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Coordination of cellular processes like transcription are controlled by protein-protein 
interactions and tightly regulated. Post-translational modifications like protein 
phosphorylation can be seen as the first step in changing the biochemical properties of 
a protein, e.g. activation, turnover etc. In some cases, phosphorylation is followed by 
an interaction with a second protein that recognizes specific phosphorylated amino acid 
residues. In eukaryotes, one such phospho-binding protein is 14-3-3 (Chevalier et al. 
2009; Jaspert et al. 2011; Paul et al. 2012; de Boer et al. 2013). 

14-3-3 Proteins are acidic proteins structured by nine α-helices with a 
monomeric size of ± 30 kDA. Since 14-3-3 proteins bind phosphorylated proteins, they 
are key components in signal transduction, channelling protein phosphorylation and 
its downstream effects. The binding of 14-3-3’s to their targets occurs as homo-/hetero 
dimers in a phosphorylation dependent manner through three binding motifs of which 
two are internal (mode-I R/KXXpS/pTXP or mode-II R/KXXXpS/pTXP) and one is at 
the C-terminal tip (pS/pTX1-2-COOH). The binding grooves of a dimeric 14-3-3 protein 
are formed by α-helixes 3, 5, 7 and 9 of each monomer whereby each monomer binds 
one phosphopeptide (Fig. 1A). 14-3-3 Binding has been found to regulate many cellular 
processes like cell cycle regulation, protein synthesis, protein trafficking and regulating 
(metabolic) enzyme activity (reviewed in (Aitken 2006; Denison et al. 2011; Jaspert et 
al. 2011; Paul et al. 2012; de Boer et al. 2013)). 

Figure 1. Ribbon plot of Hs14-3-3 ZETA structure showing two phosphopeptides within the 14-3-3 
binding grooves (Reinhardt and Yaffe 2013).
The phosphopeptide binding groove of 14-3-3 is formed by α-helices (α) 3, 5, 7 and 9 of each monomers 
(one red and one green). The 14-3-3 dimers is formed at the N-terminus (N). The binding motif of polyoma 
middle T antigen is depicted as phosphopeptide.

14-3-3 Proteins were first discovered in bovine brain protein extract in 1967. 
The name is a combination of the fraction number, 14, and its electrophoresis position 
3.3 (Moore and Perez 1967). Initially, 14-3-3 proteins were thought to be nervous system 
specific. However, to date 14-3-3 proteins have been found in all eukaryotic organisms 
tested: yeast, plants and animals (Lu et al. 1992; Martens et al. 1992; Swanson and 
Ganguly 1992; van Heusden et al. 1995). 14-3-3 Proteins evolved from a common 
ancestor gene which was present before the separation of the four eukaryotic kingdoms 
Viridiplantae, Fungi, Alveolata and Metazoa. Phylogenetic analysis of plant 14-3-3’s 
has shown that two 14-3-3 isoforms were present before the Monocotyledons and 
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Eudicotyledions separated, giving rise to an epsilon and non-epsilon isoform (Wang 
and Shakes 1996; Piotrowski and Oecking 1998; Rosenquist et al 2000; Sehnke et al 
2002, Yao et al 2007). In addition, the non-epsilon isoform underwent three early gene 
duplications resulting in the three major non-epsilon subgroups named kappa-, psi- and 
omega-group (Piotrowski and Oecking 1998). 

Gene duplication results into two functional and identical gene copies. Through 
mutants, most gene duplications lose their function, since the duplicated genes have 
a similar function and may cause cellular imbalance (Briggs et al. 2006; Flagel and 
Wendel 2009; Zhang 2012). The absence of a phenotype within single loss-of-function 
mutants is often ascribed to functional compensation by one or more related genes and 
is called redundancy. Redundancy is found in all organisms from yeast to human to 
higher plants. Three levels of redundancy can be observed:

1) full redundancy in which neither parental plant line shows a phenotype although 
the homozygous double mutant does; 

2) partial redundancy in which both parental plants show a phenotype, that is 
enhanced in their double mutant offspring;

3) unequal redundancy is seen in duplicated or paralogous genes whereby a single 
mutant of the ancestral gene shows a phenotype while the single mutant of the 
duplicated gene does not show a phenotype. However, the offspring of these 
two mutants shows an enhanced ancestral phenotype (Briggs et al. 2006). 

