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Abstract 
Alkaline/neutral invertases (A/N-Invs) are now recognized as essential proteins in plant 
life. They catalyze the irreversible break-down of sucrose in glucose and fructose and 
thus supply the cells with energy as well as signaling molecules. In this study we report 
on a novel regulation mechanism of the cytosolic invertase AtCINV1 (At-A/N-InvG or 
At1g35580). We demonstrate that Ser-547 at the extreme C-terminus of the AtCINV1 
protein is a substrate of calcium-dependent kinases (CPK3 and 21) and that 
phosphorylation creates a high-affinity binding site for 14-3-3 proteins. The invertase as 
such has basal activity, but we provide evidence that interaction with 14-3-3 proteins 
enhances its activity. The strong reduction in hexose levels in the roots of a 14-3-3 
quadruple mutant plant, is in line with this activating function of 14-3-3 proteins. The 
analysis of in total three quadruple mutants generated from six T-DNA insertion mutants 
of the non-epsilon family shows both specificity as well as redundancy for this function 
of 14-3-3 proteins. The physiological relevance of this novel mechanism of A/N invertase 
regulation is underscored by the light induced activation and is another example of the 
central role of 14-3-3 proteins in effectuating dark/light signaling. The nature of the shoot 
to root signal and the question whether this signal is transmitted via cytosolic Ca++ 
changes that activate calcium-dependent kinases, await further study. 
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Introduction
As a non-reducing sugar, sucrose is the major form of carbohydrate that under normal 
growth conditions is transported via the phloem from source to sink tissues. In the sinks it 
is the substrate for energy metabolism and biosynthesis of macro-molecules to enable 
growth and development. Moreover, sucrose initiates signaling pathways that result in 
altered gene expression and physiological adaptation (Wind et al. 2010). In the source 
tissues, sucrose phosphate synthase (SPS) produces sucrose-6-phosphate from 
UDP-glucose and fructose-6-phosphate and sucrose phosphatase (SPP) converts 
sucrose-6-phosphate into sucrose (Wang et al. 2013a).  
In sink tissues like the root, sucrose unloading from the sieve tubes is achieved by two 

membrane, into the apoplast surrounding the sieve elements. There, in the apoplast, cell 
wall invertases (CWINV) hydrolyze the sucrose to glucose and fructose, followed by 
uptake of the mono-saccharides by hexose transporters into the sink cells (von 
Schweinichen and Buttner, 2005). The second pathway is the unloading of sucrose via 
plasmodesmata to the companion cells and subsequently into the surrounding sink cells. 
Within these cells two classes of invertases hydrolyze sucrose into hexoses: vacuolar 
invertase (VIN) and cytosolic/plastidic/ mitochondrial invertases (CINV). CINVs show 
low sequence homology with the CWINVs and VINs and are mainly found in the cytosol, 
but also in chloroplasts (Vargas et al. 2008), mitochondria and the nucleus (Vargas and 
Salerno 2010). They have an alkaline pH optimum (between 7 and 9) and are sucrose 

ence with CWINV and VIN is that the CINV enzyme activity is 
less stable than that of CWINV (Balibrea Lara et al. 2004), which has hampered their 
characterization.  
Since the substrates and reaction products of invertases are both nutrients and signals, it is 
not surprising that invertases affect normal plant development as well as function in the 
response to environmental stimuli (Ruan 2014). Compared to the CWINV and VIN, the 
CINV class of invertases has been less studied. Lou et al. 
phenotype of the atcinv1 knock-out mutant. These loss-of-function atcinv1 mutant plants 
show shortened primary roots (around 70% of wild-type roots), insensitivity to KNO3, 
KCl, or mannitol induced inhibition of lateral root g
phenotype (Lou et al. 2007, Qi et al. 2007). Seedlings of the double mutant cinv1/cinv2 
had relatively normal shoot growth, but drastically reduced root growth on solid medium 
without sugar (Barratt et al. 2009). A comparison between the cinv1/cinv2 double mutant 
and a quadruple loss-of-function mutant of sucrose synthase (sus1/sus2/sus3/sus4) 
showed that the plants need the invertases for normal growth, but not these sucrose 
synthases (Barratt et al. 2009). Analysis of the rice mutant, srt5, showed that the SRT5 
gene encodes an alkaline invertase and the mutant exhibits an extremely stunted 
post-embryonic root growth phenotype (Yao et al. 2009). So, alkaline invertases have a 
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clear function in root development and stress adaptation (Xiang et al. 2011). 
The activity of enzymes with key functions in everyday life of plants, like the invertases, 
is likely to be under transcriptional, post-transcriptional and post-translational control 
(Huang et al. 2007). The expression and activity of CWINVs is for example up-regulated 
by a variety of stress stimuli, notably during plant pathogen interactions (Roitsch et al. 
2003, Berger et al. 2007). Defective CWINVs have been reported to affect functional 
CWINVs through cell wall binding and inhibitor interaction (Le Roy et al. 2013). At the 
post-translational level the activity of CWINV and VIN invertases is controlled by 
inhibitor proteins. At the level of transcription, osmotic stress is one factor that regulates 
CINVs (Qi et al. 2007, Vargas et al. 2008). Thus far, only one protein was shown to 
directly interact with and inhibit the activity of the neutral invertase AtCINV1 (Lou et al. 
2007). This interacting protein, phosphatidylinositol monophosphate 5-kinase 9 (PIP5K9), 
is a key enzyme in the phosphatidylinositol (PI) signaling pathway that catalyzes the 
synthesis of PI-4,5-bisphosphate (PI(4,5)P2). It was concluded that PIP5K9 is a negative 
regulator of AtCINV1 activity, because the neutral invertase activity in the 
PIP5K9-overexpressing mutant, pip5k9-d, was reduced and an in vitro assay showed a 40% 
reduction in AtCINV1 activity in the presence of PIP5K9 recombinant protein (Lou et al. 
2007).  
A 14-3-3 interactome study (yeast two-hybrid assay as well as a 14-3-3 pull-down 
analysis) with barley provided evidence that neutral invertases interact with members of 
the 14-3-3 protein family (Schoonheim et al. 2007b). This finding was later corroborated 
in two other 14-3-3 interactome studies, where AtCINV1 (=AtINV-G) was identified 
(Chang et al. 2009, Swatek et al. 2011). 14-3-3 proteins are acidic proteins, with a 
molecular mass of around 30 kDa, which act predominantly as dimers (de Boer et al. 
2013). Whereas animals typically have seven 14-3-3 genes, plants have more, with 
Arabidopsis having 13 expressed 14-3-3 genes in addition to two pseudogenes 
(Rosenquist et al. 2001). Hallmark of 14-3-3 action is that they act as a sensor for the 

