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Summary 
Research on plant responses to abiotic stresses has mainly focused on the numerous 
physiological, molecular and cellular adaptations. Ample evidence shows that higher 
plants deal with different types of stress through the activation of various signaling 
pathways that link a range of biochemical and molecular mechanisms. An important 
element in plant signal transduction pathways that functions in cell protection and 
survival during stress, is the binding of 14-3-3 proteins to individual target proteins. In the 
research described in this thesis, we mainly focused on the role of Arabidopsis 14-3-3 
proteins in plant sugar metabolic pathways (Chapter 3), Fe homeostasis (Chapter 4) and 
salt responsive signaling mechanisms (Chapter 2 & 5). 
In recent years, much has been learned about the role of 14-3-3 proteins in the regulation 
of ion transporters in plants. Some of the major Na+ transporters (e.g. SOS1) and K+ 
inward rectifying K+ channels (e.g. KAT1) have been identified as 14-3-3 binding 
partners. In Chapter 2, we present a triangular relationship between the outward rectifying 
K+-channel GORK, CDPK and 14-3-3s. We performed a semi in vivo pull-down 
experiment and showed that endogenous 14-3-3 LAMBDA, PHI and NU were pulled 
down with the recombinant GORK C-terminus, suggesting a link between GORK and 
14-3-3s. Nevertheless, no direct interaction between the GORK C-terminus (GORK-C) 
and 14-3-3s could be confirmed in a yeast-two-hybrid assay. Since the pull-down of 
14-3-3s was phosphorylation dependent, we determined GORK-C as substrate for both 
CPK21 and PKA phosphorylation and detected new phospho-sites by mass spectrometry. 
In addition, we showed binding between CPKs and 14-3-3, whereby CPK21 and CPK23 
showed enhanced activity upon 14-3-3 binding while the activity of two other CPKs, 
CPK3 and CPK6, was not affected. Using the non-invasive vibrating probe technique, we 
detected ion fluxes of potassium (K+) and protons (H+) in gork, cpk21, aha2 and 14-3-3 
single mutants at the onset of salt stimulation. Our results indicated that gork-like 
characteristics (reduced K+-efflux in the salt treatment) are observed in two 14-3-3 single 
mutants, phi and chi, indicating a role for 14-3-3 proteins in GORK regulation. These 
results suggest a link between GORK and 14-3- -3-3 
interaction or indirect via 14-3-3/CPK interaction and activation. 
14-3-3 proteins are important regulators for sugar metabolism. As a regulatory protein, 
14-3-3 proteins globally regulate the activity of their binding partners in sugar 
metabolism, e.g. sucrose phosphate synthase (SPS) and starch synthase (SS). In Chapter 3, 
we add the regulation of a cytosolic invertase CINV1 to the 14-3-3 regulatory map. By 
using a yeast-two-hybrid assay and anisotropy measurements with phospho-S547 CINV1 
peptide, we determined that CINV1 interacts with 14-3-3 at Ser547 in the extreme 
C-terminus. In in vitro pull-down assays, we showed that Ser547 is a substrate of 
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calcium-dependent kinases (CPK3 and 21). We also analyzed the effect of interaction 
with 14-3-3 on CINV1 activity. The activity of CINV1 was significantly enhanced by 
addition of ATP and CPK3. However, in the presence of ATP and CPK3 the invertase 
activity of CINV1 was strongly stimulated by the addition of 14-3-3 proteins, what 
suggests that interaction with 14-3-3 enhances invertase activity. In addition, the analysis 
of a 14-3-3 quadruple mutant kappa/lambda/phi/chi (klpc) showed a strong reduction in 
the total cytosolic invertase activity as well as in hexose (glucose and fructose) levels in 
the roots. In planta, this novel mechanism of A/N invertase regulation is driven by light 
and is another example of the central role of 14-3-3 proteins in effectuating dark/light 
signaling. In conclusion, our findings highlight the importance of 14-3-3s in 
light-dependent sucrose conversion in Arabidopsis. 
14-3-3 proteins also have been shown to play an important role in Fe homeostasis in 
plants. In Chapter 4, we combine analysis of growth, Fe uptake, gene expression and 
quantitative 14-3-3 interactomics to define the biological role of 14-3-3 in the response of 
A. thaliana wild-type and three 14-3-3 quadruple knockout mutants (klpc, klun and unpc) 
to Fe deficiency. We first showed that the three 14-3-3 mutants exhibited diverse 
physiological responses to Fe limitation by measuring biomass production and Fe content. 