14-3-3 Proteins show redundancy and can be complemented with 14-3-3’s of other 
species. Saccharomyces cerevisiae contains two 14-3-3 genes and deletion of one of 
these genes does not result in a different phenotype compared to wild-type. However, 
when both genes are deleted, a lethal phenotype occurs indicating that these two yeast 
14-3-3 genes are fully redundant (van Heusden et al. 1995). The lethal phenotype can 
be complemented with isoforms from Arabidopsis, rice and human (van Heusden et al. 
1995; Yao et al. 2007). 

In Arabidopsis, thirteen 14-3-3 genes are expressed and can be grouped 
according to the gene structure and amino acid sequence into two groups: the epsilon 
and non-epsilon group. The epsilon group has a gene structure of 6-7 exons and 4-6 
introns and comprises EPSILON, OMICRON, MU, IOTA and PI. The non-epsilon 
group of Arabidopsis has 4 exons and 3 introns and consists of KAPPA, LAMBDA, PSI, 
NU, UPSILON, OMEGA, PHI and CHI (DeLille et al. 2001). This group is further 
divided into three sub-branches; the kappa-group harbours KAPPA and LAMBDA. 
The psi-group contains PSI, NU and UPSILON and the omega-group is made up of 
OMEGA, PHI and CHI (Fig. 2A). Furthermore, the gene pairs KAPPA-LAMBDA, 
NU-UPSILON and PHI-CHI have, on protein level, the highest percentage identity 
(Fig. 2B). Since the epsilon group can be found in all organisms, it is thought that this 
phylogenetic branch is involved in basal eukaryotic 14-3-3 functions, while the non-
epsilon group is involved in organism-specific 14-3-3 functions (Jaspert et al. 2011). In 
addition to gene structure, a further separation between epsilon and non-epsilon group 
is seen in which non-epsilon members have an EF-hand-like cation-binding motif (Day 
et al. 2002; Sinnige et al. 2005). 
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Figure 2. Arabidopsis 14-3-3’s.
A) The phylogenetic tree was constructed using the full length amino acid sequence and pi was used as 
outlier, in red the support branch values are depicted as %. The division between the epsilon and non-
epsilon group is indicated. B) Amino acid based percentage identity of Arabidopsis 14-3-3 proteins. In bold 
are depicted the proteins with highest percentage identity and are therefore considered to be closely related 
14-3-3 pairs (KAPPA – LAMBDA, NU – UPSILON, PHI – CHI). 

In Arabidopsis, both redundancy and isoform specificity have been found 
within the 14-3-3 family (Deng et al. 2007; Mayfield et al. 2007; Jaspert et al. 2011; 
Mayfield et al. 2012). Single loss-of-function mutant plants of two closely related 14-3-
3 isoforms kappa, lambda and the loss-of-function double mutant kappa/lambda show 
no phenotypic alterations when grown under normal conditions. This could indicate 
that either other 14-3-3 proteins can take over the function of kappa and lambda or that 
neither protein has a function under these growth conditions (Deng et al. 2007; Jaspert 
et al. 2011). Even though lack of single mutant phenotypes has been seen for 14-3-3 
proteins, so has isoform specificity. Tseng et al. showed that LAMBDA but not KAPPA 
is required for normal stomatal regulation and that this regulation is achieved through 
interaction with PHOTOTROPIN2 (PHOT2) (Tseng et al. 2012). In addition, both 
single loss-of-function mutants mu and upsilon show a delayed flowering phenotype 
under long day conditions (Mayfield et al. 2007). Interestingly, under continuous light, 
only single mutant mu shows a shorter primary root phenotype in comparison to both 
WT and upsilon plants (Mayfield et al. 2012). Over-expressing At14-3-3 LAMBDA in 
cotton resulted in a “stay-green” phenotype under drought conditions (Yan et al. 2004). 
Metabolomics studies using KAPPA, CHI and PSI over-expressors (OX) and knock-out 
(KO) lines showed distinct differences within the metabolism of amino acids, TCA 
intermediates and carbohydrate content (Diaz et al. 2011). 
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Protein alignments of 13 Arabidopsis 14-3-3’s show the highest similarity 