-sites and directly bind to their so-called target 
proteins upon phosphorylation of a specific phospho-motif (Denison et al. 2011, de Boer 
et al. 2013).  
One of the so- - -3-3 targets (Johnson et al. 2011) with a function 
in nitrate assimilation is nitrate reductase (NR) (Moorhead et al. 1996, Lambeck et al. 
2012). NR is dark-phosphorylated on Ser534 (Braun et al. 2011) and subsequent binding 
of 14-3-3 inhibits NR activity. Another dark-/light-controlled enzyme that also interacts 
with 14-3-3 proteins is SPS (Toroser et al. 1999, Wang et al. 2014a). The suggested sites 
of 14-3-3 interaction in spinach leaf SPS are Ser229 (Toroser et al. 1998) and Ser158 
(Toroser et al. 1999)
the tobacco SPS homologue (Bornke 2005). Experiments with Ser158 mutant plants 
(S158T and S158A) showed that this site is the major site responsible for dark 



Chapter 3. Alkaline/neutral invertases and 14-3-3 proteins 

67 

inactivation of spinach SPS in vivo (Toroser et al. 1999). Both NR and SPS are 
phosphorylated by members of the plant SNF1-related protein kinase 1 (SnRK1) family, 
resulting in inactivation of the enzymes (Sugden et al. 1999).  
In this paper we address the question whether neutral invertases are gold-standard 14-3-3 

methods, that AtCINV1 directly binds to 14-3-3 proteins, with the phospho-binding motif 
at the very C-terminus. Ser547 is the critical phospho-residue and substrate for members 
of the Ca++-dependent calcium-dependent protein kinases (CPK) family. In contrast to the 
effect on SPS, binding of 14-3-3 to AtCINV1 has a stimulatory effect on the invertase 
activity. Analysis of three quadruple 14-33 mutant plants showed a clear isoform 
specificity with respect to hexose production, since only one of the three mutant plants 
(klpc) showed a strong reduction in glucose and fructose levels in the roots. Dark-to-light 
transition studies indicate that soon after the light comes on in the morning, the 
A/N-invertase activity in the roots increases due to enhanced 14-3-3 binding. This raises 
an interesting question as to the nature of the light-induced signal that travels from shoot 
to root. 
 
Results  
AtCINV1 directly interacts with 14-3-3 proteins at phosphorylated Ser547  
To assess whether 14-3-3s and AtCINV1 indeed directly interact (Schoonheim et al. 
2007b, Chang et al. 2009, Swatek et al. 2011), we performed a Y2H assay with AtCINV1 
as a prey and 10 Arabidopsis 14-3-3 isoforms as bait. As shown in Fig. 1A, all isoforms 
except 14-3-3MU interact with AtCINV1. In order to identify the 14-3-3 interaction site 
in the AtCINV1 protein, we analyzed the protein for the following three criteria: Scansite 

-sites (de Boer et al. 2013). The site with 
the best Scansite (Mode-I) score was Ser547 (score = 0.289) at the very C-terminal end of 
the protein. This region is highly disordered and the Ser547 site has also b
as a phospho-site by mass spectrometry (van Bentem et al. 2008). In order to test this 
prediction, the Y2H assay was repeated with a mutated form of AtCINV1 (AtCINV1S547A) 
and as shown in Fig. 1A the point mutation prevented the interaction with all 14-3-3 
proteins.  
The importance of phosphorylation of Ser547 for 14-3-3 interaction was studied by 
means of competitive fluorescent anisotropy, as described (Wu et al. 2006). In this assay, 
a fluorescently labeled peptide (FAM-SWTY) and a phospho-peptide of interest compete 
for binding to a 14-33 protein and binding of the phospho-peptide results in an increase in 

of the AtCINV1 protein (539KPVIKRSASWPQL551) with showed no competition for 
14-3-3 binding with FAM-SWTY, the phospho-peptide pCINV competed with an IC50 of 
around 5.5  (Fig. 1B). From this we conclude that the interaction between AtCINV1 
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and 14-3-3 proteins is phosphorylation dependent, where the 14-3-3 binding motif is at 
the very C-terminus of AtCINV1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. AtCINV1 interacts with 14-3-3 proteins at the Ser-547 phospho-site. A. 
Yeast-two-hybrid between ten 14-3-3 proteins and AtCINV1 wild-type and 
AtCINV1S547A mutant.  Upper panel: DDO plates showing yeast viability for all colonies 
and lower panel: QDO colony growth, indicating protein interaction. Mutating the serine 
at position 547 into an alanine completely abolishes the interaction with 14-3-3 proteins. 
B. Competitive anisotropy measurements with a peptide derived from the last 15 amino 
acids of AtCINV1 (539KPVIKRSApSWPQL551) phosphorylated at S547 (pCINV1) or 
non-phosphorylated (dCINV1). While the dCINV1 does not bind with the 14-3-3 protein, 
the pCINV1 peptide effectively competes with the FAM-SWTY for binding (IC50 = 5.5 

M). The curve was fitted with 
 
 
 
 
 
Phosphorylation of AtCINV1 by CPK kinases creates a 143-3 binding site 
The position and sequence of the Ser547 14-3-3 motif at the C-terminus of the AtCINV1 
protein is comparable to that of the 14-3-3 motif in the ABA-activated transcription factor 
ABF3 (Fig. S1) (Schoonheim et al. 2007a, Sirichandra et al. 2010b). The ABF3 motif 
contains the preferential motif ([L/V/I]RRXX[S/T]) of the ABA-activated Ser/Thr 
Snf1-Related Kinase 2 OST1 (SRK2E/SnRK2.6) and is indeed an OST1 substrate 
(Sirichandra et al. 2010b). We used HPLC to separate the phospho-Ser547 peptide 
(pCINV1) and its parent non-phosphorylated peptide (dCINV1) (Fig. 2A). Although 
OST1 does phosphorylate the dCINV peptide, the phosphorylation is rather inefficient 
(Fig. 2A). Since the Ser547 motif is similar to the phosphorylation motif of CPK (Lee et 

