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1 Introduction 

Primary metabolism is one of the crucial activities in all living organisms that fuel their ba-

sic functions. Transduction of energy during metabolic processes takes place through a 

highly coordinated network of chemical reactions and can be divided into catabolism and 

anabolism, which release or store the required energy, respectively. 

Plants are unique in the context of the primary metabolism, since as photoautotrophic and 

sessile organisms they are capable to convert carbon dioxide, water and inorganic ions 

into organic biomass upon light energy. Beside triose phosphate pool, which is the first 

product of the CO2 assimilation in the Calvin cycle, reducing equivalents (NADPH) and the 

energy carrier, ATP, are generated during photosynthesis. Triose phosphates feed the 

hexose phosphate pool, resulting in the transitory starch, stored in the chloroplast stroma, 

and sucrose, the major photosynthetic product, which is by contrast synthesized in the 

cytosol. Sucrose is transported through phloem to heterotrophic sink tissues, where it un-

dergoes degradation by invertase to fructose and glucose, or by sucrose synthase to 

UDP-glucose and fructose, which in further steps become phosphorylated to glucose 6-

phosphate, glucose 1-phosphate, or fructose 6-phosphate. These products contribute to 

the hexose phosphate pool, which upon carbon-source or energy requirements enters 

other pathways, such cell wall and starch synthesis, or glycolytic breakdown (Fig. 1-1). 

 

Fig. 1-1 The hexose phosphate pool connects the biosynthetic processes, such as su-
crose and starch, as well as cell-wall biosynthesis and glycolysis (from Buchanan et al., 
2006). 

1.1 Glycolysis in higher plants 

Beside the mitochondrial tricarboxylic acid (TCA) cycle and electron transport, glycolysis 

is one of the three pathways of plant respiratory metabolism. The amphibolic glycolytic 

pathway consists of ten enzymes (Fig. 1-3) that lead the reversible oxidation of glucose to 

pyruvate with generation of ATP and reductant (NADH), and providing pyruvate for plant 

mitochondrial respiration (Fig. 1-2):  

glucose + 2 ADP + 2 Pi + 2 NAD+              2 pyruvates + 2 ATP + 2 NADH 
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In fact, conversion of glucose 6-phosphate to pyruvate has a low energy contribution to 

the pool of ATP upon aerobic conditions, since it results in 2 ATP molecules only. On the 

other hand, oxidation of the two pyruvates and utilization of two NADH molecules (gener-

ated by the cytosolic glyceraldehyde-3-phosphate dehydrogenase) during the mitochon-

drial respiration, yields in much higher energy supply (25 ATP molecules). An increased 

glycolytic flux is expected under anoxia to counteract the decreased ATP production in the 

absence of oxygen, when plants suffer from flood or roots waterlodgging. Glycolysis sup-

plies also other biosynthetic processes, such as synthesis of fatty acids, nucleic acids, 

isoprenoids, and amino acids, being therefore important in actively growing autotrophic 

tissues (for review see: Plaxton, 1996 and Givan, 1999). In general, glycolysis becomes a 

crucial player in many biochemical adaptations to environmental stresses such as nutrient 

limitation, osmotic stress, drought, and cold/freezing, as well as during seed germination 

(Plaxton, 1996). 

 

Fig. 1-2 Glycolysis, TCA cycle and subse-
quent transfer of electrons through the 
electron transport chain coupled with oxi-
dative phosphorylation of ADP to ATP. Pyr – 
pyruvate, ACoA – acetyl-CoA, Q - ubiquinone, 
Succ – succinate, and I-IV – complexes of the 
electron transport chain (from Fernie et al., 
2004). 

Plant glycolysis differs from the non-plant pathway mainly in its compartmentation, since it 

takes place in the cytosol, as well as in plastids, where it is linked to breakdown of starch 

and to the generation of carbon skeletons, reductants (NADPH) and ATP for other ana-

bolic pathways. By 1960, the presence of each of the ten glycolytic enzymes, presumed at 

that time to be located in the cytosol, had been confirmed in higher plants. The complete 

or nearly complete sequence of glycolytic enzymes in plastids, distinct and spatially sepa-

rated from the cytosolic glycolysis, was discovered in 1970s – presence of phosphofructo-

kinase activity for instance was demonstrated in chloroplasts (Kelly and Latzko, 1975). 

Apart from the duplication and compartmentation between cytosol and plastids, the plant 

glycolysis differs from the non-plant process in the fact that both plant glycolytic pathways 

can interact through highly selective transporters, present in the inner plastid envelope. 

Moreover, alternative entry and exit points of metabolites, alternative enzymes providing 

for bypasses or branches of the pathway (pyrophosphate-dependent phosphofructo-

kinase, nonreversible/nonphosphorylating NADP-dependent glyceraldehyde-3-phosphate 

dehydrogenase, and vacuolar phosphoenolpyruvate phosphatase; Fig. 1-3), and unique 

regulation are the distinctive aspects (Givan, 1999). 
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Fig. 1-3 Plant glycolytic pathway. Glycolytic intermediates are shown in red, enzymes – in 
black and in brackets, the interacting metabolic pathways – in green. From the Plant Metabolic 
Network (PMN), modified. 

 

Plants have developed flexible adaptation mechanisms in the context of carbohydrate 

metabolism to cope with the environmental alterations. A regulatory network operating 

upon non-covalent and covalent changes in the cell can adjust metabolic fluxes to the 

actual requirements. These alterations, such as posttranslational modifications of proteins, 

may trigger new effects in their behaviour, i.e. transient protein-protein interactions, forma-

tion of metabolon, protein association with subcellular structures, such as organelle mem-

branes or cytoskeletal lattice, or translocation to other subcellular compartments. 
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1.2 Molecular crowding, microcompartmentation and metabolite channel-

ling 

Until the middle of 1970s, an intact cell was considered as one homogeneous compart-

ment, which consists of soluble components, referred to as cytoplasm, and therein ran-

domly floating organelles (Al-Habori, 1995). Presence of organelles, surrounded by mem-

branes, results in the compartmentation of metabolism at different locations in eukaryotic 

cells. However, beside these physical barriers, the cytoplasm seems to be organized in a 

more complex way, at a level below that of the constituent organelles and the cytoskele-

ton (Wolosewick and Porter, 1979). Using the high voltage electron microscopy, it was 

demonstrated that the cytoplasm in the eukaryotic cell consists of a water-rich (protein- 

free) and a protein-rich phase, which is based on the microtrabecular lattice (MTL). The 

MTL was defined as fibres or filaments (trabeculae) interconnecting microfilaments (MF), 

microtubules (MT), intermediate filaments (IF), and various organelles (Al-Habori, 1995). 

The same phenomenon is true for the inner space of organelles, such as mitochondria. 

The structure of the matrix in the actively respiring mitochondria (state III) appeared in the 

electron microscope as a homogeneous, electron-dense compartment, whereas that of 

the resting mitochondria (state IV) resembled an electron-dense reticular network, physi-

cally continuous with the inner membrane (Hackenbrock, 1968;Srere, 1980). 

Although the cytoplasm is considered to be crowded with solutes, soluble macromole-

cules, such as enzymes, nucleic acids, structural proteins, and membranes, its viscosity is 

not different much from that of water. It was shown that the fluid-phase cytoplasm in fibro-

blasts was only 1.2-1.4 times more viscous than free water (Fushimi and Verkman, 1991). 

It was, therefore, speculated that many soluble enzymes are not distributed homogene-

ously within the cytoplasm, but might be integral parts of an insoluble structure, the so-

called cytomatrix (Ovadi and Saks, 2004). A similar situation was assumed to occur inside 

organelles. The concept of the mitochondrial matrix, being a compartment consisting of 

closely-packed molecules that do not become dispersed even upon increase of the matrix 

volume, was taken into consideration by Hackenbrock (1968). The close proximity of pro-

teins in the mitochondrial matrix could be relevant to the existence of multienzyme com-

plexes, so-called metabolons, and therefore, to the regulation of metabolic pathways. In 

this context, even weak protein-protein interactions in metabolons, not apparent in dilute 

solutions, may become important (Srere, 1980). 

Protein association, which is assumed to be favoured at high protein concentrations, could 

play a significant role in the close interactions between components of metabolic path-

ways (Al-Habori, 1995). The term “molecular crowding” describes a situation, where the 

crowded molecules occupy a certain, so-called excluded volume, which is unavailable to 

other proteins. Both, the molecular crowding and in consequence the excluding effect, 

evoke a more efficient, structural organization of proteins and possibly their microcom-

partmentation. Association between proteins should then depend only on the specificity of 

these interactions (Ellis, 2001a). Due to this specific binding between enzymes or struc-

tural proteins, metabolons or cytoskeletal lattice emerge in the cell, which might also ex-

clude small, fluid elements of the cytoplasm or some macromolecules from the volume 

(Ovadi and Saks, 2004;Ellis, 2001b). In the recent years, the technical advance enabled 

an improved visualisation of the cellular compartment with its “crowded” nature. Cryoelec-

tron tomography is an exemplary technique, combining the electron tomography with vitri-
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fication of cells by rapid freezing, thus ensuring close-to-life preservation of the cellular 

structures (Medalia et al., 2002). Reconstruction of the inner supramolecular organization 

in the Dictyostelium discoideum cell revealed an extensive network of actin filaments and 

cytoplasmic macromolecular complexes (Fig. 1-4), that indeed exclude only small portions 

of the soluble cytoplasmic components (represented by black colour in the cartoon). 

 

Fig. 1-4 Visualization of actin network, mem-
branes and cytoplasmic macromolecular com-
plexes in the cell of Dictyostelium discoideum. 
Imaging was performed by cryoelectron tomography. 
Actin filaments – red, membranes – blue, cytoplasmic 
complexes (mostly ribosomes) – green. From Medalia 
et al. (2002). 

Dynamic, non-random binding between sequentially related enzymes result from their 

ability to associate physically in form of metabolons – non-dissociable, static multi-enzyme 

complexes (Ovadi and Saks, 2004). These enzyme-enzyme interactions evoke a locally 

high substrate concentrations and, in consequence, an enhanced transfer or so-called 

“metabolic channelling” of intermediates from one active site of an enzyme to another 

(Ovadi and Srere, 1996). Moreover, it may regulate competition between branched path-

ways for common metabolites, coordinate the activities of pathways with shared enzymes 

or intermediates, and sequester reactive or toxic molecules (Winkel, 2004). Therefore, 

metabolic channelling could enable a faster response of metabolism to environmental and 

physiological changes. 