within the core region (Chung et al. 1999; DeLille et al. 2001). 14-3-3 Dimers are 
established through an interaction at the N-terminus between α-helix 1 and 2 of one 
monomer with α-helix 3 and 4 of the other monomer (Liu et al. 1995; Xiao et al. 1995; 
Wu et al. 1997). For Arabidopsis this was shown in a yeast-two-hybrid (Y2H) assay, 
where the dimerization between At14-3-3 CHI and PSI depended on the 4th helix (Wu 
et al. 1997). This was also underlined in another study using recombinant protein with 
N-terminal truncations. This study shows that α-helix 4 of At14-3-3 PSI is needed to 
form a dimer with full length At14-3-3 LAMBDA (Abarca et al. 1999). Interestingly, 
dimerization between epsilon-group member At14-3-3 EPSILON and non-epsilon 
group member At14-3-3 CHI needs, in addition to helix 1-4, also the 5th helix (Wu et al. 
1997).     

Dimerization preferences have been seen in plants. A Y2H assay showed that 
no homo-dimers are formed between six cotton 14-3-3’s, whereas specific hetero-
dimers are formed (e.g between Gh14-3-3L and Gh14-3-3e and g while Gh14-3-3h 
only heterodimerizes with Gh14-3-3g) (Zhang et al. 2010). Pull-down studies have 
shown that purified 14-3-3 complexes contain additional 14-3-3 members that were not 
used to perform the pull-down experiments. A TAP-tag study using At14-3-3 OMEGA 
identified an additional nine 14-3-3’s namely EPSILON, OMICRON, MU, KAPPA, 
LAMBDA, UPSILON, PHI, CHI and PSI (Chang et al. 2009). Similarly, additional 14-
3-3’s were identified in a pull-down assay using protein extracts from developing seeds 
performed with AtEPSILON and AtCHI (Swatek et al. 2011). Although additional 
14-3-3’s are pulled down, this does not mean that hetero-dimerization occurred with 
the bait 14-3-3 isoform used. The additional 14-3-3 proteins found, may be part of a 
complex instead of directly interacting with the bait 14-3-3 isoform. 

14-3-3 Proteins have a high sequence divergence at the C-terminus. Next to 
differences in amino acid (AA) sequence, differences in C-terminal length occur among 
Arabidopsis 14-3-3’s. For instance, the size of the C-terminal tail varies from 11 AA in 
KAPPA and LAMBDA to 32 AA in UPSILON. It has been shown that the C-terminal tail 
has an auto-inhibitory function and mediates target binding (Truong et al. 2002; Shen 
et al. 2003; Bornke 2005). In mammalian cells, removing the C-terminal tail of human 
14-3-3 isoform ZETA results in a stronger interaction to various targets (Truong et al. 
2002). Removing the complete C-terminal tail (T235 to Q259) from Arabidopsis 14-3-
3 OMEGA results in a non-functional protein that is unable to inhibit phosphorylated 
nitrate reductase (pNR). However, when four amino acids (T235 to Q239) remain of the 
C-terminal tail, inhibition of pNR, in the presence and absence of polycations, occurs in 
a stronger fashion in comparison to full length 14-3-3 OMEGA (Shen et al. 2003). These 
results indicate that the C-terminal tail acts as an auto-inhibitory domain. In addition, 
the amino acids ranging from T235 to Q239 of the C-terminus are critical for 14-3-3 
target binding (Shen et al. 2003). Both in mammalian and plant cells, post-translational 
C-terminal truncations have been observed. During barley germination, Hv14-3-3A was 
found to be truncated in a tissue-specific and development-specific manner, whereas 
Hv14-3-3B and Hv14-3-3C remained full length (Testerink et al. 2002). However, the 
function of Hv14-3-3A truncation remains unknown. In mammalian cells, C-terminal 
truncations have been found for 14-3-3 EPSILON. These truncations promote apoptotic 
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cell death (Won et al. 2003). FRET measurements showed that the C-terminus of the 
C-terminal tail occupies the binding groove of Hs14-3-3 ZETA in the absence of 
phosphorylated targets (Silhan et al. 2004). Whether a similar mechanism is employed 
by plants is unknown. Although the presence of polycations results in a more accessible 
14-3-3 C-terminal tail as shown by trypsin cleaving experiments (Athwal and Huber 
2002). 