 

A                                       B 

IC50=5.5 M 
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A 
 
 
 
 
 
 
 
 
B                                   C 

al. 1998), we next tested two recombinant CPK kinases for their ability to phosphorylate 
the dCINV1 peptide: CPK3, because it is known to phosphorylate 14-3-3 interaction 
motifs (Latz et al. 2013a, Wu et al. 2013b) and its close homologue CPK21 for com-
parison. As shown in Fig. 2A, CPK3 and CPK21 phosphorylated the dCINV1 peptide 
more efficiently than OST1. This difference in phosphorylation efficiency is reflected in 
binding of the phosphorylated peptides to 14-3-3 protein (Fig. 2B).  
Next, we addressed the question whether full-length AtCINV1 protein can interact with 
14-3-3 protein after phosphorylation by CPK3. Recombinant GST-labelled AtCINV1, 
AtCINV1 mutant (AtCINV1S547A) and His-labelled 14-3-3PHI proteins were produced in 
E. coli and purified by affinity chromatography. His-14-3-3PHI was bound to 
Ni-magnetic beads and incubated with AtCINV1 or AtCINV1S547A and CPK3 in the 
absence or presence of 1 mM MgATP. 14-3-3 Bound proteins were eluted from the beads 
with either a peptide that has high affinity for the 14-3-3 binding groove (R18) or the 
mutated R18 peptide (Rm) that has a much lower affinity for 14-3-3 (Fujita et al. 2003). 
Fig. 2C shows that only the R18 peptide eluted the AtCINV1 protein when both the 
kinase and ATP were present, but not the AtCINV1S547A mutant protein. From these 
experiments we conclude that full-length AtCINV1 interacts with 14-3-3 proteins through 
phosphorylation of Ser547 in a canonical Mode-I/II 14-3-3 interaction motif 
(KRSASWP), and that Ser547 is efficiently phosphorylated in vitro by CPK3 and CPK21. 
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Fig. 2. Ser547: substrate for CPK3 and CPK21 and essential for 14-3-3 interaction. 
A. Non-phosphorylated dCINV1 and Ser547 phosphorylated pCINV1 peptides have a 
different retention time on reverse phase C18 HPLC: pCINV1 elutes first. In the presence 
of ATP, CPK3, CPK21 and to a lesser extent OST1, phosphorylate the dCINV1 peptide. 
B. dCINV1 peptides phosphorylated by the different kinases bind to 14-3-3PHI as shown 
with the competitive anisotropy measurement. C. Western blots with AtCINV1 antibody 
of in vitro pull-down assay with His-14-3-3PHI and either recombinant AtCINV1 or 
AtCINV1S547A. CPK3 kinase was present in all tubes, without (upper panel) and with ATP 
(lower panel). After incubation and washing, beads were eluted with the 14-3-3 binding 
peptide R18 and a mutant form of R18 (Rm). Binding of the recombinant invertase to 
14-3-3 is clearly ATP dependent (upper panel) and in the presence of ATP, only the 
WT-AtCINV1 protein is eluted by the R18 peptide and not the mutant AtCINV1S547A.  
 
 
Endogenous alkaline invertase(s) interact with 14-3-3 
In the next step, we tested whether 14-3-3 proteins can bind endogenous invertase(s) 
present in the roots of Arabidopsis. Root extract was incubated with His-14-3-3PHI 
coated on magnetic beads and proteins bound specifically to the 14-3-3 protein were 
eluted with the R18 peptide; a non-interacting peptide was used as control. Fig. 3A shows 
that R18 eluted many proteins, which is not surprising in view of the large number of 
proteins known to interact with 14-3-3 proteins (Schoonheim et al. 2007b) (Chang et al. 
2009, Swatek et al. 2011, de Boer et al. 2013). To demonstrate the presence of AtCINV1 
(62.8 kDa) in the eluates, we used the polyclonal AtCINV1 antibody as produced by Lou 
et al. (2007). The western blot clearly demonstrates the presence of at least two bands that 
cross-react with the AtCINV1 antibody that were specifically eluted with the R18 peptide 
(Fig. 3B). The biochemical properties of the 14-3-3 interacting invertase(s) (Km for 
sucrose, pH and Tris sensitivity) are also in line with known characteristics of 
A/N-invertases (Fig. S2). 
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Fig. 3. -invertases by 14-3-3 pull-down from root cell 
lysate. A. Coomassie stained gel of root lysate proteins eluted from the 14-3-3 beads with 
the non-interacting peptide  and the competitive peptide R18. B. Western blot with 
AtCINV1 antibody of the eluted fractions from the 143-3 beads. Only R18 elutes bands 
that are recognized by the AtCINV1 antibody. C. Phylogenetic tree of A/N-invertases 

tion by mass spectrometry. D. Competitive 
anisotropy measurements with a peptide derived from the last 15 amino acids of 
AtCINV2 (At4g09510), 543KQMKPVIKRpSASWTC558, phosphorylated at Ser553 
(pCINV2) or non-phosphorylated (dCINV2). The pCINV2 peptide competes with the 
FAM- 0 = 40.3 M). 
 

-3-3 interacting A/N-invertases 
In view of the multiple bands in the western blot of the R18 eluate (Fig. 3B) we 
hypothesized that there may be invertases other than AtCINV1, which interact with 
14-3-
other A/N-invertases with a putative 14-3-3 interaction motif at the extreme C-terminus 
(Table S1). Unlike the canonical AtCINV1 14-3-3 motif, the other four invertases lack the 
proline at the +2 position, but like Ser547 in AtCINV1, Ser555 of AtCINV2 has been 
reported as a phospho-site (Wang et al. 2013b). Mass-spectrometric analysis of the 
14-3-3-

At4G34860. At4G34860 is also most distant from AtCINV1, as shown in the 
phylogenetic tree (Fig. 3C). Note that no acid invertases were found in this analysis. The 
number of peptides assigned to AtCINV1 is much higher than that of the peptides 

D 

IC50=40.3 M 

A                       B                 C 
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assigned to the other invertases together (Table S1), what indicates that AtCINV1 is the 
major 14-3-3 interacting A/N-invertase. Since Ser555 of AtCINV2 is an identified 
phosphoserine in the putative 14-3-3 interaction motif (Table S1), we also tested the 
AtCINV2 (de)phospho-peptide in the competitive anisotropy assay. The pCINV2 peptide 
bound to 14-3-3 with a much lower affinity than that of pCINV1 (Fig. 3D). This is in line 
with differences in the 14-3-3 interaction motif of AtCINV2 which lacks the proline in 
position +2 (Table S1). This analysis shows that only A/N-invertases have affinity for 
14-3-3 proteins, with AtCINV1 being the major interacting invertase in roots. 
 