Determination of the concentration of metabolites in cells or tissues gives only an average 

value and not the actually sensed concentration by the active site of an enzyme, which in 

turn does not reflect the ability of metabolic pathways to form microcompartments (Ovadi 

and Saks, 2004). Local organization of metabolic pathways, defined as microcompartmen-

tation, could provide a control mechanism and decrease the free diffusion of intermediates 

(Ovadi and Saks, 2004). There are distinct barriers to the diffusion of solutes in cellular 

compartments – fluid-phase viscosity, binding and crowding. The fluid-phase cytoplasm is 

similarly viscous in comparison to water, thus this diffusive barrier has only slight influence 

on small solutes (Fushimi and Verkman, 1991). In contrast, molecular crowding restricts 

the mobility of large (500 kDa) macromolecules and molecular complexes, whereas bind-

ing of molecules to fixed and mobile cellular components constitutes a major diffusive bar-

rier, and can severely affect the mobility of molecules, such as enzymes and DNA (Verk-

man, 2002). Crowding not only favours association reactions and efficient metabolite 

channelling, but may also alter metabolism by changing the excluded volume, and there-

fore influencing the stress-induced unfolding of proteins, formation of oligomeric structures 

(fibrin, collagen or multienzyme complexes) or production of non-physiological protein 

aggregates (bacterial inclusion bodies or amyloid fibres) (Ellis, 2001b). 
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Among the best-characterized metabolons in plants are the tryptophan synthase, pyruvate 

dehydrogenase, and glycine decarboxylase systems, the TCA and Calvin cycles, the en-

zymes of glycolysis and fatty acid oxidation, the proteasome, and the machineries for 

macromolecule (i.e., fatty acid, nucleic acid, and protein) biosynthesis (Winkel, 2004). 

The formation of metabolons and their microcompartmentation can be considered not only 

as a result of specific interactions between enzymes, but also as their association with 

subcellular structures, such as cytoskeleton or organelle membranes. The animal glycoly-

sis, for instance, has been proposed to exist not as an exclusively soluble system of en-

zymes, but as a functional metabolon consisting of shorter segments, which interact with 

cellular structures, such as cytoskeleton (Fig. 1-5) and are in equilibrium with the equiva-

lent enzymes in solution (Masters, 1991;Masters et al., 1987). This flexible compartmenta-

tion of the glycolytic pathway is thought to meet different types of metabolic requirements 

in the cytoplasm of the different cell types, upon developmental alterations or ageing 

processes (Masters et al., 1987; Verkman, 2002). 

 

Fig. 1-5 Modification of the „classical“ idea of soluble glycolytic enzyme system. Aldolase 
(ALD), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), triosephosphate isomerase (TPI), 
and phosphoglycerate kinase (PGK) might form a cytoskeleton-associated metabolon in mam-
malian muscle cells (from Masters et al. 1987). 

1.3 Multi-faceted features of the glycolytic enzymes in higher plants 

Duplication of the glycolytic pathway and its flexible nature possibly result from the need 

to adjust to the varying and often stressful environmental or nutritional conditions (Givan, 

1999). Since these aspects are crucial for plant development and growth, there has to be 

a multi-faceted regulation of glycolysis in plants, which, according to Plaxton (1996), re-

sults in “coarse” and/or “fine” control of the metabolic flux. The first is achieved through 

varying the total population of enzyme molecules via alterations of enzyme biosynthesis, 

or proteolysis during tissue differentiation or long-term environmental (adaptive) changes. 

This phenomenon remains not well understood, but the transcriptional regulation of glyco-

lysis for instance could be shown indirectly through the alterations of expression of 

hexokinase (Roessner-Tunali et al., 2003), phosphoglucomutase (Fernie et al., 2002), or 

phosphoglycerate mutase (Westram et al., 2002). The fine control mechanism, as an al-
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ternative regulatory solution, seems to function through modulation of the activity of pre-

existing glycolytic enzymes by variation in pH, cofactor concentration, metabolite effec-

tors, subunit association-disassociation cycle, reversible covalent modification, and re-

versible associations of metabolically sequential enzymes (for review see: Plaxton, 1996). 

Especially, the posttranslational modifications of plant glycolytic enzymes may be of key 

importance upon oxidative/nitrosative stress (Holtgrefe et al., 2008), but it remains to be 

elucidated. 

Another regulatory aspect influencing the glycolytic pathway seems to be its spatial or-

ganization in the plant cell (for review see: Fernie et al., 2004). Recently, seven of the ten 

glycolytic enzymes were found at low abundance in the mitochondrial protein fraction 

(Giegé et al., 2003). Association with mitochondria was shown also for the initial glycolytic 

enzyme, hexokinase from spinach (SoHXK1), as well as for the Arabidopsis AtHXK1 

(Damari-Weissler et al., 2007) and tobacco hexokinase (Kim et al., 2006). Kim et al. 

(2006) suggested that hexokinase may function as a link between glucose metabolism 

and apoptosis, because the Arabidopsis thaliana plants, overexpressing HXK1 and HXK2 

that were predominantly associated with mitochondria, exhibited an enhanced resistance 

to H2O2- and -picolinic acid–induced PCD (programmed cell death). 

A long list of glycolytic enzymes associated with the cytoskeleton in animal cells, accumu-

lated over the past decades. To mention only a few, rabbit aldolase (ALD) was found to 

bind with F-actin-tropomyosin-troponin complex (Walsh et al., 1980; Masters et al., 1981). 

Furthermore, co-precipitation with microtubules demonstrated for rabbit muscle lactate 

dehydrogenase, pyruvate kinase, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 

and ALD was proposed to play a structural role in the formation of the microtrabecular 

lattice (Walsh et al., 1989). Along with a rapid development of visualization techniques, 

more evidences from animal systems appeared in the recent years. Bundling of micro-

tubules upon addition of GAPDH was shown with the electron microscopy (Somers et al., 

1990). Using fluorescence microscopy, immunolabelled ALD was observed to colocalize 

with actin filaments in cultured Xenopus laevis cells (Schindler et al., 2001). Interestingly, 

GFP-fused GAPDH was demonstrated to colocalize with actin stress fibres in fibroblast 

cell line upon serum depletion (Schmitz and Bereiter-Hahn, 2002). 

The cytoskeleton-association phenomenon has only recently been reported for plants. 

Immunoprecipitated sucrose synthase (SuSy), the key carbohydrate-metabolism enzyme, 

was found to associate with G- and F-actin purified from the elongation zone of maize 

leaves (Winter et al. 1998). Together with ALD and GAPDH, SuSy-1 (an isoform of su-

crose synthase) was immunodetected in a cytoskeletal protein fraction extracted from 

developing maize endosperm (Azama et al., 2003). Using the yeast two-hybrid system, 

Holtgräwe et al. (2005) found enolase (ENO), GAPDH and ALD as interaction partners of 

maize actin. Moreover, the authors isolated cytoskeletal components, such as actin-

depolymerizing factor, myosin XI and α1-tubulin as binding partners with different SuSy 

isoforms from maize. 

Surprisingly, two-dimensional gel electrophoresis of fractionated protein extracts from 

Arabidopsis leaves revealed that ALD, as well as GAPDH, triose phosphoisomerase 

(TPI), phosphoglycerate mutase, and ENO were bound with the plasma membrane (San-

toni et al., 1998). Analysis of the plasma membrane (PM) proteome from Arabidopsis cell 

suspension revealed the presence of several metabolic proteins in a solubilised PM frac-
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tion containing 102 proteins, with At1g13440-encoded GAPDH among them (Marmagne 

et al., 2004). 

Finally, a nuclear localization was reported for the two forms of pea leaf glyceraldehyde-3-

phosphate dehydrogenase, namely the B subunit of the chloroplast enzyme and the NAD-

dependent cytosolic enzyme, but not the A subunit (Anderson et al., 2004b). Moreover, 

other enzymes of the cytosolic glycolysis and Calvin cycle were immunolocalized in the 

nucleus as well – 3-phosphoglycerate kinase (Anderson et al., 2004a), fructose-1,6-

bisphosphate aldolase (Anderson et al., 2006), as well as fructose 1,6-bisphosphatase 

(Anderson and Gibbons, 2007). The authors suggested that the chloroplast and cytosolic 

aldolase isozymes for instance, might function in the nucleus as a sensor that links sugar 

metabolism in the cytoplasm to gene expression. In that context, nuclear localization of 

hexokinase seems to be crucial as well. Despite its mitochondrial localization, described 

above, Arabidopsis HXK1 was expressed and detected in the nucleus of maize mesophyll 

protoplasts (Yanagisawa et al., 2003). Recently, the same authors demonstrated nuclear 

localization of the endogenous HXK1 in intact Arabidopsis plants as well, albeit in minor 

amounts. They assumed that together with some unconventional partners, the vacuolar 

H+-ATPase B1 (VHA-B1) and the 19S regulatory particle of proteasome subunit (RPT5B), 

the nuclear HXK1 forms a glucose-sensor complex that directly modulates specific target 

gene transcription independently of glucose metabolism (Cho et al., 2006). 

Taken together, variability of subcellular microcompartmentation of enzymes belonging to 

the plant carbohydrate metabolism is overwhelming and, surprisingly, correlating with the 

reports from animal system. Considering the glycolytic enzymes, it became a challenge to 

reveal their spatial organization, since it seems to play a regulatory role (Fernie et al., 

2004). Only little is known about factors influencing the dynamic microcompartmentation 

of glycolytic enzymes in planta. The association of glycolytic enzymes with the actin cy-

toskeleton for instance, might regulate the metabolism through changes in enzymatic ac-

tivity and facilitate localized enrichment of enzymes for special requirements of the cell 

(Knull and Walsh, 1992), or it might be an important interface between carbohydrate me-

tabolism and plant growth. 

With respect to the enzymes of carbohydrate metabolism that seem to possess variable 

features at different subcellular sites, the term “moonlighting” reflects the phenomenon of 

independent, non-catalytic functions that a well-known catalytic protein may possess addi-

tionally, due to separate functional domains (Moore, 2004). These multiple functions could 

be attained as a consequence of changes in the cellular localization of a protein, its ex-

pression by different cell types, its oligomeric state, or the cellular concentration of a 

ligand, substrate, cofactor or product (Fig. 1-6). The multi-faceted roles do not occur be-

cause of gene fusions, alternative splice variants, multiple proteolytic fragments or post-

translational modifications (Kim and Dang, 2005a;Jeffery, 1999;Jeffery, 2003;Kim and 

Dang, 2005b) Among seven plant proteins that were described as “moonlighting” by 

Moore (2004), HXK is the only glycolytic enzyme that is considered, because beside its 

classical hexose-phosphorylation function, it possesses new roles in glucose sensing, and 

thus inhibiting or promoting plant growth upon certain conditions. Other plant glycolytic 

enzymes, such as ALD or GAPDH, might also “moonlight”, but in planta this phenomenon 

remains to be uncovered. By contrast, novel unexpected features and variable subcellular 

locations of the mammalian GAPDH have already been revealed (Mazzola and Sirover, 
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2003;Sirover, 1999;Meyer-Siegler et al., 1991;Hara et al., 2005;Hara and Snyder, 

2006;Hara et al., 2006;Chuang et al., 2005), which will be discussed in Chap. 4. 