14-3-3 Regulation at the protein level
An interesting aspect of 14-3-3 isoform specificity is that 14-3-3 proteins themselves 
are regulated through phosphorylation and in addition, in plants, by polycation binding 
(Athwal and Huber 2002; Shen et al. 2003). Phosphorylation sites of 14-3-3 proteins 
are not conserved (Paul et al. 2012; de Boer et al. 2013). This could indicate organism- 
and isoform-specific regulation resulting in isoform-specific functions. In plants, 14-3-3 
phosphorylation has been found under different conditions, like gravitational responses 
in Arabidopsis (Barjaktarovic et al. 2009), and in different tissues, like Arabidopsis 
roots (Shin et al. 2007; Zhang et al. 2013), Arabidopsis seedlings (Wang et al. 2013) 
and during oilseed rape seed development (Agrawal and Thelen 2006). In some studies 
the kinase and 14-3-3 isoforms have been identified. In Arabidopsis roots, 14-3-3’s 
KAPPA, CHI and PSI are phosphorylated by SnRK2.8 at S93/95 (Shin et al. 2007). 
Arabidopsis 14-3-3 OMEGA, PSI and UPSILON are phosphorylated by the calcium-
dependent kinase CPK3 (Mehlmer et al. 2010). Recently, it was shown that CPK3 is 
bound to 14-3-3 and during programmed cell death, CPK3 is activated and is able to 
phosphorylate S58 of the 14-3-3 protein. This results in the release of the interacting 14-
3-3 protein and subsequent degradation of CPK3 (Lachaud et al. 2013). In mammalian 
cells, S58 phosphorylation causes dimer disruption, which results in the release of the 
bound target (Woodcock et al. 2003). Interestingly, a member of the Arabidopsis CPK 
family, namely CPK1, shows an enhanced activity upon 14-3-3 binding (Camoni et al. 
1998). In plants, the majority of 14-3-3 phosphorylation sites has been found within the 
C-terminal tail (de Boer et al. 2013). From mammalian literature, it can be predicted 
that the phosphorylation within the C-terminal tail leads to conformational changes 
affecting target binding (Dubois et al. 1997; Obsilova et al. 2004). Since the majority 
of plant 14-3-3 phosphorylationsites has been found in screens by mass-spectrometry, 
functional assays are limited. However, in maize, the phosphorylation of a tyrosine 
(Y139) of 14-3-3 resulted in reduced binding ability for H+-ATPase, a well-known 14-
3-3 target (Giacometti et al. 2004). 