The activity of endogenous alkaline invertase is enhanced by 14-3-3 binding 
An important question is how the properties of the alkaline invertases are affected by 
14-3-3 association. One possibility is that 14-3-3 binding affects the enzymatic activity, 
as is for example the case for the yeast neutral trehalase Nth1 (Panni et al. 2008, Obsil 
and Obsilova 2011). To test this hypothesis we performed a 14-3-3 pull-down from crude 
root extract and eluted bound invertase with either buffer (=control), Rm or R18 and 
measured the amount of invertase (western blot with AtCINV1 antibody) and invertase 
activity in each of the eluate (El) and bead fractions (Be). Empty beads were taken as 
control and these beads did not bind invertase nor showed invertase activity (Fig. 4). Fig. 
4(a c) shows that buffer and Rm eluate showed no immunoreactive invertase band and 
very little activity. However, whereas R18 eluted around 70% of the bound invertase (Fig. 
5B), the invertase activity in the R18 eluate was only 20% of the total (control on beads) 
(Fig. 4C). This indicates that the activity of the invertase in the cell lysate is enhanced by 
binding to 14-3-3.  
One protein reported as an AtCINV1 interacting protein with inhibitory activity is 
phosphatidylinositol monophosphate 5-kinase 9 (PIP5K9) (Lou et al. 2007). PIP5K9 was 
shown to repress AtCINV1 activity and we therefore asked the question whether 
AtCINV1/14-3-3 interaction may interfere with AtCINV1/PIP5K9 interaction. We used 
GST-tagged recombinant AtCINV1 and the mutant form AtCINV1S547A, to pull-down 
proteins from an Arabidopsis root extract after incubation with MgATP. As shown in Fig. 
4D AtCINV1 bound 14-3-3 protein (as expected), but not PIP5K9. In contrast, the 
AtCINV1S547A pull-down yielded very little 14-3-3 protein, but PIP5K9 was clearly 
immunologically detectable (lanes 4 and 8). This suggests that binding of endogenous 
14-3-3 to the AtCINV1 protein interferes with the PIP5K9/AtCINV1 interaction.  
 
Effect of phosphorylation and 14-3-3 proteins on recombinant AtCINV1 activity 
The binding of endogenous invertase to 14-3-3 and the loss of activity after R18 elution 
as described in Fig. 4, suggested that interaction with 14-3-3 enhances invertase activity. 
To further address this question, we studied the effect of CPK3 phosphorylation and 
14-3-3 interaction on the activity of recombinant AtCINV1 (in vitro assay). The activity 
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A                               B                         
 
 
 
 
 

C 
 
 

 
D 

of AtCINV1 was significantly enhanced by addition of MgATP and CPK3 (no 14-3-3), 
whereas that of the mutant form was only slightly higher (Fig. 5A). However, the main 
effect on AtCINV1 activity was seen when recombinant 14-3-3 protein was included in 
the assay: 14-3-3 had no effect on the mutant protein nor on the activity of AtCINV1 in 
the absence of ATP and CPK3. However, in the presence of ATP and CPK3 the invertase 
activity of AtCINV1 was strongly stimulated in a concentration dependent manner with 
an EC50 of 53 nM (Fig. 5B). From these results we conclude that phosphorylation of the 
Ser547 residue followed by 14-3-3 binding is a mechanism that enhances AtCINV1 
activity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. The activity of endogenous A/N-invertases is enhanced by 14-3-3 and PIP5K9 
binding is mutually exclusive with 14-3-3 binding. A. Western blot with AtCINV1 
antibody of a pull-down assay with His-14-3-3PHI on beads and protein extract from 
roots. Lanes 1 and 2 are empty beads and lanes 3-8 are His-14-3-3PHI coated beads. 
Beads were eluted with buffer, mutant R18 peptide (Rm) or R18 peptide (R18). El 
represents eluted protein and the Be protein that remains on the beads after the elution 
step. B. Relative intensity of the bands as shown in (a).C. A/N-invertase activity in each 
of the fractions as shown in A. Whereas R18 elutes 70% of the bound A/N-invertase 
protein (B), the invertase activity is the same as in the buffer elution (third fraction). D. 
Two independent pull-down experiments in root protein extract with GST-tagged 
AtCINV1 (Wt) and the mutant form, AtCINV1S547A (S547A). The GST-AtCINV1 protein 
was eluted with buffer (=control: lanes 1, 2, 5 and 6) or glutathione (lanes 3, 4, 7 and 8). 
Each fraction was probed with the PIP5K9 (upper panel) and 14-3-3 antibody (lower 
panel). 
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Fructose and glucose levels and A/N-invertase activity are reduced in a 14-3-3 
quadruple mutant  
The next question that we addressed is whether 14-3-3 proteins have a function in the 
regulation of A/N-invertase activity in planta. If the A/N-invertases bind 14-3-3 proteins 
in vivo, the absence of certain 14-3-3 isoforms should inhibit invertase activity and reduce 
fructose and glucose concentrations in the root. Therefore, we phenotyped three 
quadruple 14-3-3 mutants that we had generated based on six related genes in the 
non-epsilon 14-3-3 group, namely kappa/lambda/upsilon/nu (klun), kappa/lambda/phi/chi 
(klpc) and upsilon/nu/phi/chi (unpc) (van Kleeff et al. 2014a) by measuring the sugar 
content of root extracts (Fig. 6A). Intriguingly, only the klpc mutant combination showed 
strongly reduced levels of the A/N-invertase products fructose and glucose compared to 
wild-type plants (Wt). The sucrose content of klpc roots was the same as that of the other 
genotypes, probably due a feed-back mechanism of sucrose transport to the roots as a sink. 
We further measured the A/N-invertase activity in the root extract of the klpc mutant. The 
total activity in the roots of the klpc mutant was significantly lower than that of Wt 
(reduction in Bmax of 22%) (Fig. 6B). As a control we also measured the A/N-invertase 
activity in root extracts of the cinv1 mutant where the activity was 40% lower than in Wt. 
From these experiments we conclude that 14-3-3 proteins have a positive effect on the in 

