAAT2 (Alanine aminotransferase 2) Stress response 0.00 0.030 
133 AT3G05950 Germin-like protein subfamily 1 member 

7 
Stress response 0.29 0.026 

60 AT4G34050 CCoAOMT1 (Probable caffeoyl-CoA 
O-methyltransferase) 

Stress response 0.30 0.013 

162 AT4G27320 PHOS34 Stress response 0.43 0.013 
132 AT4G38680 GRP2, CSP2 (Cold shock protein 2) Transcription 

related 
0.00 0.011 

95 AT4G02930 Elongation factor Tu Protein synthesis 0.16 0.030 
172 AT1G07920 GTP binding Elongation factor Tu family 

protein 
Protein synthesis 0.34 0.001 

27 AT1G75780 TUB1 Tubulin beta-1 chain TUB5 
Tubulin beta-5 

Cell structure 0.18 0.012 

53 AT4G14960 TUA6 (Tubulin/FtsZ family protein) Cell structure 0.25 0.002 
72 AT3G18780 ACT2 (Actin-2) Cell structure 0.28 0.048 
73 AT5G09810 ACT7 ( Actin-7) Cell structure 0.28 0.035 
152 AT5G44340 TUB4 (Tubulin beta-4 chain) Cell structure 0.29 0.025 
70 AT1G76030 V-type proton ATPase subunit B1 Membrane and 

Transport protein 
0.00 0.005 

116 AT4G09000 GRF1 (14-3-3-like protein GF14 chi) 14-3-3 0.10 0.003 
a) Protein number identified is listed in Table S1. 
b) ATG number: the accession number of Arabidopsis genes. 
c) 0 means that the protein was not found in Wt roots, NA means that the protein was not 
found in the klun roots 
 
 
Material and Methods  
Plant growth conditions  
All plants used are in the Arabidopsis thaliana Columbia ecotype (Col-0) background. 
The 14-3-3 quadruple KO mutants were created by crossing the double mutants. Plants 

-EDTA in a 
growth chamber at 14/10h day/night regime, 22/18°C day/night temperature and a photon 

-2 -1. After 22 days, plant roots were washed with once with 1 
mM EDTA followed by two times wash in Mili Q, before transfer to either iron-sufficient 

-EDTA) or iron-deficient (iron omitted) culture medium for 24 hours. Then 
the roots were harvested and immediately cleaned with Mili Q. After that the roots were 
dried on tissue paper and snap frozen in liquid nitrogen. Total roots were ground in liquid 
nitrogen and weighed, and stored at -80°C. The plant material was used for 14-3-3 
pull-down experiments. For growth and Fe content measurement, plants of Wt and 14-3-3 
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Fe(III)-EDTA for 14 days, then young seedlings were transplanted to a new medium 
-EDTA. Leaves and roots were harvested 12 

days after Fe deficient treatment. Before harvest, the roots also were washed as described 
above. The collected shoots and roots from two plants were pooled for each biological 
replicate and harvested separately and dried at 150 °C for 2 days.   
 
Analysis of the Fe content in Arabidopsis shoots and roots  
Fe content in Arabidopsis leaves and roots was determined by BPDS method as described 
preciously by Schmidt (Schmidt et al. 1996). In brief 4 to 8 mg dried sample was well 
mixed in 2 mL Eppendorf tubes and heated at 95°C in 75 µL nitric acid (65%) for 6 h. 
After the samples were completely digested, 50 µL of H2O2 (30%) was added, and the 
solution was incubated at 56°C for 2 h. The volume was adjusted to 200 µL with sterile 
water. 20 µL of this solution was diluted in 980 µL of BPDS buffer (1 mM 
bathophenanthrolinedisulfonic acid, 0.6 M sodium acetate, and 0.48 M 
hydroxylammonium chloride). The concentration of Fe-BPDS was measured at 535 nm. 
A standard curve was prepared by dilution of a stock FeSO4 solution dissolved in 0.1 N 
HCl.  
 
Real-time PCR assay  
Total RNA was extracted from root tissues using the NucleoSpin® RNA Plant Kit 
(MACHEREY-NAGEL), and first-strand cDNA was synthesized from 2 mg of total RNA 
using the Superscript II Kit (Invitrogen, USA) with oligo d(T)18 primers according to the 

-PCR reaction was contained 100 ng cDNA, 
1 pmol of each primer, 2x Sybr Green PCR buffer (Bio-Rad, Hercules). The PCR 
conditions for the amplification of HKT1 and actin were as follows: 1 min at 94 °C, 
followed by 30 cycles of 45 s at 94°C, 60 s at 54 °C and 75 s at 72°C. The PCR products 
were examined according the 2- CT method. Each sample was assayed three times. The 
relative expression was calculated against that of the internal control gene ubiquitin 10 
(UBQ10). Primer pairs used for each gene are according to (Yang et al. 2013) in Table S3.   
 