In addition to 14-3-3 phosphorylation, plant 14-3-3 proteins have been found to 
be regulated by divalent metal cations (Me2+) and certain polyamines in a pH-dependent 
manner (Shen et al 2003; Shen 2006). It is known that the presence of polycations 
enhances the affinity of 14-3-3 to phosphorylated NR and H+-ATPase (Fullone et al. 
1998; Athwal and Huber 2002; Shen et al. 2003). Polycation binding occurs at loop 
8, which contains an EF-hand-like structure (Athwal and Huber 2002) and results in a 
conformational change of the 14-3-3 C-terminus (Shen et al. 2003). It has been shown 
that amino acid substitution (G216S) within the EF-hand-like structure in barley changes 
14-3-3 polycation dependent function (Sinnige et al. 2005). Interestingly, in Arabidopsis 
only non-epsilon group members harbour EF hand-like structures containing a G in loop 
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8 (Day et al. 2002). However, Manak and Ferl has shown that, in vitro, also epsilon-
group members have increased binding when calcium and magnesium were added 
(Manak and Ferl 2007). 

14-3-3 Activation through polycation binding is affected by pH. At pH 7.5 
(cytosolic pH of a plant cell under normal growth conditions (Kader and Lindberg 
2010)), polycations are able to activate 14-3-3 (Athwal et al. 1998; Athwal and Huber 
2002). Interestingly, when the pH declines to pH 6.5 (e.g. during stress), 14-3-3 activity 
becomes polycation-independent (Athwal et al. 1998; Athwal and Huber 2002). This 
shows that in addition to phosphorylation, 14-3-3’s are also regulated by polycations 
in a pH-dependent manner, suggesting that both processes may be involved in isoform-
specific functions of Arabidopsis 14-3-3’s. 

Isoform specificity on transcript level and 14-3-3 transcript regulation 
Although most Arabidopsis 14-3-3’s are expressed throughout the plant’s life cycle, the 
14-3-3 isoform IOTA appears to be specifically expressed in the flower (Rosenquist et 
al. 2001). Nutrient starvation causes alterations in 14-3-3 transcripts (Cao et al. 2007; 
Shin et al. 2011). For Arabidopsis, both phosphate (P) and nitrate (N) deprivation 
cause isoform-specific and organ specific 14-3-3 transcript alterations. For example, 
under phosphate deficiency, epsilon-group members are more affected compared to 
non-epsilon group members. Transcripts of PSI, MU, OMICRON and PI are decreased 
while CHI, LAMBDA and KAPPA are unchanged (Cao et al. 2007). Organ specificity 
was shown for nitrate and phosphate deprivation. PSI expression in leaves increased 
after N and P deprivation. In contrast, a decrease in PSI expression was found in roots. 
KAPPA expression is increased in leaves after K+-deprivation but not in roots and the 
expression of CHI did not change under nutrient deprivation (Shin et al. 2011). These 
data show that Arabidopsis 14-3-3 transcripts are regulated differently in organs and 
during different types of nutrient deficiencies. Furthermore, examples of altered 14-3-3 
transcription due to abiotic stress can be found (Aksamit et al. 2005; Chen et al. 2006; 
Xu and Shi 2006; Cao et al. 2007; Shin et al. 2011). For example, in young tomato roots 
treated with salt stress, expression patterns showed that four out of 10 14-3-3 transcripts 
had altered (Xu and Shi 2006). In potato leaves, promoter studies of 14-3-3 isoform 16R 
and 20R revealed enhanced promoter activity for both isoforms upon ABA treatment. In 
addition, increased isoform specific promoter activity was found for 16R when treated 
with Indole Acetic Acid (IAA) and sucrose, while 20R did not change under these 
conditions (Aksamit et al. 2005). This demonstrates the possibility of isoform-specific 
regulation under normal conditions (e.g. AtIOTA) and under specific stress conditions 
(like sucrose for 16R).