A 
 
 
 
 
 
 
 
 
 
B 

Fig. 5. Invertase activity of 
recombinant AtCINV1 is enhanced by 
combined action of CPK3 kinase and 
14-3-3 proteins. A. Invertase activity of 
AtCINV1 and the mutant AtCINV1S547A 
after incubation with CPK3 in the 
absence and presence of 1 mM MgATP. 
Values are means ± standard deviation 
(SD) (n = 3). B. 14-3-3PHI enhances 
AtCINV1 invertase activity in a 
concentration depen¬dent manner when 
incubated with CPK3 and ATP; EC50 = 
53 nM. AtCINV1 incubated without 
ATP and the AtCINV1S547A mutant are 
14-3-3 insensitive. Data are means of 
two independent experiments, and error 
bars represent ± standard error (SE) (n = 
6). 
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A                                    B 
 
 
 
 
 
 
 
 
 
 
 
C                                    D 
 
 
 

planta activity of A/N-invertases and that the activity is determined in an isoform-spe
manner. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Fig. 6. The quadruple 14-3-3 mutant klpc has reduced hexose levels and invertase 
activity and root invertase activity is light stimulated in a 14-3-3 dependent manner. 
A. Analysis of sugar concentrations in the roots of Wt plants and three quadruple 14-3-3 
mutants. Values are means ± standard error (SE) (n = 5). B. A/N-invertase activity in Wt 
roots, roots from the klpc 14-3-3 quadruple mutant and from the atcinv1 mutant. Values 
are means ± SE (n = 5). C and D. A/N-invertase activity in root extracts from plants at the 
end of the dark period (t = 0) and 30, 60 and 180 min into the light period. The assay was 
done in the presence of the mutated, non-binding R18 peptide (Rm) and in the presence of 
R18. The difference between the Rm and R18 curves represents the 14-3-3 dependent 
fraction of the total invertase activity. C. and D. represent two independent experiments. 
Values are means ± standard deviation (SD) (n = 3).  
 
Dark-to-light transition stimulates 14-3-3 dependent A/N-invertase activity  
The best studied 14-3-3 regulated enzyme in plants is NR (Sinnige et al. 2005a, Lambeck 
et al. 2012). The phosphorylation-driven NR/14-3-3 interaction occurs at the end of the 
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day and this regulation mechanism has a clear physiological function (Kanamaru et al. 
1999). Since root metabolism must be rapidly activated after the dark period to support 
the demands for water and nutrients of the shoot at dawn, we hypothesized that during the 

-invertase is rapidly phosphorylated and subsequently 
activated by 143-3 binding. To test this hypothesis we harvested roots at four time points 
after light and measured the total activity (in the presence of Rm) and the basal activity in 
the presence of R18; i.e. 14-3-3 independent activity. The two experiments shown in Fig. 
6(C, D) show a number of interesting characteristics: (i) at the end of the dark period 
about 50% of the total A/N activity was 14-3-3 dependent; and (ii) when the light was 
turned on, the 14-3-3 dependent activity increased whereas the basal activity remained 
constant. In one experiment the increase in 14-3-3 dependent activity showed a delay of 

from the leaves to the roots. However, in the experiment that showed the largest 
light-induced increase in activity, the delay was much shorter, with a substantial increase 
already after 30 min. From these experiments we conclude that the root A/N-invertase 
activity is light stimulated through enhanced interaction with 14-3-3 proteins. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Schematic diagram of light-controlled 14-3-3 interacting enzymes involved in 
C-and N-metabolism. In the dark, sucrose phosphate synthase (SPS) in the leaves and 
nitrate reductase (NR) in the roots (and leaves) are down-regulated by SnRK1 kinase 
phosphorylation and 14-3-3 binding. Root AtCINV1 activity is kept low by 
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dephosphorylation. In the light, SPS and NR become active through dephosphorylation 
and loss of 14-3-3 binding, whereas now CINV1 activity increases because it is 
phosphorylated by CPK kinases and subsequent 14-3-3 binding. Light signaling between 
shoot and root is probably mediated by changes in xylem pressure ( Px) and trans-root 
electrical potential ( TRP). 
 