 
Fig. 1-6 Mechanisms resulting in the “moonlighting” phenomenon of proteins. Proteins 
can switch their functions (1 and 2) upon varying conditions, thus demonstrating the 
“moonlighting” features. A. Multifunctional protein can locate in different compartments within 
a cell (e.g. when bound to the cell membrane as opposed to DNA). B. Proteins can have en-
zymatic activity in the cell cytoplasm but serve as growth factors when they are secreted. C. 
Proteins can exhibit variable functions according to their expression pattern (e.g. an endothe-
lial cell as opposed to a neuron). D. Binding of substrate, product or a cofactor can alter activ-
ity of the protein. E. A multimer can have an activity that differs from that of the monomer. F. 
Interaction with different polypeptides, to form different multisubunit complexes, can result in 
the change of function. G. Some proteins can have different binding sites for different sub-
strates. From Jeffery, 1999. 
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1.4 Structure and catalytic mechanism of the cytosolic NAD-dependent 

glyceraldehyde-3-phosphate dehydrogenase in higher plants 

Higher plants contain three separate phosphorylating glyceraldehyde-3-phosphate dehy-

drogenases – two isoforms are present in chloroplasts, one in the cytosol. The chloroplast 

NADP-dependent isozyme (EC 1.2.1.13), also active with NAD(H), is involved in photo-

synthetic CO2 assimilation in the Calvin cycle during the day and in glycolysis at night 

(Cerff, 1979). The second plastidic form, GapCp, is closely related to the cytosolic GapC 

and displays also glycolytic NAD+ cofactor specificity. Moreover, it occurs probably in 

nongreen plastids such as chromoplasts and leucoplasts (Petersen et al., 2003). The cy-

tosolic NAD-dependent enzyme, GapC (EC 1.2.1.12), is involved in glycolysis and glu-

coneogenesis leading to sucrose formation (Cerff, 1979). 

The NADP-dependent chloroplast GAPDH is composed of two subunits that form a 

tetramer – isoenzyme 1 consists of two separate subunits GapA and GapB (A2B2), pos-

sessing molecular weights of 39 kDa and 41 kDa, respectively, whereas isoenzyme 2 con-

tains four identical subunits (A4; Cerff, 1979). The cytosolic GAPDH forms a homotetramer 

of subunits C, which are 39 kDa in size (Cerff, 1982). Interestingly, cytosolic GAPDH from 

rice might be an exception among higher plants, because it was found to be composed of 

two subunits of different molecular weights, 37 kDa and 39 kDa, the protein level of which 

changed upon anaerobiosis (Ricard et al., 1989). 

The cytosolic GAPDH plays an important role in glycolysis and gluconeogenesis by re-

versibly catalyzing the oxidation and phosphorylation of glyceraldehyde 3-phosphate 

(G3P, GAP) to 1,3-bisphosphoglycerate, a high-energy phosphate product, with reduction 

of NAD+ to NADH. This is the only glycolytic reaction providing the cell with a reducing 

equivalent: 

glyceraldehyde 3-P + NAD+ + Pi    1,3-bisphosphoglycerate + NADH + H+ 

The substrate-level phosphorylation of the glyceraldehyde 3-phosphate, carried out by 

GAPDH (Fig. 1-7), takes place via a thioester bond between the cysteine residue of the 

enzyme and phosphoglyceric acid (derived from glyceraldehyde 3-phosphate). In the fol-

lowing, this bond, which has a high, negative free energy of hydrolysis, is broken by inor-

ganic phosphate (Pi) via phosphorolysis, where the phosphate forms a mixed acid anhy-

dride with 1,3-bisphosphoglyceric acid. The latter bond between product and enzyme has 

also a high negative energy that pulls the 1,3-bisphosphoglycerate towards the 

phosphoglycerate kinase reaction and causes the release of the reaction product. 

The Arabidopsis genome encodes two cytosolic GAPDH isoforms, namely At1g13440 and 

At3g04120. In order to overexpress both isoforms in a heterologous system, cDNA ob-

tained from RNA of A. thaliana (ecotype Columbia) leaves, flowers, siliques and stems, 

was cloned and sequenced, but the isolated sequences were not completely identical with 

the two isoforms mentioned above (Holtgrefe et al., 2008). The amino acid sequences of 

the isolated GapC1 and the isoform encoded by At1g13440 differ in two residues, while 

the second form, GapC2, deviates from the At3g04120-encoded GAPDH in three amino 

acids, which resulted in 99% identity of the sequence in both cases (Fig. 7-3 and Fig. 7-4). 

Amino acid sequences of GapC1 and GapC2 are identical at 97%, because they differ in 

8 residues (Fig. 7-5). It is therefore likely that GapC1 and GapC2, investigated in this 

study, represent ecotype-specific isoforms (Holtgrefe et al., 2008). 
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Fig. 1-7 Kinetic mechanism of GAPDH proposed by Segal and Boyer (1953). 1. Binding of 
glyceraldehyde 3-phosphate (G3P) with holoenzyme; 2. formation of a thiohemiacetal; 3. hy-
dride ion transfer; 4. release of NADH; 5. binding of NAD

+
 with acylenzyme; 6. phosphorolysis; 

7. release of 1,3-bisphosphoglycerate (1,3dPG). R = CH(OH)CH2OPO3
2–

. From Nagradova 
(2001). 

1.5 Application of Fluorescence Proteins to visualize the plant cell 

The bioluminescence of the crystal jellyfish Aequorea victoria from the Pacific Ocean was 

first revealed by Osamu Shimomura (1962), who initially isolated a protein from the 

squeezed light-emitting organ of the jellyfish, and called it “aequorin”. Shimomura found 

that the purified protein does not give the expected green emission, which was observed 

on the whole organism, but it fluoresced in the blue part of the visible spectrum of light. 

Afterwards, isolation of another protein displaying a strong, green fluorescence, which 

was the primal Green Fluorescent Protein, was successful (Shimomura et al., 1962). The 

peculiar findings were elucidated later by Shimomura, who suggested that due to a close 

distance between aequorin and GFP in the jellyfish cells, the blue calcium-dependent lu-

minescence of aequorin excites the GFP protein, which then emits the strong green sig-

nal, causing the characteristic bioluminescence of the crystal jellyfish (Morise et al., 1974). 

This phenomenon of a direct, radiation-less transfer of energy from a donor to an acceptor 

molecule is called Fluorescence Resonance Energy Transfer (FRET; Fig. 1-10, A). 

Initially, GFP was crystallized in 1974 (Morise et al., 1974), but its structure was resolved 

much later as an 11-stranded -barrel threaded by an -helix running up the axis of the 

cylinder, which was called the -can (Ormö et al., 1996;Yang et al., 1996). The chromo-

phore was shown to be attached to the -helix and to be buried in the centre of the cylin-

der (Fig. 1-8). 

Although the occurrence of a chemical moiety underlying the bioluminescence of the jelly-

fish was already proposed in the early stages (Shimomura, 1979), and the sequencing of 

the gene encoding GFP enabled to identify the chromophore centre (Prasher et al., 1992), 

the reaction remained primarily unravelled and was thought to require a specific enzyme 

system. The strong fluorescence was shown later to originate from a p-hydroxy-

benzylidene-imidazolidinone chromophore, which is generated by cyclization and oxida-

tion of the protein's own Ser-Tyr-Gly sequence at positions 65-67 (Heim et al., 1994). 
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First, GFP folds into a nearly native conformation, and then the imidazolinone is formed by 

nucleophilic attack of the amide of Gly67 on the carbonyl of Ser65, followed by dehydra-

tion (Fig. 1-9). Finally, molecular oxygen dehydrogenates the - bond of residue Tyr66 to 

put its aromatic group into conjugation with the imidazolinone. Therefore, only upon pres-

ence of oxygen the chromophore acquires visible absorbance and fluorescence. Other 

conditions, such as temperature, protein concentration, and pH do influence the GFP fluo-

rescence spectrum as well (for review see: Tsien, 1998). 

 

Fig. 1-8 The -barrel structure of the Green Fluorescent Protein. A. Schematic drawing of 
the GFP backbone (the chromophore is shown as a ball-and-stick model); B. schematic over-
all fold of GFP. Approximate residue numbers mark beginning and end of the various secon-
dary structure elements. From Ormö et al. (1996). 

 

Since the luminescent protein was first purified and crystallized, before the gene encoding 

GFP was cloned (Prasher et al., 1992), the potential of its application in molecular biology 

was revealed first in the 90’s. The initial idea of Prasher was to fuse the haemoglobin 

gene with GFP, in order to trace the molecule. Additionally, he thought of expressing the 

GFP gene under a specific promoter, in order to investigate the promoter activity. Finally, 

the first expression in heterologous system was successfully carried out in prokaryotic 

(Escherichia coli) and eukaryotic (Caenorhabditis elegans) cells in cooperation with 

Prasher (Chalfie et al., 1994). Chalfie showed for the very first time, that without any ex-

ogenous substrates and cofactors, GFP expression can be used to monitor gene expres-

sion, protein localization and its fate in living organisms. Moreover, GFP can be applied as 

an indicator, since its fluorescence can also be modulated posttranslationally by chemical 

environment or protein-protein interactions (Tsien, 1998). 

Nowadays, GFP and its variants are applied in manifold approaches to tag the proteins of 

interest, to enlighten subcellular structures, to investigate protein-protein interactions by 

FRET or BiFC (Fig. 1-10), and to observe physiological changes in cells in vivo (Tsien, 

1998). Using this non-invasive visualization method, cellular oxidation-reduction potential 

(Hanson et al., 2004;Jiang et al., 2006), as well as pH alterations (Moseyko and Feldman, 

2001) may be followed, by virtue of the redox- or pH-sensitive GFP, respectively, or intra-
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cellular Ca2+ signalling may be observed in living cells (Miyawaki et al., 1997). Novel GFP 

homologs were discovered in other marine organisms as well, such as DsRed from Dis-

cosoma sp. (Matz et al., 1999), but due to its imperfect features, new variants were devel-

oped, such as monomeric red fluorescent protein (mRFP1) that does not form tetramers 

any more (Campbell et al., 2002). Moreover, new generations of the mRFP1 that mature 

more completely, are more tolerant against the N-terminal fusion, and more photostable, 

are already included in the broad spectrum of visualization techniques (Shaner et al., 

2004). The revolutionary discovery and development of the GFP was acknowledged by 

the Royal Swedish Academy of Sciences by giving the Chemistry Nobel Prize 2008 to 

Osamu Shimomura, Martin Chalfie, and Roger Y. Tsien. 

 

Fig. 1-9 Mechanism for the intramolecular biosynthesis of the GFP chromophore, pro-
posed by Cubitt et al. (1995). From Tsien (1998). 