Organ and developmental time specific regulation of 14-3-3 transcripts/promoter 
activity has been found in humans and in various plant species. In human, 14-3-3’s 
appear to have distinctive developmental and organ specific expression. 14-3-3 SIGMA 
has only been identified in epithelial cells (Li et al. 2007). Roseboom et al showed that, 
in rat pineal glands, the expression of 14-3-3 isoform EPSILON was highest at birth and 
declined with age (Roseboom et al. 1994). In Arabidopsis, developmental and organ 
specific expression have been shown for 14-3-3 CHI. Using the promoter of CHI, GUS 
activity was found in both young and old roots, flowers, siliques and imbibed seeds. No 
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CHI directed GUS activity was found in the hypocotyl and leaves. In the same study, in 
situ hybridization was used to detect CHI mRNA and it was found that CHI was mostly 
expressed in epidermal cells of the root and petals and sepals of flower buds (Daugherty 
et al. 1996). In rice, distinct tissue-specificity has also been detected. Although GF14e 
is expressed in all tissues, with the highest expression observed in the panicle. GF14b 
has the highest expression level in roots and its expression level was low in flag leaf, 
internode and panicle. GF14c was undetectable in leaves and roots of the heading plants 
but showed high expression levels in leaf seedlings (Chen et al. 2006). 

In addition to different expression patterns, subcellular localization can prevent 
hetero-dimerization within the cell. Even though 14-3-3 hetero-dimerization occurs in 
e.g. a yeast two-hybrid assay or in vitro binding assays, in planta subcellular location 
of 14-3-3’s could differ depending on tissue and 14-3-3 targets (Paul et al. 2005). 
Arabidopsis plants that constitutively express 14-3-3-GFP show that 14-3-3 localization 
is target and tissue driven. An example of tissue driven localization of 14-3-3 can be 
seen between the two closely related genes 14-3-3 isoforms KAPPA and LAMBDA. 
In trichomes, both isoforms are nuclear localized. However, in stomatal guard cells, 
KAPPA is nuclear localized whereas LAMBDA is restricted to the edges of the guard 
cells. When trichomes were treated with AICAR, a chemical that disrupts 14-3-3 target 
binding, or R18, a peptide known to disrupt 14-3-3/target association, both KAPPA 
and LAMBDA changed location from nuclear to distal portions within the trichome 
(Paul et al. 2005). Isoform-specific localization has also been described for AtEPSILON 
and AtLAMBDA in young Arabidopsis roots. EPSILON is mainly localized to the 
plasma membrane whereas LAMBDA is mainly nuclear. Because of these differences 
in localization, it is unlikely that LAMBDA hetero-dimerizes with EPSILON (Paul et 
al. 2012).

In all, the data show isoform specific regulation of 14-3-3 transcripts and the 
localization of 14-3-3 isoforms within subcellular domains and it becomes clear that 
the total number of possible hetero-dimerization is lower than first thought. This also 
raises the question whether the hetero-dimerization found in yeast-two-hybrids or in 
vitro assays occurs in planta. 

Isoform specificity on protein level
Next to differences in subcellular locations, differences in affinity for target proteins 
have been shown for 14-3-3 isoforms. These differences imply that, although homology 
between the isoforms is high, different outcomes will be seen. Bachmann et al. used 
phospho-NR (pNR) activity to dissect biochemical isoform specificity and to show that 
recombinant AtOMEGA displays the highest efficiency in inhibiting pNR (Bachmann 
et al. 1996). AtOMEGA was followed, in declining order, by CHI and UPSILON while 
the isoforms PHI and PSI did not inhibit pNR at the concentrations tested (Bachmann 
et al. 1996). Another example of isoform specificity on target binding level was shown 
for the plasma membrane (PM) localized H+-ATPase. The PM H+-ATPase is a well-
known 14-3-3 target. The binding of 14-3-3 occurs through phosphorylation of Thr947 
at the C-terminal tip of the ATPase (AHA2). This binding can further be stabilized by 
the binding of the fungal toxin Fusicoccin (FC). An in vitro study using nine At14-3-3’s 
(excluded were PI, IOTA, OMICRON and PSI) showed that all nine 14-3-3’s are able 
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to bind to the C-terminus of AHA2 (Alsterfjord et al. 2004). Interestingly, in vivo, not 
all nine isoforms were found in the plasma membrane fractions of leaves. Under control 
conditions, KAPPA was not found in either supernatant nor PM fraction whereas CHI, 
PHI and UPSILON were not found in the PM fraction. These results indicate differences 
in subcellular locations of 14-3-3 isoforms. When leaves were treated with FC, both 
PHI and UPSILON were detected in PM fractions. However, differences can be seen in 
affinity to PM fractions targets since UPSILON was detected in low amounts in the PM 
fractions compared to supernatant fractions when leaves were treated with FC. These 
results show that UPSILON has a low affinity towards PM H+-ATPase. Interestingly, 
only LAMBDA and PHI were shown to be dimers exclusively whereas OMEGA, CHI, 
NU and UPSILON were always observed as monomeric throughout the experiment 
(Alsterfjord et al. 2004). 