Discussion  
The key findings of this paper are that the A/N-invertase AtCINV1 is under 
post-translational control by combined action of phosphorylation and interaction with 
14-3-3 proteins. Whereas the enzyme that is involved in sucrose synthesis, SPS, is 
dark-inactivated by phosphorylation and 14-3-3 interaction (Sugden et al. 1999, Bornke 
2005, Zuk et al. 2005), we show here that the sucrose hydrolyzing enzyme AtCINV1 is 
activated by enhanced 14-3-3 interaction shortly after the light is turned on.  
The site of interaction in the AtCINV1 protein is at a very interesting position, namely 
very close to the C-terminus. One other class of 14-3-3 target proteins, namely the ABA-
responsive-element Binding Factor 3 protein (ABF3), has the binding motif in exactly the 
same position (Fig. S1) (Schoonheim et al. 2007a, Sirichandra et al. 2010b). The AtABF3 
motif is preferentially phosphorylated by the ABA-activated kinase OST1 (a member of 
the SnRK2 kinase family), whereas the AtCINV1 site is a much better substrate for the 
CPK kinases CPK3 and CPK21 than for OST1 (Fig. 2A). The OST1 preferred 
LXRXXpS/T motif (Sirichandra et al. 2010b) is present in both 14-3-3 targets, but a 
noticeable difference is seen at the +1 position: all ABF3 proteins (and most related 
ABF/ABRE proteins) have a glycine at +1 position (the smallest of proteogenic amino 
acids), whereas the neutral invertases have the largest amino acid, a tryptophan (W), 
conserved in this position. It will be 
determines the kinase specificity.  
Whereas the AtCINV1 interaction motif is characterized by a proline at the +2 position, 
all other neutral invertases from Arabidopsis and any other plant species (dicot and 
monocot) in the database lack this proline. Only Thellungiella halophila (Eutrema 
salsugineum) and Capsella rubella 
Arabidopsis, have an AtCINV1-like invertase with proline at +2. The anisotropy 
experiments with the phosphorylated AtCINV2 peptide showed that lack of the proline 
residue reduces the IC50 in the competition experiment around ten-fold (Fig. 3D). Both 
the 14-3-3 pull-down from cell lysate as well as the experiments with recombinant 
AtCINV1 showed that binding of 14-3-3 to phosphorylated AtCINV1 enhances the 
invertase activity. As to the mechanism of activation we can only speculate as to date 
information about the three-dimensional structure of A/N-invertases is still scant. One 
other member of the glycoside hydrolase family, namely the neutral trehalase Nth1 from 
yeast is also activated by 14-3-3 interaction and based on this activation mechanism we 
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can start to build a model for AtCINV1 activation (Obsilova et al. 2014). Two 14-3-3 
interaction sites were identified in the Nth1 protein (Veisova et al. 2012), and these two 
low-affinity sites may coordinate the formation of a stable complex with 14-3-3 proteins 
like an anvil (Ganguly et al. 2005). A biophysical study of the 14-3-3pNth1 complex 
suggests a model wherein 14-3-3 binding induces a conformational change that increases 
the accessibility of the active site and leads to the pNth1 activation (Macakova et al. 
2013).  
The only regulatory protein of AtCINV1 reported thus far is PIP5K9 and the interaction 
with AtCINV1 results in down-regulation of invertase activity (Lou et al. 2007). The 
C-terminal half of the PIP5K9 protein is involved in this interaction, but it is unknown 
which part of the AtCINV1 protein is involved. A relevant question is whether interaction 
of either 14-3-3 or PIP5K9 with AtCINV1 is mutually exclusive, due to interaction with 
the same region of the AtCINV1 protein. If so, then this is an analogy with the regulation 
of the trehalase protein from yeast, where the inhibitor protein Dcs1 (an mRNA 
decapping enzyme) acts as a negative regulator by binding to the same region as where 
14-3-3 binds, thus preventing 14-3-3 binding and trehalase activation (Schepers et al. 
2012). Analysis of the function of 14-3-3 proteins through mutant phenotyping is a 
challenging task due to functional redundancy. Nevertheless, the analysis of the sugar 
levels of the three quadruple mutants that we generated by combining T-DNA insertions 
in gene pairs of the non-epsilon group (KAPPA/LAMBDA, PHI/CHI and UPSILON/NU) 
(van Kleeff et al. 2014a) was highly informative, because only one of the three quadruple 
mutants, klpc, had strongly reduced levels of glucose and fructose which correlated with 
the lower invertase activity in the root extract of this mutant. Intriguingly, combining kl 
with un (=klun mutant), or pc with un (=unpc mutant) had no effect on root sugar 
composition, so apparently KL and PC are redundant for activation of the 
A/N-invertase(s). Isoform specificity and/or redundancy is still a topic of discussion in 
the 14-3-3 field (Paul et al. 2012a), and it is important to note that cell-specific expression 
of 14-3-3 isoforms may determine the phenotype of 14-3-3 mutants (Paul et al. 2005). 
Phosphorylation is an important mechanism to modulate enzyme activity in response to 
light/dark transitions. The best studied example of such modulation is the inactivation of 
NR in the dark (Bachmann et al. 1996b, Lillo et al. 2003, Lambeck et al. 2012). 
Physiologically, this rapid NR inhibition in the dark is relevant, since otherwise nitrite 
will accumulate to toxic levels due to lack of reduced ferredoxin to fuel nitrite reductase. 
Another example of light/ dark modulation is SPS. In the dark SPS is phosphorylated at 
Ser158, which brings the enzyme into a low state of activity (Toroser et al. 1999, Huber 
2007). SPS is a 14-3-3 binding protein and interaction of 14-3-3 with SPS reduces its 
activity (Toroser et al. 1998). This dark/light modulation of SPS is thought to be 
important for the correct synchronization of sucrose synthesis in relation to 
photosynthetic capacity. Activation of invertase activity in the roots increases their sink 
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capacity for sucrose. As soon as the sucrose production in the leaves starts at dawn 
(amongst others through dephosphorylation of SPS), root invertases can start the 
hydrolysis of sucrose and increase sink capacity. This model is supported by the finding 
that A/N-invertase activity increased after the transition of the plants from dark to light 
(Fig. 6 C, D). These experiments show that light-on has no effect on the basal 
A/N-invertase activity (i.e. activity independent from 14-3-3), but that the 14-3-3 
dependent activity increases 60 100%. Arabidopsis root growth shows a diurnal 
oscillation pattern, with a remarkable increase in growth during the first hours after dawn 
(Yazdanbakhsh et al. 2011). This raises the question whether the observed increase in 
CINV1 activity after dawn is important for the growth burst, or that for example vacuolar 
invertases, which play a role in root elongation (Sergeeva et al. 2006), are involved. The 
analysis of the diurnal growth pattern of the roots of our 14-3-3 mutants can provide an 
answer to this question. Another interesting question is which signaling mechanism 
connects the environmental cue received at the level of the shoot to a response in the root; 
in other words what is the shoot-derived signal that travels to the root? Phloem mobile 
metabolites or proteins have to be considered, but it is not clear how long it takes to built 
up the required phloem pressure differences. However, light does induce rapid (seconds) 
changes in the trans-root potential (=TRP, electrical potential difference between the root 
xylem and medium; De Boer et al. 1983) and in xylem pressure (minutes) (Shabala et al. 
2009). Changes in both the electrical and hydraulic signals can induce cytosolic Ca++ 
changes in cells surrounding the xylem and thus induce activation of members of the 
calcium-dependent protein kinase family (CPK3 and CPK21). A schematic representation 
of how dark-light transition may synchronize the activity of SPS, NR and CINV1 with the 
assistance of 14-3-3 proteins is given in Fig. 7.  
In summary, our results show that the main A/N-invertase in Arabidopsis, AtCINV1, is 
regulated (activated) by phosphorylation in combination with 14-3-3 binding to the 
phosphorylated Ser547 at the extreme C-terminus. This regulation mechanism will allow 
the coordination of the production of hexoses from sucrose with the metabolic demand of 
the cells and the root as a whole. Our data also provide insight into the ongoing debate 
about 14-3-3 redundancy and specificity: there is certainly specificity since only a 
specific combination of 14-3-3 mutants affected invertase activity and hexose levels, but 
the necessity of mutant stacking in the klpc mutant to detect a reduction in invertase 
activity shows redundancy between those genes/proteins. The physiological relevance of 
the invertase regulation is underlined by the light-induced activation and is another 
example of how dark/light signaling is mediated by 14-3-3 proteins.  
 