The results indicated that mutants that combined kl with un mutations or pc mutations 
(klpc) showed higher Fe uptake than Wt plants at low Fe in the medium, while this 
phenotype was not observed in mutants that combined un with pc (unpc) mutations. 
14-3-3 has also been reported to have influence on the genes involved in Fe acquisition 
mechanisms. In this study, 14-3-3OMICRON, FIT, FRO2, IRT1 and AHA2 were all 
induced by Fe deficiency, and the induction was significantly higher in the klun line than 
in Wt plants under Fe deficiency. The higher level of Fe in roots of klun was consistent 
with the high transcript levels of Fe-deficiency-induced genes that have a major role in Fe 
acquisition in A. thaliana. To get a better understanding of the influence of Fe-deficiency 
on the root 14-3-3 interactome, we performed a pull-down assay using root extract and 
His-labelled 14-3-3 KAPPA, LAMBDA, NU and UPSILON coated on beads. We 
identified a total of 117 proteins in the Wt roots (+ and -Fe), of which around 20 have 
been identified and characterized in other studies as 14-3-3 binding targets in vivo or in 
vitro, e.g EIF4A, V-ATPase, CINV1 and CPK3. By using the quantitative 
affinity-purification mass spectrometry (qAP-MS) technique, we found a subset of 27 
proteins that 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, ATP synthesis (FoF1-synthase) and in cysteine/methionine synthesis. We also 
compared the 14-3-3 interactome of the klun roots with the Wt roots under Fe sufficient 
conditions. Most of these differential binding proteins showed enhanced binding in the 
klun mutant. In conclusion, 14-3-3 proteins clearly have an important role in adaptation to 
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Fe deficiency. More research has to be done on the detailed analysis of the functional 
aspects of 14-3-3 binding to the target proteins identified in this study.  
The experiments reported in Chapter 5 aimed to study the 14-3-3 function in salt stress 
adaptation. Both isoform-specificity and redundancy in tomato 14-3-3 isoforms have been 
observed in response to salt stress. To study the role of specific 14-3-3 isoforms in salt 
stress adaptation, the three 14-3-3 quadruple knockout mutants used as in Chapter 4 were 
applied for physiological and metabolomic analysis. The three 14-3-3 mutants were 
grown in soil under greenhouse conditions and exposed to salt stress. By measuring the 
fresh weight and Na+ and K+ content in rosette leaves and flower stalks, we found that 
14-3-3 mutants showed isoform specific salt dependent growth and Na+/K+ accumulation 
and in particular the klpc mutant showed significantly less Na+ in the leaves and stalks as 
compared to Wt (35-45% less). To get a better understanding of the role of the 14-3-3 
isoform- specificity, we also measured the water loss by transpiration and the expression 
of the HKT1 gene. The results suggested that the lower levels of Na+ and K+ in klpc were 
not due to reduced transpiration rate under salt stress but correlated with an increase in the 
expression of the HKT1 gene in this mutant. Considering the effect of 14-3-3 and salt 
stress on plant metabolism, we analyzed the effect of a 24 h salt treatment on the root 
metabolome of wild type and 14-3-3 mutants. A total of 153 metabolites, including 80 
named and 73 unknown compounds from the wild type and 14-3-3 qKOs were identified 
by using GC-MS. Two analysis methods (PCA and HCA) showed a separation of control 
and salt treated plants within both Wt and 14-3-3 mutants. Pearson correlation 
comparison of log2-transformed response ratios from the 14-3-3 quadruple mutants and 
the Wt salt stress response revealed that the klpc mutant had metabolome responses that 
differ most from those of Wt. By comparing the metabolites in roots of wild type and 
14-3-3 mutants, the reducing sugars glucose and fructose were lower in klpc under control 
and salt stress and their phosphorylated forms, Glucose-6P and Fructose-6P were also 
lower in klpc under salt stress. It remains to be shown how the reduced levels of 
monosaccharides affect the growth performance of the klpc mutant under salt stress. In 
addition, more experiments are needed to comfirm if redundancy exists for the observed 
phenotypes in klpc by analysis of lower order 14-3-3 mutants that constitute the klpc 
mutant.  
In conclusion, this thesis covers novel aspects of 14-3-3 protein function in sugar 
metabolism and ion homeostasis under abiotic stress conditions. The characterization of 
the interaction between 14-3-3 and CINV1 corroborated the role of 14-3-3 proteins in the 
sugar metabolic pathway. By incorporating various strategies including physiological, 
proteomic, metabolomic and molecular/genetic analyses, this thesis provides new insights 
in the diversity of 14-3-3 functions in the plant, that at the same time provide the 
steppingstone for new in depth studies. 