Recently, it has become apparent from studies in mammals that monomeric 
14-3-3 has binding capacity although differences are observed between the outcomes 
of mono- and dimeric binding (reviewed in (Sluchanko and Gusev 2012)). In cells, 
there is an equilibrium between monomeric and dimeric 14-3-3’s. Depending on the 
isoform, when expressed in E.coli, human 14-3-3’s show either only dimerization 
or dimerization/monomerization in a 70:30 ratio (Yang et al. 2006). An example of 
monomeric regulation is seen in human. A new splicing variant from EPSILON, missing 
the first 22 AA and resulting in monomeric EPSILON, protects the cell from apoptosis 
caused by UV-radiation (Han et al. 2010). Experiments using 14-3-3 mutant proteins 
that are unable to form dimers show that monomeric 14-3-3’s are able to bind targets 
(reviewed in Sluchanko and Gusev 2012).

Summarizing, both redundancy and isoform specificity have been seen for 14-
3-3 proteins. It has become clear that the context of the phenotypic analysis is crucial for 
finding 14-3-3 isoform specificity. The question of redundancy is further complicated 
by the ability of 14-3-3 proteins to form homo- and heterodimers. The formation of 
heterodimers is unlikely when two isoforms are in different cellular compartments. 
An isoform that is exclusively nuclear is unlikely to form heterodimers with a plasma 
membrane localized isoform. Unfortunately, only limited subcellular localization 
data is available for Arabidopsis 14-3-3’s. In addition, application of (a)biotic stress 
could change the subcellular localization of the 14-3-3 isoforms. The same holds for 
target binding. All the above mentioned issues, together with possible isoform specific 
regulation through transcription, post-translational modifications and divalent ion 
availability, make the 14-3-3 protein family a challenging and, above all, interesting 
protein family to study. 
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Scope and outline of the thesis
The central theme of this thesis is redundancy among closely related gene pairs of the 
non-epsilon Arabidopsis 14-3-3 protein family. The Arabidopsis 14-3-3 protein family 
consists of 13 expressed genes which can be divided, on gene and amino acid sequence, 
into two groups: the epsilon group (EPSILON, MU, OMICRON, PI) and the non-epsilon 
group (KAPPA, LAMBDA, PSI, NU, UPSILON, OMEGA, PHI, CHI). In addition, the 
non-epsilon group can further be divided into three groups. A kappa-group harbouring 
KAPPA and LAMBDA, the psi-group consisting of PSI, NU, UPSILON and as last 
group the omega-group containing OMEGA, PHI and CHI. From each of these groups 
the closely related gene pairs were used to study 14-3-3 gene redundancy and isoform 
specificity under various conditions. The pairs are KAPPA/LAMBDA, UPSILON/NU 
and PHI/CHI. 
 Chapter 2 focuses on the generation of mutants used to test redundancy among 
the most closely related 14-3-3 genes. In this Chapter we show that the generated mutants 
are loss-of-function mutants and that in the quadruple 14-3-3 mutants the transcription 
of two WT 14-3-3’s is not altered. 
 In Chapter 3 we studied phenotypic aberrations on root, rosette growth and 
flowering time. We provide evidence for isoform specific redundancy i.e. specific 
combinations of isoforms that show phenotypic alterations. The triple mutants, kappa/
lambda/phi, kappa/lambda/chi, kappa/phi/chi and lambda/phi/chi only kappa/lambda/
phi exhibit a shorter primary root phenotype and this phenotype is also seen in the 