Material and Methods 
Plant growth conditions  
All plants used are on the Arabidopsis thaliana Columbia ecotype (Col-0) background. 
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The 14-3-3 quadruple KO mutants were created by crossing the double mutants (van 
Kleeff et al. 2014a). Plants were grown in half-strength Hoagland solution in a growth 
chamber at 14 h/10 h day/night regime, 22/18°C day/night temper
density of 170 ol m-2 sec-1. Fully developed young leaves and roots of 4 5-week-old 
plants were used for protein extraction and kinase assays.  
 
Anisotropy measurement  
The importance of phosphorylation of Ser547 was studied by means of competitive 
fluorescent anisotropy, as described (Coblitz et al. 2006). Each sample contained 100 nM 
FAM-SWTY peptide (INQNYTPV-COOH; kind gift from Dr. Li, Baltimore, USA), 2.5 

-14-3-3PHI, various concentrations of pCINV1 or dCINV1 pep-tide and PBS in a 
nal volume of 200 l. The phosphorylation of AtCINV1 peptide was performed by 

incubating 100  dCINV1 peptide for 2 h at 30°C with 0.2  CPK21, CPK3 or OST1 
 l, using phosphorylation 

reaction buffer [20 mM HEPES-KOH (pH 7.4), 20 mM MgCl2, 1 mM DTT, 25 mM 
b-glycerophosphate and 100  CaCl2]. The reaction mixture was incubated for 30 min 
at RT and the anisotropy was measured with a Cary Eclipse fluorescence 
spectrophotometer (Varian, www.varianinc.com). All anisotropy values are corrected for 
the background anisotropy of FAM-SWTY alone.  
 
Reverse phase HPLC  
Phospho-peptide pCINV1 (539KPVIKRSApSWPQL551) and its parent dephosphorylated 
form dCINV1 were synthesized by GL-Biochem (Shanghai, China). Peptides were 
separated with an HPLC Shimadzu Class-LC10A system and a C18-column (250 × 4.60 
mm, 5 m; Phenomenex, www.phenomenex.com) with a water/acetonitrile gradient from 
0 to 10% for 5 min, from 10 to 40% for 30 min. The flow rate was 1 ml min-1 and 
peptides were detected at 220 nm. 
 
Yeast two-hybrid assay  
Both full-length AtCINV1 and AtCINVS547A were cloned into pGADT7 vectors (Clontech, 
www.clontech.com). At14-3-3 in the pGBKT7 (Clontech) vector were provided by Prof. 
Oecking (Tübingen University, Germany). Transformed yeast cells (PJ694A strain) were 
plated on selective Synthetic Defined -Double Dropout (SDDDO) ( LW) medium and 
placed in a 30°C incubator for 3 -Q 

-DDO, SD-TDO ( LWH medium supplemented with 
5mM 3-AT) and SD-QDO ( LHWA). Plates were incubated for 1 3 days after which 
viability was checked. At least three independent colonies had to show viability to 
consider interaction.  
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Full-length AtCPK3, AtCPK21, AtCINV1 and AtCINV1S547A were cloned into the 
recombinant expression vector pGEX6, while full-length Arabidopsis 14-3-3PHI and 
UPSILON were cloned into the N-terminal His-vector pRSETC. Both the GST-and 
His-vectors were transformed into E. coli strain BL21 (DE3) cells. Recombinant 
GST-and His-
concentrations were determined by Bradford micro-assay (Bio-Rad, www.bio-rad.com) 
using Bovine Serum Albumin as a standard.  
 
In vitro pull-down assay  
Fifty microgram of His-14-3-3PHI was coated to 100  nickel magnetic beads (Millipore, 
www.emdmillipore.com) and extensively washed with binding buffer (300 mM NaCl, 50 
mM sodium phos -AtCINV1 (10 g) was 
incubated with the kinase source (1 g) in phosphorylation buffer described as above, in a 
total reaction volume of 100  at30°C for 1 h. When phosphorylation assays were 
performed with OST1, the buffer did not contain CaCl2. Following phosphorylation, the 
mixture was submitted to the pretreated 14-3-3 coated beads and incubated for 1 h at RT. 
Beads were extensively washed with binding buffer. Bound proteins were eluted with 100 

 of 100  Rm (14-3-3 non-interacting peptide, PHCVPRDLSWLKLKANMCLP), 
followed by an R18 (14-3-3 interacting peptide, PHCVPRDLSWLDLEANMCLP) 
elution. Beads were separated from supernatant by placing the tube into the magnetic 
stand. The eluted proteins were separated by 10% SDS-PAGE, transferred to a 
Polyvinylidene fluoride membrane (Bio-Rad), and analyzed with anti-AtCINV1 
polyclonal antibody and HRP-coupled secondary antibody (Lou et al. 2007).  
 
Pull-down in Arabidopsis root extract  
Arabidopsis roots were ground in liquid nitrogen and extracted with extraction buffer [50 
mM HEPES-NaOH (pH 7), 10 mM MgCl2, 1mM Na2EDTA, 2 mM DTT, 10% ethylene 
glycol, 0.02% Triton, 19 protease inhibitor cocktail and 19 phosSTOP (Roche, 
www.roche. com)]. Protein extracts were centrifuged twice at 20 000 g for 15 min. After 
coating of 50 g of His-14-3-3PHI to 100  nickel beads and extensive washing with 
binding buffer as above, 2 mg protein extract was added to the pretreated His-14-3-3PHI 
beads and incubated overnight at 4°C. Beads were extensively washed with binding 
buffer. For competition experiments, beads were incubated for 20 min with 100  of 100 