 

Attempts at stable expression of the wild-type GFP in transgenic plants were unsuccessful 

until codon usage was optimized for plant cells, and the site of aberrant splicing of the 

GFP mRNA was removed, resulting in a novel mGFP4 (Haseloff et al., 1997). However, 

the imperfect mGFP4 was improved by site-directed mutagenesis (smGFP), in order to 

convey a greater solubility and brighter fluorescence of the protein in plant cells (Davis 

and Vierstra, 1998). Moreover, further modifications of this “soluble-modified” form of GFP 

and its red- and blue-shifted variants, by introducing an intron in the GFP gene, prevented 

its expression in Agrobacterium tumefaciens cells in early stages of the bacteria-mediated 

plant transformation (Mankin and Thompson, 2001). 
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The fluorescent proteins (FPs) can be successfully applied in staining subcellular struc-

tures in planta. In order to visualize the actin cytoskeleton for instance, fluorescent phal-

loidin or immunostaining can be used, but actin microfilaments (MFs) are sensitive to fixa-

tion and cell permeabilization procedures, which accompany these methods, and some 

artifactual rearrangements of MFs might occur (Higaki et al., 2006). Therefore, actin-

binding peptides fused with FPs appeared to be perfect tools for staining the plant actin 

cytoskeleton in vivo. First reports about labelling the actin cytoskeleton in living plant cells, 

showed that even an actin-binding domain of a mouse Talin (mTalin), fused with to the C-

terminus of GFP, can be successfully used in transgenic A. thaliana plants (Kost et al., 

1998). Interestingly, some authors considered this fusion protein as not reliable, since it 

might cause artifactual aggregation of the actin cytoskeleton and did not label all identifi-

able actin arrays (Sheahan et al., 2004a; Sheahan et al., 2004b). Instead, a GFP-fusion of 

the second actin-binding domain of the Arabidopsis fimbrin (AtFim1) was applied, reveal-

ing a highly dynamic and dense network, the structural details of which were not accessi-

ble before (Sheahan et al., 2004b). This actin-binding molecule belongs to the fim-

brin/plastin class of proteins, and has a calcium-independent, actin-filament crosslinking 

role (Kovar et al., 2000). Recently, so-called “Lifeact”, which consists of the first 17 amino 

acids of the Actin-binding protein 140 (Abp140) from S. cerevisiae, was demonstrated to 

effectively label the actin cytoskeleton in mammalian cells as a GFP fusion, without inter-

fering with cellular processes (Riedl et al., 2008). Lifeact fused with Venus Fluorescent 

Protein was also successfully applied in lower and higher plants, as an alternative to the 

fluorescent probes causing unexpected side effects on actin organization or myosin-

dependent motility of organelles (Era et al., 2009). Application of GFP-mTalin in root hairs 

of Arabidopsis plants caused severe defects in actin organization for instance, resulting in 

the termination of growth, cell death, and/or changes in cell shape (Ketelaar et al., 2004). 

In contrast, Lifeact-mEGFP was demonstrated to robustly label actin microfilaments, par-

ticularly in the apex, in moss protonemata and pollen tubes from Lilium formosanum and 

Nicotiana tabacum, providing a perfect tool for actin cytoskeleton visualization in tip-

growing cells (Vidali et al., 2009). Such valuable, fluorescent chimaeras can be employed 

in observation of actin dynamics during cell cycle (Sano et al., 2005), or in simultaneous 

bioimaging of the cytoskeleton interacting with certain subcellular structures, such as 

vacuolar membranes (Higaki et al., 2006) or variable organelles, the motility of which de-

pends on the cytoskeleton (Sheahan et al., 2004a). Tagging the FPs, by fusing them with 

proteins or peptides that carry specific targeting/localization signals, enables visualization 

of certain subcellular compartments. For example, staining the plant secretory pathway, 

comprised mainly by the Golgi apparatus, ER, vacuole, or plasma membrane, helped to 

uncover dynamic endomembrane events in vivo (Brandizzi et al., 2004). Such organelle 

markers are available as multicoloured set for a transient or stable transformation of 

plants, thus enabling visualization of organelle dynamics in living cells (Nelson et al., 

2007). Labelling of ER, the Golgi apparatus, the tonoplast, peroxisomes, mitochondria, 

plastids and the plasma membrane allowed also a quick determination of the subcellular 

localization of previously uncharacterized proteins (Nelson et al., 2007). 

Some experimental aspects have to be considered, when the subcellular localization of a 

protein of interest or its protein-protein interactions are investigated. The fluorescent pro-

tein must fold correctly to fluoresce, the host protein also needs to fold correctly to be 

functional, and the integrity of the chimeric protein must be maintained (Miyawaki et al., 

2003). Where to attach the FP to a protein of interest (to the amino or carboxyl terminus, 
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or whether even incorporate it into an internal locus), and which promoter should be used 

to drive expression, are also the fundamental questions to consider. Expression driven by 

the native promoters seems to be the best solution, but the levels of FP-fusion protein 

may be diminished, therefore the constitutive promoter, such as the most commonly used 

Cauliflower Mosaic Virus 35S promoter, remains a good alternative (Goodin et al., 2007). 

A single gene complementation in the knock-out plants by expression of a FP-fusion pro-

tein of interest is a good practice for assessment, if a fusion protein retains its biological 

function upon appropriate promoter (Dixit et al., 2006; Goodin et al., 2007). However, this 

is not always possible; therefore a heterologous model organism, such as yeast can be 

used to test function for the genes that are predicted to have a conserved evolutionary 

function (Dixit et al., 2006). 

Among novel solutions enabling visualization of protein-protein interactions in vivo, FRET 

(fluorescence or Förster resonance energy transfer) and the Bimolecular Fluorescence 

Complementation (BiFC or so-called split FP) are the most common (Fig. 1-10, A and B, 

respectively). FRET is widely used to monitor subcellular protein dynamics at the 10–

100 Å distance (Dixit et al., 2006), and is based on a long-range dipole-dipole resonance 

interaction, in which non-radiative energy is transferred from a chromophore in an excited 

state serving as a "donor" to another molecule (fluorescent or not) serving as the "accep-

tor". This energy transfer leads to a reduction in the donor's fluorescence-intensity and a 

decreased lifetime in the excited state. If the acceptor molecule is likewise a fluorophore, 

then FRET additionally gets manifested in the form of an increase in the acceptor's emis-

sion intensity (Bhat et al., 2006). The interacting proteins, fused with donor and acceptor 

molecules may be observed upon appropriate excitation in their native cellular environ-

ment. 

When two proteins of interest are fused to the C- or N-terminal half of a Fluorescent Pro-

tein, their interaction can lead to a reconstitution of the entire FP from non-functional parts 

of the fluorophore (Bhat et al., 2006; Fig. 1-10, B). It has been estimated that this fluores-

cence complementation can occur only, when fragments are fused to positions that are 

separated by a distance of approximately 10 nm (100 Å), provided that there is enough 

flexibility to allow reconstitution of the split FP fragments (Hu et al., 2002). BiFC will 

strongly favour the detection of direct protein-protein interactions as opposed to those that 

occur through complexes. The N- or C-terminal halves of the FP derivative, used in the 

BiFC, can be fused to the N- or C-terminal part of the POIs (proteins of interest), thus re-

sulting in four different combinations that can theoretically be tested. Not all possible com-

binations of fusion proteins may provide identical results, suggesting that each POI should 

be fused with all possible sensor peptide combinations, to ensure fidelity of the experi-

mental outcome (Bhat et al., 2006). 

Application of Fluorescent Proteins in this study was thought to enable visualization of the 

subcellular microcompartmentation of the Arabidopsis GapC. Moreover, demonstration of 

protein-protein interactions between the plant glycolytic enzymes and cellular structures, 

such as organelles or actin cytoskeleton, was a great challenge, since there are not many 

details available in vivo in this context. 
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Fig. 1-10 Detection of protein-protein interactions via FRET (A) and BiFC (B). A. Cyan 
fluorescent protein (CFP, depicted in blue), fused to protein A, acts as a donor of energy, and 
yellow fluorescent protein (YFP, depicted in yellow), fused to protein B, plays a role of an ac-
ceptor of the emitted fluorescence. Interaction between A and B causes a decrease in the in-
tensity of donor (CFP) fluorescence, concomitant with an increase in acceptor (YFP) fluores-
cence, reflecting the Fluorescence Energy Transfer (FRET). B. Principle of the BiFC assay, 
exemplified by a split-YFP fluorophore. Proteins A and B are fused to N- and C-terminal frag-
ments of YFP, respectively. In the absence of interactions between A and B, the fluorophore 
halves remain non-functional, but if interaction between A and B occurs, a functional fluoro-
phore is reconstituted, which emits fluorescent signal upon excitation with an appropriate wave-
length. From Bhat et al. (2006). 

1.6 Goals 

Classically considered as a soluble system of enzymes, glycolysis had to be revalued in 

the context of its subcellular microcompartmentation, because observations made mainly 

in animal cells, and only in the recent years in plants, gave hints for variable subcellular 

localizations of certain enzymes from the glycolytic pathway. Mammalian glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) is one of the most reported to carry, despite its 

glycolytic role, also additional functions in its different microcompartments. 

The cytosolic GAPDH plays an important role in glycolysis by reversibly catalyzing the 

oxidation and simultaneous phosphorylation of glyceraldehyde 3-phosphate (G3P, GAP) 

to 1,3-bisphosphoglycerate, with reduction of NAD+ to NADH, thus providing the cell with 

a high-energy phosphate product and a reducing equivalent. Despite its glycolytic function 
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connected to the cytosolic compartmentation, GAPDH was reported to possess non-

glycolytic activities in DNA repair, RNA transport, or transcription regulation in the nucleus 

of mammalian cells. Moreover, animal GAPDH association with microtubules or actin fila-

ments was ascribed to energy provision and rearrangements of cytoskeleton upon certain 

cellular requirements. Fusogenic activity in the early secretory pathway was suggested for 

mammalian GAPDH that might enable trafficking of vesicles between ER and Golgi. 

With respect to the multi-faceted features of the animal GAPDH, there are not many de-

tails revealed for this ubiquitous protein in plants. Recently, significant findings on mito-

chondrial association of several glycolytic enzymes from Arabidopsis and potato were 

reported, showing that a metabolon allowing for metabolic channelling can be formed. It 

was therefore of great interest to investigate the subcellular localization of two cytosolic 

isoforms of GAPDH from A. thaliana, GapC1 and GapC2, which are identical to 99% with 

the At1g13440- and At3g04120-encoded forms. Identification of novel localization sites for 

GapC was planned with a transient transformation approach, using plasmids that enable 

expression of proteins of interest in form of a fusion with Fluorescent Proteins. GFP- and 

CFP-fusion GapC was observed in protoplasts from mesophyll of A. thaliana plants by 

means of Epi-fluorescence or confocal Laser Scanning Microscopy. Moreover, colocaliza-

tion with different subcellular structures was tested concomitantly, by application of fluo-

rescent dyes that stain mitochondria, or chimeric proteins labelling components of the 

secretory pathway, peroxisomes, the nucleus, and actin cytoskeleton in vivo. Especially, 

the visualization of cytoskeletal association of GapC with actin was of great interest, since 

it has never been shown in the plant cell before. Bioinformatical prediction analysis of 

subcellular microcompartmentation of the Arabidopsis GapC should accompany the ex-

periments, in order to obtain an overview of high-throughput data or predictions referring 

to the already known or suggested locations of GapC in the plant cell. 