Affinity purification of 14-3-3 target proteins  
Arabidopsis roots from WT and klun plants were ground in liquid nitrogen and extracted 
with extraction buffer (50 mM HEPES-NaOH (pH 7), 10 mM MgCl2, 1 mM Na2EDTA , 2 
mM DTT, 10% ethylene glycol, 0.02% Triton, 1× protease inhibitor cocktail and 1× 
phosSTOP (Justo Jacomini et al.)). Protein extracts were centrifuged twice at 20,000g for 
15 min. To avoid the isoform specifically binding of the 14-3-3 target proteins, equal 
amount of four 14-3-3 isoforms (His-KAPPA, His-LAMBDA, His-NU, His-UPSILON) 
were well mixed and then coated to 
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 Protein extracts were collected from roots of klun 
-EDTA for 24 hours. After coating of 40 µg of 

His-14-3-3 to 100 µl nickel beads and extensive washing with binding buffer (50 mM 
sodium phosphate, 300 mM sodium chloride, 10 mM imidazole, pH 8), 2 mg protein 
extract was added to the preteated 14-3-3 beads and incubated overnight at 4 ºC. To 
distinguish background proteins we performed mock pull-down with empty beads, where 
the extracts without His-tagged 14-3-3s were incubated with the beads. Beads were 
extensively washed in 1 ml wash buffer containing 10 mM imidazole for 5 min and 
repeated 5 times. The bound protein complexes were eluted off from beads eluted with 

The experiment was 
conducted three times with independent biological replicates, meaning that in the end 
each genotype had 6 profiles. CBB-stained gel was used as the loading control (Fig. S3). 
The affinity-enriched proteins are separated on SDS-PAGE, and then characterized by 
LC-MS-MS semi-quantitatively.  
 
In-gel digestion and LC-MS/MS analysis 
LC-MS/MS Analysis and Comparative Proteomic Analysis Proteins from pull-down 
experiments were resolved on a one-dimensional 10% SDS polyacrylamide gel. After 
staining with Coomassie Blue, each sample lane was divided into four pieces. Each gel 
slice was cut into small particles and transferred to a clean micro-centrifuge tube. For 
in-gel digestion, 50 % acetonitrile containing 50 mM (NH4)HCO3 was added and 
vortexed until the Coomassie brilliant blue was completely removed. To reduce the 
cysteine residues, each gel band was covered with a 10 mM DTT solution prepared in 50 
mM (NH4)HCO3 for 60 min at 56 °C. The DTT solution was removed, and the excised 
bands were incubated with 55 mM iodoacetamide prepared in 50 mM (NH4)HCO3 for 40 
min in the dark. The iodoacetamide solution was then removed. After washing the gel 
particles three times with 50 mM (NH4)HCO3 for 10 min, dehydration was performed 
with 100% acetonitrile for 10 min. The gel particles were then vacuum-dried for 20 min 

4)HCO3 buffer. 
Digestion was performed by incubation at 37 °C overnight. Following digestion, tryptic 

tryptic peptides were dried with speed-vac, re-
subjected to LC-MS/MS analysis as described by Chen et al (Chen, van der Schors et al. 

icle size) with an Eksigent HPLC system, using 
a linear gradient of increasing acetonitrile concentration from 5% to 35% in 45 min, and 
to 90% in 5 min. The flow rate was 400 nL/min. The eluted peptides were electro-sprayed 
into the LTQ-Orbitrap discovery. The mass spectrometer was operated in a data 
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dependent manner with one MS (m/z range from 330 to 2000) followed by MS-MS on 
five most abundant ions. The exclusion window was 25 sec. MS/MS spectra were 
searched against an IPI Arabidopsis database (ipi.ARATH.v3.85) with the ProteinPilotTM 
software (version 3.0; Applied Biosystems, Foster City, CA, USA; MDS Sciex) using the 
Paragon algorithm (version 3.0.0.0) as the search engine. The search parameters were set 
to cysteine alkyation with acrylamide, and digestion with trypsin. Detected protein 
threshold was set in protein summary to 0.5 achieving a 20% confidence. In this 
experiment, we included the unused values generated from the software 
ProteinPilot(Klemmer et al. 2009). T
protein scores from all the nonredundant peptides matched to a single protein. Peptides 
with confidence of >99% have a protein score of 2; >95 have a protein score of 1.3, >66 
have a protein score of 0.47, etc. The mass spectrometric data was searched against the 
Uniprot proteomics database (version 2013-01-06) with the Max-Quant software (version 
1.3.0.5) to obtain peptides and proteins identified in each experiment. The search 
parameters were: MS accuracy 6 ppm, MS-MS accuracy 0.5 Da, fixed modification of 
cysteine alkyation with acrylamide, variable modification of methionine oxidation and 
protein N-terminal acetylation, digestion with trypsin, protein hits containing at least one 
unique peptide, and false discovery rates of both peptides and proteins within 0.01.  
 