 R18 or Rm peptide in 50 mM HEPES-KOH (pH 8.0). Beads were separated from the 
supernatant by placing the tube into the magnetic stand and resuspended in 100  of 50 
mM HEPES-KOH (pH 8.0). Twenty microliter supernatant and beads were used to 
measure alkaline invertase activity or detect AtCINV1 by western blot. Each experiment 
was repeated at least twice.  
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Alkaline invertase activity measurement
Alkaline invertase activity was determined according to Pelleschi et al. (1997). Protein 
extract or recombinant AtCINV1 protein was desalted with 50 mM HEPES-KOH (pH 8.0) 
with Microcon Centrifugal Filters (3 kD; Millipore) before invertase activity 
measurement. In brief, activity was determined in reaction mixtures containing 50 mM 
HEPES-KOH (pH 8.0), 1 mM EDTA-KOH and 100 mM sucrose and an appropriate 

ll. In control assays, sucrose was absent. 
Samples were incubated at 30°C for 15 min and then immediately boiled for 10 min to 
stop the reaction. The boiled samples were incubated with glucose measurement buffer 
[50 mM HEPES-NaOH (pH 7.0), 2 mM MgCl2, 1mM EDTA, 1 mM ATP, 1 mM DTT, 
0.4 mM NADP, 2 U glucose-6phosphate dehydrogenase, 4.2 U hexokinase]. After 
incubation at 30°C for 15 min and centrifugation at 11 000 g for 1 min, the amount of 
NADH formed was measured at 340 nm. 
 
Metabolomics of 14-3-3 quadruple mutants and wild-type plants  
Plants were grown in ½ strength Hoagland solution (3 mM KNO3, 2 mM Ca(NO3)2, 1 
mM NH4(H2PO4), 0.5 mM MgSO4 - 3BO3
MnSO4 4 4 4)6Mo7O24) in a growth chamber at 
14/10h day/night regime, 22/18°C day/night temperature and a photon flux density of 170 

-2.s-1. Fully developed roots of 22 day-old plants were harvested for metabolite 
extraction. Metabolite profiling by GC-time of flight (TOF)-MS was performed as 
described previously (Lisec et al. 2006, Erban et al. 2007). Around 50 mg of frozen 
ground ma

subsequent trimethylsilylation. Samples were analyzed using GC-TOF-MS (ChromaTOF 
software, Pegasus driver 1.61; LECO). The chromatograms and mass spectra were 
evaluated using TagFinder software (Luedemann et al. 2008) and NIST05 software 
(http://www.nist.gov/srd/mslist.cfm). Metabolite identification was manually supervised 
using the mass spectral and retention index collection of the Golm Metabolome Database 
(Kopka et al. 2005, Hummel et al. 2010a, Hummel et al. 2010b). Peak heights of the 
mass fragments were normalized on the basis of the fresh weight of the sample and the 
added amount of an internal standard ([13C6]-sorbitol) (Watanabe et al. 2013).  
 
Mass-spectrometry of proteins in 14-3-3 pull-down 
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 
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(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-
mM (NH4)HCO3 buffer. Digestion was performed by incubation at 37 °C overnight. 

acetic acid for 20 min. The tryptic peptides were dried with speed-vac, re-dissolved in 40 
 0.1% acetic acid and subjected to LC-MS/MS analysis. 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 

defined in the handbook of ProteinPilot as a summation of protein scores from all the 
non-
2 have low confidence and were excluded from the analysis. Peptides with confidence 
of >99 would have a protein score of 2; >95 a protein score of 1.3, and >66 a protein 
score of 0.47, etc. The tryptic peptide shared by multiple proteins would not be included 
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Fig. S1. A. Alignment of the C-terminal end of the AtCINV1 and the AtABF3 protein. 
The phosphorylated residues (position 0) is marked in red. Marked in green are residues 
important for 14-3-3 interaction and recognition by the kinase. B. Alignment of five A/N 
invertases from Arabidopsis as indentified in the 14-3-3 pull-down (Table S1). Note that 
only At1G35580 (AtCINV1) has a canonical mode-II 14-3-3 interaction motif 
(KRSASWP). The other invertases lack the proline at +2, but may interact with 14-3-3 
with lower affinity.  
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Fig. S2. Biochemical properties of the recombinant AtCINV1 protein. A. Enzyme 
kinetics of purified recombinant AtCINV1 and the point mutant AtCINV1S547A shows that 
the mutation does not affect the kinetic properties; the Km is around 50 mM. Values are 
means  SD (n=3). B. Invertase activity of purified recombinant AtCINV1 protein (left 
y-axis) and endogenous A/N invertases (right y-axis) from root cell lysate over a pH 
range from 6.0 to 11.0 at a sucrose concentration of 100 mM. pH optimum is between 9 
and 10. Values are means  SD (n=3). C. Purified recombinant AtCINV1 protein is 
strongly inhibited by TRIS and to a lesser extent by the monovalent cations Na+ and K+. 
Assay was done at a sucrose concentration of 100 mM and pH 8.0. Data are means of two 
independent experiments, and error bars represent SE (n=6). 
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Table S1. Alkaline invertases bound to 14-3-3PHI 

a) ATG: the accession number of Arabidopsis genes. 
b) PI/MW: predicted isoelectric point /molecular mass of protein. 
c) Unused: lue is a summation of protein scores from all the 
non-redundant peptides matched to a single protein.. 
 
 
 
 
 
Table S2. Kinetic parameters of A/N invertase activity as measured in wild-type in 
mutant root extracts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ATG a) Protein Name Alignment of 
C-terminal end of the 
proteins 

PI/MW 
b) 

Unused c) 

At1g35580 Cytosolic invertase 
1,CINV1, A/N-InvG 

LMKPVIKRSASWPQL 6.8239 
/62833.8 

100.4 

At4g09510 Neutral invertase like 
protein, CINV2, A/N-InvI 

QMKPVIKRSASWTC 6.5113 
/64232.3 

17.62 

At1g22650 Putative neutral invertase, 
A/N-InvD 

QTKPVIKRSYSWT 6.1618 
/60867.1 

7.74 

AT1G72000 Neutral invertase, 
A/N-InvF 

HMKPPLRRSSSWT 6.7007 
/56791.0 

31.24 

At4G34860 Neutral invertase  
A/N-InvB 

QMKPVMRRSNSWTC 6.5111 
/65035.9 

- 

 Bmax 
mol/min/mg  

KD 
mM 

WTklpc 0.120 5.263 
klpc 0.094 6.676 

WTcinv1 0.122 5.818 
cinv1 0.073 9.922 
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