Identification of novel protein-protein interaction partners might give indications for other 

non-glycolytic functions of Arabidopsis GapC and elucidate its subcellular localization, 

observed with microscopic techniques. For this aim the results, suggested by the yeast 

two-hybrid screen of cDNA library from Arabidopsis suspension culture, were followed 

with additional tests to verify the binding partners. Thus, the Bimolecular Fluorescence 

Complementation assay (BiFC) was planned to be established in Arabidopsis protoplasts, 

in order to investigate the putative binding partners of GapC isoforms. Both approaches, 

the yeast two-hybrid assay, in a “one-on-one” version, and the BiFC were also planned to 

test for interactions between GapC and Arabidopsis actin isoforms (ACT2/7, ACT8). In-

vestigation of the cytoskeletal association of GapC isoforms in vitro was of key interest as 

well, including so-called cosedimentation experiments with the pre-polymerized rabbit 

actin and the recombinant GapC from A. thaliana. A set of differential centrifugation steps 

enable a closer look on binding between F-actin and the enzyme. Furthermore, purifica-

tion of recombinant plant actin from E. coli cells was established, in order to exchange 

rabbit actin in the cosedimentation experiments against the His-tagged ACT2/7 from 

A. thaliana and to enable to investigate the binding properties of the homologous interac-

tion partners. 
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2 Materials and methods 

2.1 Materials 

All chemical reagents, biological material, such as plants, bacteria and yeast, commer-

cially acquired kit systems and laboratory equipment, used in the experimental part of this 

PhD thesis, are described below. 

2.1.1 Chemicals 

If not otherwise indicated (Tab. 2-1), all reagents were purchased from AppliChem (Darm-

stadt, Germany), BD Biosciences Clontech (Heidelberg, Germany), Bio-Rad Laboratories 

(München, Germany), Calbiochem-Novabiochem GmbH (Schwalbach, Germany), Diago-

nal (Münster, Germany), Difco Laboratories GmbH (Augsburg, Germany), Duchefa (Haar-

lem, Netherland), Fluka (Seelze, Germany), Invitrogen (Karlsruhe, Germany), Macherey-

Nagel (Düren, Germany), MBI Fermentas (St. Leon-Rot, Germany), Merck (Hohenbrunn, 

Germany), Mibius (Düsseldorf, Germany), Promega (Mannheim, Germany), Riedel-de 

Haën (Seelze, Germany), Roche (Penzberg, Germany), Roth (Karlsruhe, Germany), 

Serva (Heidelberg, Germany), Sigma-Aldrich (Steinheim, Germany), and Stratagene 

(Heidelberg, Germany). All restriction enzymes, DNA polymerases, RNase, DNase, and 

T4-Ligase were acquired from MBI Fermentas (St. Leon-Rot, Germany). 

Tab. 2-1 Commercially acquired chemicals 

Reagent name Producer 

5-Bromo-4-chloro-3-indolyl N-acetyl-alpha-D-
galactosaminide (X-alpha-Gal) 

Apollo Scientific, Stockport, Great Britain 

MitoTracker® Orange CMTMRos (M 7510) 
Molecular Probes (Invitrogen), Karlsruhe, Ger-
many 

Rabbit skeletal muscle actin > 99% pure  
(from Cytoskeleton Co., Denver, USA) tebu-bio 
GmbH, Offenbach, Germany 

Single-stranded Herring Testes DNA 
BD Biosciences Clontech, Heidelberg, Ger-
many 

Single-stranded Salmon Testes DNA Sigma-Aldrich, Steinheim, Germany 

Yeast Nitrogen Base w/o Amino Acids 
(from Neogen Corporation, Lansing, USA) 
mibius e.K., Düsseldorf, Germany 

2.1.2 Kit systems 

Tab. 2-2 Commercial kit systems 

Kit name Producer 

CloneJET
™

 PCR Cloning Kit MBI Fermentas, St. Leon-Rot, Germany 
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CompactPrep Plasmid Midi Kit Qiagen, Hilden, Germany 

illustra NAP-25 Column prepacked with Sephadex G-
25 medium 

GE Healthcare, München, Germany 

MATCHMAKER II Library Construction & Screening Kit 
BD Biosciences Clontech, Heidelberg, Ger-
many 

MinElute Gel Extraction Kit Qiagen, Hilden, Germany 

NucleoSpin Plasmid Buffer Set I Macherey-Nagel, Düren, Germany 

NucleoSpin Plasmid Kit Macherey-Nagel, Düren, Germany 

Protein Desalting Spin Columns Pierce, Rockford, USA 

Protino
®
 Ni-TED 2000 Packed Columns Macherey-Nagel, Düren, Germany 

Protino
®
 Protein Purification System Macherey-Nagel, Düren, Germany 

RevertAid™ H Minus First Strand cDNA Synthesis Kit MBI Fermentas, St. Leon-Rot, Germany 

2.1.3 Equipment 

Tab. 2-3 Laboratory equipment 

Equipment Producer 

Electroporation cuvettes, 0.1 cm Invitrogen, Karlsruhe, Germany 

Fluorescence Microscope AXIO Imager Z1, upright Carl Zeiss, Göttingen, Germany 

Gene Pulser Xcell Bio-Rad Laboratories, München, Germany 

Homogenizer RW 20 Janke & Kunkel, Ika-Werk, Staufen, Germany 

LSM 510 META Laser Scanning Microscope Carl Zeiss, Göttingen, Germany 

Mastercycler Gradient Eppendorf, Hamburg, Germany 

Mastercycler Personal Eppendorf, Hamburg, Germany 

Microscope Eclipse TE 2000-U  Nikon, Düsseldorf, Germany 

Mini-PROTEAN 3 System Bio-Rad Laboratories, München, Germany 

Mini Transblot System Bio-Rad Laboratories, München, Germany 

Molecular Imager Gel Doc XR System  Bio-Rad Laboratories, München, Germany 

Nitrocellulose membrane 
Schleicher & Schuell Bio Science, Dassel, 
Germany 

Glass bottom culture dishes, type P35G-1.0-14-C, 
uncoated, g-irradiated 

MatTek Corporation, Ashland, USA 

Photometer 1101 M Eppendorf, Hamburg, Germany 
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Sonicator Vibra-cell  Bioblock Scientific, Illkirch, France 

SonT-Agro 400 lamp Philips, Eindhoven, Netherlands 

Sorvall® Discovery™ M120 micro-ultracentrifuge with 
the rotor S45A-0203 

Kendro Laboratory, Hanau, Germany 

Sorvall centrifuge RC 5 B Plus Kendro Laboratory, Hanau, Germany 

Table centrifuge 5415 C, 5415 R, 5804 R Eppendorf, Hamburg, Germany 

Thermomixer comfort 5436  Eppendorf, Hamburg, Germany 

Uvikon 810-Photometer Kontron Instruments, Zürich, Switzerland 

UV VIS spectrophotometer SPECORD
®
 50 Analytik Jena, Jena, Germany 

Vortexgenie 2 Scientific Industries Inc., Boheme, USA 

2.1.4 Plants 

Tab. 2-4 Plant species 

2.1.5 Escherichia coli strains 

Tab. 2-5 Bacterial strains used in the experiments  

Strain Genetic features Reference/producer 

XL1Blue 
endA1 gyrA96(nal

R
) thi-1 recA1 relA1 lac glnV44 F'[ ::Tn10 

proAB
+
 lacI

q
 Δ(lacZ)M15] hsdR17(rK

-
 mK

+
) 

Stratagene, Heidelberg, 
Germany 

DH5α 
F

-
 endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 

Φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK
-
 mK

+
), λ– 

Grant et al., 1990 

BL21(DE3)pLysS F
-
 ompT gal dcm lon hsdSB(rB

-
 mB

-
) λ(DE3) pLysS(cm

R
) 

Stratagene, Heidelberg, 
Germany 

GM2163 
F

-
 dam-13::Tn 9 dcm-6 hsdR2 leuB6 his-4 thi-1 ara-14 lacY1 

galK2 galT22 xyl-5 mtl-1 rpsL136 tonA31 tsx-78 supE44 
McrA

-
 McrB

-
 

MBI Fermentas, St. Leon-
Rot 

Species Ecotype 

Wild-type Arabidopsis thaliana (L.) HEYNH. Columbia (Col-0) 

Wild-type A. thaliana (L.) HEYNH. Noessen 

Ferredoxin 2 (At1g60950) knock-out line of A. thaliana 
with a Ds-transposon insertion in Fd2 gene in the coding 
region (Ds-T-DNA), Voss et al. (2008) 

Noessen 
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2.1.6 Saccharomyces cerevisiae strains 

Tab. 2-6 S. cerevisiae strains used in the experiments  

Strain Genetic features Reference 

AH109 
MATα, ura 3-52, his3-200, ade2-101, trp1-901, leu2-3, 112, 
gal4∆, met

-
, gal80∆, URA3::GAL1UAS-GAL1TATA-lacZ, MEL1 

James et al., 
1996 

Y187 
MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4∆, 
gal80∆, LYS2::GAL1UAS-GAL1TATA-HIS3, GAL2UAS-GAL2TATA-
ADE2, URA3::MEL1UAS-MEL1TATA-lacZ, MEL1 

Harper et al., 
1993 

2.1.7 Oligonucleotides 

All oligonucleotides, used in this thesis, were synthesized by Eurofins MWG Operon 

(Ebersberg, Germany). Sequence, application and features are listed in Tab. 2-7. 

 

Tab. 2-7 List of all oligonucleotides used in the experiments. The restriction sites introduced in 
the primer sequence by site mutagenesis are depicted in bold. 