quadruple mutant kappa/lambda/phi/chi. This demonstrates isoform specific redundancy 
between KAPPA, LAMBDA and PHI. Similarly, under short day growth conditions the 
quadruple loss-of-function kappa/lambda/upsilon/nu does not flower while the double 
mutants kappa/lambda, phi/chi and the quadruple mutants kappa/lambda/phi/chi and 
upsilon/nu/phi/chi all show an earlier flowering phenotype. These results show that 
there is redundancy among the 14-3-3 proteins. However, the redundancy is isoform 
specific since not all higher order mutant show the same phenotype. 
 Chapter 4 explores redundancy and isoform specific functions during abiotic 
stress. Root growth assays have demonstrated that only the double mutant upsilon/
nu shows increased insensitivity towards salt and mannitol. A pull-down assay using 
mannitol treated roots showed a time dependency in the 14-3-3 stress-interactome. In 
the 10 minute mannitol treatment, 22 out of 73 proteins were identified and this indicates 
that mannitol induces protein phosphorylation of 14-3-3 targets. Furthermore, we have 
shown isoform specificity in an epidermal cell length assay (LEH) where isoform 
specificity and isoform specific redundancy can be seen. Using ACC (a precursor of 
ethylene), both single mutants of kappa and lambda showed a wild-type phenotype 
while the double mutant kappa/lambda showed increased insensitivity towards ACC. In 
addition, all mutants containing either kappa or lambda or both showed this increased 
insensitivity. This shows that both KAPPA and LAMBDA are involved in LEH upon 
ACC exposure and that at least two more 14-3-3’s need to be mutated to show this 
phenotype demonstrating either redundancy or dosage dependence. 
 In Chapter 5 we explore the possible triangle between the outward rectifying 
K+-channel GORK, calcium dependent kinase (CPK’s) and 14-3-3. We show that 
phosphorylation of GORK by PKA enhances the channels activity in Xenopus oocytes. 
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In addition, we show binding between GORK-CPK and between 14-3-3 and CPK3, 6, 
21 and 23, both CPK21 and 23 showing enhanced activity upon 14-3-3 binding. To study 
the in planta relationship between these proteins, we used the vibrating probe technique 
to dissect net ion fluxes of both potassium (K+) and protons (H+) after salt stress from 
roots of wild-type plants, the loss-of-function mutants gork, cpk21, aha2 and the 14-3-3 
single, double and quadruple mutants. This shows that there is a link between CPK21 
and AHA2 in relation to both K+ and H+ fluxes. Moreover, gork-like characteristics are 
found in two 14-3-3 single mutants, phi and chi. These results indicate that there is a 
link between 14-3-3’s and GORK and between CPK21 and AHA2.
 Chapter 6 is dedicated to the regulation of the cytosolic invertase (CINV1) 
by 14-3-3’s. In this Chapter we show that 14-3-3 binds to CINV1 in a phosphorylation 
dependent manner and that this binding results in positive regulation of cytosolic 
invertase activity. In addition, we show that in the quadruple mutant kappa/lambda/phi/
chi the products of invertase (glucose and fructose) are reduced, as is the total cytosolic 
invertase activity. The reduced primary root growth of kappa/lambda/phi/chi, seen 
in Chapter 3, can be rescued when grown on sucrose. These results indicate sucrose 
starvation as a cause of the shorter root phenotype in this quadruple mutant.
Finally the results of this thesis will be presented in an English and Dutch summary. 
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