Data analysis 
To increase the data quality, we removed the low confident interacting proteins from the 
protein list. First, contaminant proteins like keratin and trypsin were removed from this 
results file. Second, considering the reproducibility of the pull-down experiment, we 
excluded proteins that were identified only once in all replicates. False positives were 
removed from the bait-prey matrix by comparing the abundance of proteins identified in 
each pull-down against their abundance in the matching empty bead controls, in which 
the true positive bait-prey interactions should be >10-fold enriched in the APs. Also the 
four bait proteins were excluded from the list. 
Intensity-based absolute quantification (iBAQ) values were calculated in the Max-Quant 
suite as previously described (Jagtap P et al. 2012, Li et al. 2012). The protein abundance 
was calculated on the basis of the normalized iBAQ intensity. For short, quantifiable 
proteins in the analysis defined as those identified in at least two of the three biological 
replicates in at least one type of sample. Missing values were imputed using row mean 
imputation. The relative protein intensities were calculated as the ratio of their intensity to 
the bait proteins in that run. The relative protein intensities for each pull-down experiment 
were combined in a matrix, and false positives were removed the proteins identified in the 
background. The minimum two requirements for the differentially expressed proteins are: 
(i) identification of a protein with unused value >2; (ii) the fold change of protein 
quantities protein quantities in Fe-deficient treated samples against Fe-sufficient samples 
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with more or less than -test P-value 
<0.05).  
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Fig. S1. Characterization of 14-3-3 T-DNA insertion quadruple lines. A. Overview of 
the quadruple mutants used and generated during this study. The inner hexagon depicts the 
single mutants in yellow and at the corners in grey are the double mutants. The outer triangle 
shows at the corners in red are the quadruple mutants. B. Transcript PCRs of qKO transgenic 
plants. Amplification of genomic DNA confirmed the T-DNA insertion in klpc, unpc and 
klun. Total RNA was isolated and transcripts were detected using RT-PCR. C. Western 
blot showing 14-3-3 protein level in roots extract of 14-3-3 qKO transgenic plants. 2 g 
roots extracts from each line were running on a 10% SDS-PAGE gel.  
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Fig. S2 Growth and phenotype of plants grown at different Fe concentrations (0, 2, 5 
and 20 µM Fe). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S3. Coomassie-stained SDS-PAGE gel of proteins isolated by 14-3-3 pull-down. 
CBB-stained gel was used as the loading control. A. Pull-down assay with empty beads 
and Fe-deficiency treated root extracts. B. Pull-down assay with At14-3-3 coated beads 
and extracts of roots grown under Fe-deficient condition. The numbers in the panel show 
the molecular weights of the protein ladder marker. For the pull-down assay nickel-beads 
were coated with N-terminally His-labelled 14-3-3 KAPPA, LAMBDA, NU and 
UPSILON in equimolar ratios (1:1:1:1:1). Roots were treated with or 
Fe-EDTA for 24 hours. Eluted fractions were separated on 10% SDS-PAGE. 
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Table S2. Interaction network analysis of identified proteins using the STRING 
software and database (http://string.embl.de), based on known and predicted 
interactions. Lines of different colors represent different types of evidence for the 
associations. Three major protein complexes were identified: mFoF1-synthase, V-ATPase, 
Tubulin. Four functional networks were identified: elongation factors, chaperones, 
glycolysis and TCA cycle and cysteine/methionine metabolism. 

Categories ATG Network 

mFoF1-synthase 
complex 

AT3G02090 
AT5G13450 
AT5G08670 
ATMG01190 
AT2G07698 
AT5G08530  

V-ATPase complex 
AT1G76030 
AT4G11150 
AT1G78900  

Tubulin complex 

AT1G75780 
AT4G14960 
AT3G18780 
AT5G09810 
AT5G19770 
AT5G44340 
AT1G04820 

 

Elongation factor network 

AT1G07920 
AT4G20360 
AT3G13920 
AT4G02930 
AT1G26630 
AT1G56070  

Chaperone network 

AT5G56030 
AT5G20890 
AT2G47470 
AT5G61790 
AT5G02500 
AT3G11830 
AT3G03960 
AT3G18190 
AT5G26360 
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AT1G67760 

Glycolysis and TCA cycle 

AT1G79530 
AT3G52930 
AT1G13440 
AT1G48030 
AT1G24280 
AT1G09430 
AT3G04120 
AT4G04040 
AT4G35260 

Cysteine and methionine 
metabolism network 

AT5G17920 
AT2G36880 
AT4G01850 
AT4G13930 
AT3G17390 
AT1G02500  
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