Primer name 
(sense or an-
tisense direc-

tion) 

Sequence 
Tm 

[°C] 

Intro-
duced 

restriction 
sites 

Application 

GFP-GAPDHs 
(sense) 

GCCAATCTA-
GAAATGGCTGACAAGAA-

GATTAGG 
63.7 XbaI Cloning of GapC1 or GapC2 

cDNA in pGFP-2 (subcellular 
localization analysis) GFP-GAPDHas 

(antisense) 

GCCTTTGACTCGAGAACGA-

TAAGGTCAA 
65.1 XhoI 

GAPc-CFP-LP 
(sense) 

TCTAGAATGGCTGACAA-

GAAGATTAG 
60.1 XbaI Cloning of GapC1 or GapC2 

cDNA in p35S-CFP-NosT 
(subcellular localization analy-
sis) 

GAPc-CFP-RP 
(antisense) 

ACCGGTACGGCCTTTGACAT

GTGAAC 
66.4 AgeI 

GAPDH-YFPs 
(sense) 

GAAG-
GATCCCATATGGCTGACAAG 

62.7 BamHI 
Cloning of GapC1 or GapC2 
cDNA in pUC-SPYNE and 
pUC-SPYCE (Bimolecular 
Fluorescence Complementa-
tion) 

GAPDH-YFPas 
(antisense) 

GCAGCCGGACCCTCGAGCTT

TGA 
67.8 XhoI 

ACT2/7_for’ 
(sense) 

TTCTTCAAGTGACATATGGCC

GATGGTGAG 
66.8 NdeI 

Cloning of ACT2/7 cDNA 
(At5g09810) in pGADT7 
(yeast two-hybrid system) ACT2/7_rev 

(antisense) 

ACCAGATAACTCGAGACA-

CACTTAGAAGCA 
65.4 XhoI 

ACT8_for’ 
(sense) 

TTCCGATTAAGATCGTAG-
CATATGGCCGAT 

65.4 NdeI 
Cloning of ACT8 cDNA 
(At1g49240) in pGADT7 
(yeast two-hybrid system) ACT8_rev (an-

tisense) 

AAACGATGTCTCTCGAGTTTA

GAAGCA 
61.9 XhoI 
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ACT2/7-YFPs 
(sense) 

TTCTCTA-
GACGACATATGGCCGAT 

61.0 XbaI 
Cloning of ACT2/7 cDNA 
(At5g09810) in pUC-SPYNE 
and pUC-SPYCE (Bimolecular 
Fluorescence Complementa-
tion) 

ACT2/7-GFPas 
(antisense) 

GAGACACACCTCGAGG-

CATTTCCTGTG 
68.0 XhoI 

ACT2/7-GFPs 
(sense) 

TTCAATCTAGA-

TATGGCCGATGGTGAG 
63.4  XbaI 

Cloning of ACT2/7 cDNA 
(At5g09810) in pGFP-2 

ACT2/7-GFPas 
(antisense) 

GAGACACACCTCGAGG-

CATTTCCTGTG 
68.0  XhoI 

ACT7GFP_for 
(sense) 

GGGGATCCAGA-

TATGGCCGAT 
61.8 BamHI 

Amplification of the C-terminal 
GFP-fusion ACT2/7 cDNA 
(At5g09810) from pGFP-
ACT2/7, and cloning in pET-
16b (heterologous expression 
of His-tagged ACT2/7:GFP) 

ACT7GFP_rev 
(antisense) 

GGGGAAAGCTCAGCTCTTAT

TTG 
60.6 Bpu1102I 

ACT8-YFPs 
(sense) 

TTCCGATCTAGATCGCAG-

CATATGGCC 
66.5 XbaI Amplification of ACT8 cDNA 

(At1g49240) for pUC-SPYNE 
and pUC-SPYCE (Bimolecular 
Fluorescence Complementa-
tion) 

ACT8-GFPas 
(antisense) 

AGTCTCGAGG-

CATTTTCTGTGGAC 
62.7 XhoI 

VDAC3-Xfor  

(sense) 
CGATTTTTCTCGAGGCAAT-

CATGG 
61.0 XhoI Cloning of VDAC3 cDNA 

(At5g15090) in pUC-SPYNE 
and pUC-SPYCE (Bimolecular 
Fluorescence Complementa-
tion) 

VDAC3-Krev  

(antisense) 
TTTGGTGGTACCTTCTCCGG

GCTT 
64.4 KpnI 

VDAC3-Nfor 

(sense) 

CCAGAGGCA-
CATATGGTTAAAGG 

60.6 NdeI Cloning of VDAC3 cDNA 
(At5g15090) in pGADT7 and 
pGBKT7 (yeast two-hybrid 
system) 

VDAC3-Brev 

(antisense) 
ATTTGGTGGGATCCTCTCCG

GGCTT 
66.3 BamHI 

pGFP-2s 
CACAATCCCAC-
TATCCTTCGCAAGACCC 

68.0 - 
Sense-directional sequencing 
of inserts cloned into pGFP-2  

GFPr-seq GAACTTCAGGGTCAGCTTGC 59.4 - 
Antisense-directional se-
quencing of inserts cloned into 
p-35S-CFP-NosT or pGFP-2 

pUC-SPYs 
TCCAACCACGTCTTCAAAG-
CAAGTG 

63.0 - 
Sense-directional sequencing 
of inserts cloned into pUC-
SPYNE or pUC-SPYCE 

SPYNEas 
CTTGTGGCCGTTTACGTCGC
CGTCCA 

69.5 - 
Antisense-directional se-
quencing of inserts cloned into 
pUC-SPYNE 

SPYCEas 
GTAGTGGTCGGCGAGCTGCA

CGCTGC 
72.7 - 

Antisense-directional se-
quencing of inserts cloned into 
pUC-SPYCE 

T7 TAATACGACTCACTATAGGG 56 - 

Sequencing of all constructs 
containing the T7 promoter, 
upstream to a cDNA insertion 
(pGADT7, pGBKT7, pET-16b) 
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2.1.8 Vectors 

Tab. 2-8 List of all vectors used in the experiments. Detailed vector maps of commercial plas-
mids (*) or created constructs (**) are included in the supplemental section (Chap. 7.4) and on the 
attached CD as Clone Manager files. 

Plasmid name Application Reference/producer 

pGEM
®
T*

 
Cloning of the PCR products with A-residues at the 3’-end 

Promega GmbH, Mann-
heim, Germany 

pJET1* Cloning of the blunt PCR products  
MBI Fermentas, St. 
Leon-Rot, Germany 

pBSK* Cloning of the PCR products 
Stratagene, Heidelberg, 
Germany 

pET-16b* 
Heterologous expression of recombinant proteins fused N-
terminally with deca-His tag 

Novagen, Heidelberg, 
Germany 

pGFP-2* 
Transient expression of C-terminal GFP-fusion proteins in 
plant protoplasts, under control of the constitutive CaMV 35S 
promoter 

Kost et al., 1998 

p35S-CFP-NosT* 
Transient expression of C-terminal CFP-fusion proteins in 
plant protoplasts, under control of the constitutive CaMV 35S 
promoter 

Seidel et al., 2005 

pUC-SPYNE* 

Bimolecular Fluorescence Complementation (split YFP); 
transient transformation of plant protoplasts together with 
pUC-SPYCE, expressing proteins fused C-terminally to the 
N-terminal domain of YFP (155 amino acids in size), under 
control of the constitutive CaMV 35S promoter and NosT 
terminator  

Walter et al., 2004 

pUC-SPYCE* 

Bimolecular Fluorescence Complementation (split YFP); 
transient transformation of plant protoplasts together with 
pUC-SPYNE, expressing proteins fused C-terminally to the 
C-terminal domain of YFP (86 amino acids in size), under 
control of the constitutive CaMV 35S promoter and NosT 
terminator 

Walter et al., 2004 

pUC-SPYNE-
bZip63 

Bimolecular Fluorescence Complementation (split YFP); 
transient transformation of plant protoplasts together with 
pUC-SPYCE-bZip63 (At5g28770, basic leucine zipper 63, 
transcription factor); dimerization of bZip63 as a positive 
control localizing into the nucleus 

Walter et al., 2004 

pUC-SPYCE-
bZip63 

Bimolecular Fluorescence Complementation (split YFP); 
transient transformation of plant protoplasts together with 
pUC-SPYNE-bZip63 (At5g28770, basic leucine zipper 63, 
transcription factor); dimerization of bZip63 as a positive 
control localizing into the nucleus 

Walter et al., 2004 

AD-Insert_s 
GATGAAGATACCCCAC-
CAAACCC 

62.4 - 
Sense-directional sequencing 
of inserts cloned in pGADT7 
and pACT2 

AD-Insert-as AGATGGTGCACGATGCACAG 59.4 - 
Antisense-directional se-
quencing of inserts cloned in 
pGADT7 

3’DNA_BD_seq 
TAAGAGTCACTTTAAAATTT-
GTAT 

50.8 - 
Antisense-directional se-
quencing of inserts cloned in 
pGBKT7 
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pGBKT7* 
Yeast two-hybrid system; expression of bait proteins fused 
N-terminally to the GAL4 DNA-binding domain (DNA-BD) 

BD Biosciences Clon-
tech, Heidelberg, Ger-
many 

pGADT7* 
Yeast two-hybrid system; expression of prey proteins fused 
N-terminally to the GAL4 DNA-activating domain (DNA-AD) 

BD Biosciences Clon-
tech Heidelberg, Ger-
many 

pGBKT7-p53 
Yeast two-hybrid system; expression of a N-terminal fusion 
of the murine p53 protein (a. a. 72-390) and the GAL4 DNA-
BD; a positive control in combination with the pGADT7-RecT 

BD Biosciences Clon-
tech Heidelberg, Ger-
many 

pGBKT7-LamC 

Yeast two-hybrid system; expression of a N-terminal fusion 
of the human lamin C protein (a. a. 66-230) and the GAL4 
DNA-BD; a negative control in combination with the 
pGADT7-RecT 

BD Biosciences Clon-
tech Heidelberg, Ger-
many 

pGADT7-RecT 

Yeast two-hybrid system; a circular product of recombination 
between SV40 Large T-antigen (a.a. 84-708) PCR fragment 
and pGADT7-Rec cloning vector (SmaI-linearized); a positive 
control in combination with the pGBKT7-p53, a negative – 
with the pGBKT7-LamC 

BD Biosciences Clon-
tech Heidelberg, Ger-
many 

pACT2*-cDNA 
library 

Yeast two-hybrid system; expression of proteins encoded by 
the cDNA-library from A. thaliana suspension cell culture, 
fused N-terminally to GAL4 DNA-AD 

Nemeth et al., 1998 

pUC-tdTom-
AtFim1 ABD2* 

F-actin visualization in transiently transformed plant proto-
plasts; expression of the Actin Binding Domain 2 (ABD2) of 
fimbrin-like protein from A. thaliana (AtFim1; McCurdy, 
1998), fused to the tandem dimer Tomato (tdTomato, RFP-
Version; Shaner et al., 2004), under control of the constitu-
tive CaMV 35S promoter  

Takumi Higaki (Univ. of 
Tokyo, Japan) 

pYFP-2-PEROX* 

Peroxisomes visualization in transiently transformed plant 
protoplasts; expression of the YFP fused C-terminally to 50 
amino acids, with a C-terminal peroxisomal targeting signal 
SKL (PTS1) 

T. Meyer and T. Engel 
(Univ. of Münster) 

mCherry-Golgi 
Visualization of the Golgi apparatus in transiently trans-
formed plant protoplasts; expression of the rat sialyltrans-
ferase fused to mCherry (ST:mCherry) (Nelson et al., 2007)  

E. Neuhaus (TU Kaiser-
slautern) 

mCherry-bZip63 
Nucleus visualization in transiently transformed plant proto-
plasts; expression of the mCherry-fusion bZip63 (At5g28770, 
basic leucine zipper 63, a transcription factor) 

H.-M. Leffers (Univ. of 
Osnabrück) 

pET16b-GapC1** 
Heterologous expression of the recombinant GapC1 (similar 
to At1g13440; gi 30683290) from A. thaliana, N-terminal 
fusion with deca-His tag; 39.3 kDa in size 

B. Altmann (Univ. of 
Osnabrück) 

pET16b-GapC2** 
Heterologous expression of the recombinant GapC2 (similar 
to At3g04120; gi 30679036/ 30683290) from A. thaliana, N-
terminal fusion with deca-His tag; 39.5 kDa in size 

B. Altmann (Univ. of 
Osnabrück) 

pGFP-2-GapC2** 
Transient expression of GapC2 (similar to At3g04120) from 
A. thaliana, fused C-terminally with GFP, in plant protoplasts 
under control of the constitutive CaMV 35S promoter 

V. Linke (Univ. of Osnab-
rück) 
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pCFP-GapC1** 
Transient expression of GapC1 (similar to At1g13440) from 
A. thaliana, fused C-terminally with CFP, in plant protoplasts, 
under control of the constitutive CaMV 35S promoter 

J. Franzen (Univ. of 
Osnabrück) 

pCFP-GapC2** 
Transient expression of GapC2 (similar to At3g04120) from 
A. thaliana, fused C-terminally with CFP, in plant protoplasts, 

under control of the constitutive CaMV 35S promoter 

J. Franzen (Univ. of 
Osnabrück) 

pUC-SPYNE-
Ald2** 

Bimolecular Fluorescence Complementation (split YFP); 
transient expression of the cytosolic isoform of Aldolase 2 
(At2g36460) from A. thaliana in plant protoplasts 

N. Gutsche (Univ. of 
Osnabrück) 

pGFP-2-Ald2** 
Transient expression of Aldolase 2 (At2g36460) from 
A. thaliana, fused C-terminally with GFP, in plant protoplasts 
under control of the constitutive CaMV 35S promoter 

K. van der Linde (Univ. 
of Osnabrück) 

2.1.9 Antisera 

Tab. 2-9 List of antisera used in the immunodetection experiments 

Antibody name Application and dilution Reference/ producer 

I. anti-actin 
Monoclonal anti-actin (plant) antibody produced in 
mouse; #A0480 

Sigma-Aldrich, Steinheim, 
Germany 

I. anti-GFP 
Affinity-purified mouse monoclonal antibody 
(IgG2a), raised against full-length GFP; #632380 

BD Biosciences Clontech, 
Heidelberg, Germany 

I. anti-His tag Penta-His antibody produced in mouse; #34660 Qiagen, Hilden, Germany 

II. anti-mouse 
Sheep anti-mouse IgG (whole molecule), alkaline 
phosphatase conjugated antibody; #A5781 

Sigma-Aldrich, Steinheim, 
Germany 

II. anti-mouse 
Goat anti-mouse IgG (whole molecule), alkaline 
phosphatase conjugated antibody; #A5153 

Sigma-Aldrich, Steinheim, 
Germany 

2.2 Methods 

2.2.1 Working with plants 

In the experimental part of my thesis Arabidopsis thaliana plants, grown under established 

conditions, were used for isolation of total RNA and mesophyll protoplasts. 

2.2.1.1 Plant cultivation 

Stratification of seeds of the wild-type A. thaliana (L.) took place for two days at 4ºC, in 

order to synchronize germination. Afterwards, seeds were sown on soil in 8 cm diameter 

pots. Two week old seedlings were subsequently separated and single plantlets were 

transferred into a growth chamber, under established conditions (Tab. 2-10). The 5-6 

week old plants were used for further experiments. 
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Tab. 2-10 Standard plant cultivation conditions 

2.2.1.2 Isolation and transient transformation of mesophyll protoplasts 

Subcellular localization of glycolytic enzymes, fused to a certain fluorescent protein (FP), 

or interactions between proteins of interest and subcellular structures, were investigated in 

mesophyll protoplasts, isolated from leaves of the 5-6 week old wild-type A. thaliana 

plants, according to Seidel (2004), with some modifications (Voss et al., 2008). 

Leaves, harvested from about eight plants were placed in water, in a Petri dish. The lower 

epidermis was peeled off, and then the leaves were transferred into 10 ml cell-wall digest-

ing solution without enzymes, with the lower surface downwards. Afterwards, the cell-wall 

digesting solution was exchanged for the same solution supplemented with 1.5 % Cellu-

lase R-10 and 0.4 % Macerozyme R-10 (Serva). Petri dishes containing prepared leaves 

were incubated for 40 min at 24°C, whilst slowly shaking, in order to enable the digestion 

of cell walls, and thus release single cells from the mesophyll layer. After incubation, the 

protoplast suspension was filtrated through a metal sieve with 125 µm pores (Retsch 5657 

W. Germany). Collected protoplasts were then centrifuged at 100 xg for 3 min, washed 

with 10 ml W5 solution (see Tab. 2-11), the centrifugation repeated, and finally resus-

pended with 6 ml W5 solution. Incubation of the protoplasts for 30 min on ice was followed 

by centrifugation for 1 min at 100 xg. The resulting pellet was resuspended with 1.5-2 ml 

MMG solution and incubated on ice, for at least 20 min. At this step, the isolated meso-

phyll protoplasts were examined by means of a light microscope, in order to confirm their 

intactness (Fig. 2-1). 

Transformation of the cells with plasmids encoding fluorescent fusion-proteins of interest, 

took place as follows: the appropriate plasmid DNA (50 µg of each plasmid in the BiFC, 

80 µg in the localization studies) was transferred with a cropped tip onto a sterile Petri 

dish (35 mm in diameter), and 200 µl of the protoplast suspension added dropwise to the 

DNA, followed by addition of 220 µl PEG in the same way. After 15-min incubation, W5 

solution was added to the sample stepwise: 0.5 ml, 1 ml, 2 ml, and 4 ml, with 15 min 

breaks in between. Finally, the transformation sample was transferred to a 50 ml Falcon 

tube and incubated overnight in the dark, in order to enable efficient synthesis of the FP-

fusion proteins. 

Standard plant cultivation conditions Soil composition 

Light period (day/night): 7.5 h/16.5 h 

Light source: SonT-Agro 400  

Light quantity: 120 μE 

Relative air humidity (day/night): 55%/55% 

Temperature (day/night): 21°C/18°C  

36% Bimskies 

36% compost 

18% peat 

10% sand 

1.5 g/l Polycrescal  
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Fig. 2-1 Intact mesophyll protoplast isolated from leaves of 
A. thaliana plants and observed with a light microscope. 

Tab. 2-11 Buffer composition for transient transformation of plant protoplasts 

Cell-wall digesting solu-
tion without enzymes 

W5 solution PEG solution MMG solution 

0.4 M mannitol 

20 mM KCl 

20 mM MES-KOH (pH 5.7) 

10 mM CaCl2 

0.1 % BSA (w/v) 

154 mM NaCl 

125 mM CaCl2 

5 mM KCl 

2 mM MES 

5 mM glucose, pH 5.7 

40% PEG 4000 

0.2 M mannitol 

100 mM CaCl
2 

 

 

0.4 M mannitol  

15 mM  MgCl2  

4 mM MES-KOH (pH 5.7) 

 

 

Sterile filtrate 
Store at 4°C 

Sterile filtrate 
Store at 4°C 

Sterile filtrate 
Store at 4°C 

Sterile filtrate 
Store at 4°C 

2.2.2 Working with bacteria 

Efficient multiplication and selection of constructed vectors, carrying cDNA insertions for 

analytic restriction digestion, for transformation of yeast cells or plant protoplasts, and for 

heterologous expression of genes encoding the recombinant proteins, took place using 

bacterial cells. For these purposes modified E. coli strains were chosen, due to their rapid, 

facultative anaerobic growth at 37°C. 

2.2.2.1 Bacteria cultivation and selection 

All media, used in this thesis for the cultivation of bacteria, are included in Tab. 2-13, while 

the antibiotics and their concentration applied for bacteria selection are given in Tab. 2-12. 

 

Tab. 2-12 Antibiotic concentration for plasmid selection in E. coli cells 

Antibiotic Stock concentration End concentration 

Ampicilline 100 mg/ml (50% EtOH, storage at -20°C) 200 µg/ml 

Tetracycline 5 mg/ml (50% EtOH, storage at -20°C) 10 µg/ml 

Kanamycin 12.5 mg/ml (H2O, storage at -20°C) 25 µg/ml 

Chloramphenicol 12.5 mg/ml (100% EtOH, storage at 4°C) 25 µg/ml 
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 Tab. 2-13 Media used for bacteria cultivation 

 

2.2.2.2 Transformation of the chemically competent bacterial cells 

Competent bacterial cells (E. coli XL1Blue or BL21(DE3)pLysS) were prepared according 

to the following protocol (Hanahan, 1983), with some modifications (Sambrook et al., 

1989). This procedure reproducibly yields 5 x 108 transformed colonies/µg of superhelical 

plasmid DNA, with an optimum at >107 transformed colonies/µg DNA. 

A volume of 100 ml LB-medium without antibiotics was inoculated (1:100) with an appro-

priate, overnight bacterial culture and aerobically shaken at 200 rpm, 37°C, for app. 2-3 h, 

until OD600 reached ~0.4-0.5. At this point, the bacterial culture was transferred onto ice 

for 10 min, and afterwards it was centrifuged at 5000 xg in the GSA rotor at 4°C. The re-

sulting bacterial pellet was resuspended in 40 ml ice-cold TFB1 buffer, by gentle swirling 

or vortexing, and transferred again onto ice, for 5-10 min. Another centrifugation step, as 

described above, was followed by swirling of the bacterial pellet with 4 ml ice-cold TFB2 

buffer. This bacterial suspension was finally aliquoted in 100-µl portions, in prechilled 

1.5-ml tubes and kept in liquid nitrogen. These snap-frozen competent bacterial aliquots 

were stored at -80°C for further transformation procedures. 

For transformation, frozen aliquots of the competent bacterial cells were thawed on ice. 

Afterwards, 50-100 ng of plasmid DNA or ligation reaction were mixed with competent 

bacterial cells by gentle agitation. Incubation with DNA for 30 min on ice was followed with 

a subsequent heat shock, at 42C for 45 s, to enable plasmid-DNA uptake. The trans-

formed cells were immediately transferred onto ice for 5 min. In order to regenerate the 

heat-shocked cells, 1 ml LB-medium was added and the cells were vigorously shaken for 

1 h at 37C, 900-1000 rpm. Finally, the bacterial culture was spread on selective YT me-

dium in Petri dishes, 10 cm in diameter, at two concentrations – low and high. For the 

YT (Yeast extract/ 
tryptone) 

LB (Lysogeny broth) TB (Terrific Broth) 
SOC (Super Optimal 
Broth with Catabolite 
repression) 

8 g/l peptone 

5 g/l yeast extract 

2.5 g/l NaCl 

pH 7.0 (NaOH) 

15 g/l agar (for solid 
medium) 

 

 

10 g/l peptone 

5 g/l yeast extract 

10 g/l NaCl 

pH 7.0 (NaOH) 

15 g/l agar (for solid 
medium) 

 

 

12 g/l peptone 

24 g/l yeast extract 

4 ml 100% glycerol 

 

 

 

 

 

20 g/l peptone 

5 g/l yeast extract 

10 mM NaCl 

2.5 mM KCl 

10 mM MgCl2* 

10 mM MgSO4* 

20 mM glucose* 

pH 7.0 (NaOH) 

Add 1000 ml H2O, 
autoclave for 20 min, 
cool to app. 55°C, add 
appropriate antibiotics 

 

Add 1000 ml H2O, auto-
clave for 20 min, cool to 
app. 55°C, add appropri-
ate antibiotics 

 

Add 900 ml H2O, auto-
clave for 20 min,  prior to 
use add 0.1 volume of 
autoclaved 1 M potas-
sium phosphate buffer 
(pH 7.5)  

* the sterile-filtrated 
reagents should be 
added first after the 
medium was auto-
claved and cooled to 
app. 55°C 
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lower concentration 100 µl of the transformed bacterial culture was spread using a spat-

ula. The remaining culture was centrifuged shortly to sediment the cells and decanted to 

leave app. 100 µl of the medium above the pellet. It was resuspended in this residual vol-

ume, and app. 80 µl was spread on the selective YT medium, giving the higher concentra-

tion of bacterial cells. Both plates with bacteria were incubated for 16-18 h at 37C. 

 

Tab. 2-14 Buffers for transformation of the competent bacterial cells 

TFB1 buffer TFB2 buffer 

30 mM K-acetate 

50 mM MnCl2 

10 mM CaCl2 

100 mM RbCl2 

15% (v/v) glycerol 

pH 5.8 (2 N acetic acid) 

10 mM NaMOPS 

75 mM CaCl2 

10 mM RbCl2 

15% (v/v) glycerol 

pH 7.0 (NaOH) 

 

Sterile filtrate 

Store at 4°C 

Autoclave for 20 min 

Store at 4°C 

 

2.2.2.3 Transformation of the electrocompetent bacterial cells 

Electroporation yields competent bacterial cells approximately ten times as effective, as 

chemical transformation, and is based on a significant increase in the electrical conductiv-

ity and thus permeability of the cell plasma membrane, caused by an externally applied 

electrical field (Neumann et al., 1982). 

Volume of 5 ml of YT or LB medium was inoculated with a single colony of E. coli XL1Blue 

strain and incubated overnight, at 37C in a shaker. This overnight culture was used for 

inoculation of 500 ml of the selective LB medium, supplemented with appropriate antibiot-

ics. The culture was aerobically shaken at 200 rpm, 37C, until the OD600 reached 0.4-0.6. 

At this point the bacterial culture was transferred to prechilled, sterile centrifuge tubes and 

cooled on ice for 30 min. The bacterial cells were sedimented for 15 min at 4000 xg, 4C, 

and the resulting pellet was resuspended with cold, sterile 100 ml 10% glycerol (if cells 

were in two tubes, then the volume was divided) and centrifuged as previously described. 

This bacterial pellet was resuspended with cold, sterile 50 ml 10% glycerol and centri-

fuged as previously described. Two steps followed afterwards – washing with cold sterile 

20 ml and 4 ml 10% glycerol, separated by a centrifugation step as previously described. 

The latter bacterial cell suspension was transferred in aliquots of 100 µl into prechilled 

1.5 ml tubes, which had been cooled previously in liquid nitrogen. Subsequently, the snap-

frozen electrocompetent cells were stored at -80C. To verify the competence of the elec-

trocompetent cells, a 100-µl aliquot was transformed with 50-100 ng control plasmid DNA, 

and, after an overnight incubation at 37°C, the titre was estimated. 

For multiplication of plasmids isolated from the yeast cells, frozen aliquots of the electro-

competent bacterial cells were thawed on ice. Aliquots of 20 µl of the isolated plasmid 

DNA (or 50-100 ng of plasmid DNA) were mixed with the electrocompetent bacterial cells 
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very gently, by sucking up and down. The resulting mixture was transferred to a prechilled 

electroporation cuvette that was exposed to an electric pulse for 4-5 ms, at 1.25 kV, 25 µF 

and 200  in the Gene Pulser Xcell (Bio-Rad Laboratories, München, Germany). The 

transformed cells were supplemented with 1 ml SOC medium, transferred to a tube and 

shaken for 60-90 min at 37C, 300 rpm. Finally, the regenerated bacterial cells were 

spread on selective YT-medium in Petri dishes, 10 cm in diameter, at a low and high con-

centration, and incubated as described in Chap. 2.2.2.2. 

2.2.2.4 Glycerol stocks of bacterial cells 

Glycerol stocks of bacterial cultures, carrying important constructs, were produced for long 

term storage. Overnight bacterial culture (1.5 ml) was transferred into a labelled 2 ml tube 

and supplemented with 225 µl sterile 100% glycerol. It was vortexed thoroughly, snap-

frozen in liquid nitrogen and stored at -80C. 

2.2.2.5 Mini preparation of plasmid DNA from E. coli cells 

The plasmid DNA isolation was performed on a small scale (“Mini Prep”) using the Nu-

cleoSpin Plasmid Kit (Macherey-Nagel, Düren, Germany) without provided columns, bas-

ing on the technique from Birnboim and Doly (1979). Plasmid-containing cells were 

treated with lysozyme to weaken the cell wall, and then lysed completely with sodium do-

decyl sulphate (SDS) and NaOH. Chromosomal DNA, in a very high molecular weight 

form, was selectively denatured (at pH 12.0-12.5) and the lysate neutralized by acidic so-

dium acetate, causing the mass of chromosomal DNA to renature and aggregate. Simul-

taneously, the high concentration of sodium acetate caused precipitation of protein-SDS 

complexes and of high-molecular-weight RNA. In this way, most of the three major con-

taminating macromolecules were co-precipitated and could be removed by a single cen-

trifugation in a table centrifuge. Plasmid DNA was recovered from the supernatant by 

ethanol precipitation (Birnboim and Doly, 1979). 

In order to isolate plasmid DNA from 5-ml batches of bacterial suspension, 2 ml of the 

overnight bacterial culture was transferred into a 2-ml tube and centrifuged for 2 min at 

7000 rpm, RT. After the supernatant was removed with a vacuum, the cell-harvesting step 

was repeated. The sedimented cells were thoroughly resuspended with 250 µl RNase-

containing A1 buffer (NucleoSpin Plasmid Kit or NucleoSpin Plasmid Buffer Set I, Ma-

cherey-Nagel, Düren, Germany). Then, in order to perform the alkaline lysis, 250 µl A2 

buffer was mixed with the bacterial suspension, by immediately inverting the tubes several 

times. The following incubation at RT for max 5 min was followed with neutralization of the 

lytic conditions, by adding 300 µl A3 buffer and inverting the tubes 6-8 times. The resulting 

cell debris were centrifuged for 10 min at 13.000 rpm, 4ºC, so app. 700-750 µl of the DNA-

containing supernatant was transferred to a fresh 1.5-ml tube. Plasmid DNA was precipi-

tated by adding isopropanol to 70% (v/v), inverting several times and centrifugation for 

10 min at 13.000 rpm, 4ºC. This supernatant was discarded and the pellet, containing the 

plasmid DNA, was washed with 300 µl of 70% EtOH by a centrifugation step for 5 min at 

13.000 rpm, 4ºC. After EtOH was thoroughly removed, using vacuum, the resulting plas-

mid DNA was air-dried on a sterile bench for max 30 min and dissolved in 20-30 µl Merck-

H2O. Concentration of the isolated DNA was determined using a spectrophotometer. 
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2.2.2.6 Maxi preparation of plasmid DNA from E. coli cells 

For the transient transformation of plant protoplasts, very clean and highly concentrated 

plasmid DNA was isolated with the CompactPrep Plasmid Midi Kit (Qiagen, Hilden, Ger-

many) according to the manufacturer’s instruction or from batches of bacterial culture in 

the range of 250-400 ml (“Maxi Prep” method). In the latter method, 250 ml TB medium 

was inoculated with a preculture 1:50-1:100. It was aerobically grown overnight at 37°C, 

under shaking with 200 rpm. On the following morning, the bacterial suspension was 

transferred to two 50-ml Falcon tubes and centrifuged batchwise for 8 min at 3200 xg, RT. 

One bacterial pellet was resuspended in 4.5 ml Solution 1 and combined with the second 

pellet. This cell suspension was mixed with 450 µl lysozyme (100 mg/ml) and combined 

with 20 ml Solution 2 by thoroughly inverting, in order to perform the alkaline lysis of bac-

terial cells. Incubation for 10 min at RT was followed by neutralization with 10 ml 3 M Na-

Ac (pH 5.2) and thorough mixing. Afterwards, the lysed bacterial cells were incubated for 

10 min on ice. To separate cell debris from the soluble phase, samples were centrifuged 

for 15 min at 4°C, 3200 xg. The resulting supernatant was filtrated through four layers of 

Miracloth, to give app. 35 ml of a filtrate. This filtrate was supplemented with isopropanol 

up to 50 ml and incubated for 10 min at RT. The nucleic acids were spun down for 30 min 

at 3200 xg and RT. The resulting pellet was resuspended in 1.5 ml TE buffer and mixed 

with 1.5 ml LiCl to precipitate the large nucleic acid molecules. The sample underwent a 

centrifugation for 30 min at 3200 xg, 4°C. Subsequently, the supernatant containing plas-

mid DNA was supplemented with the same volume of isopropanol (app. 3 ml). After an-

other centrifugation for 30 min at 3200 xg, RT, the resulting pellet was washed with 5 ml 

70% EtOH in a centrifugation step for 5 min at 3200 xg and RT. The pellet was resus-

pended with 600 µl TE buffer containing 20 µg/ml RNase, then transferred to a 2-ml safe-

lock tube and incubated for at least 1 h at 37°C. Subsequent addition of 400 µl PEG solu-

tion should ensure an efficient overnight precipitation of plasmid DNA at 4°C. After over-

night incubation, the plasmid DNA was centrifuged for 5 min at 13.000 rpm, 4°C. The pel-

let was resuspended with 400 µl TE buffer and vortexed with 400 µl phenol/chloroform 

(1:1) or P/C/I for 30 s. Subsequently, a centrifugation followed for 5 min at 13.000 rpm, to 

separate proteins and DNA. The upper aqueous phase was transferred into a new 1.5 ml 

safe-lock tube and mixed with 400 µl chloroform. After a centrifugation for 5 min at 

13.000 rpm, transfer of the upper aqueous phase was repeated. Plasmid DNA was pre-

cipitated upon addition of 0.25 volume of 10 M ammonium acetate (app.100 µl) and two-

fold volume of 100% EtOH. An incubation step for 10 min at RT was followed by centrifu-

gation for 5 min, at 13.000 rpm and 4°C. The resulting pellet was washed with 1 ml 70% 

EtOH by vortexing and centrifugation for 5 min, at 13.000 and 4°C. The pelleted plasmid 

DNA was air-dried on a clean bench for max. 30 min. Finally, DNA was dissolved in 50-

100 µl EB buffer and its concentration was quantified photometrically. 
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Tab. 2-15 DNA buffers for the maxi plasmid DNA isolation from bacterial cells 

Solution 1 Solution 2 Lysozyme 

50 mM glucose 

25 mM Tris-HCl (pH 8.0) 

10 mM EDTA 

(autoclave) 

0.2 N NaOH 

1.0% SDS 

(autoclave) 

 

100 mg/ml in 10 mM 
Tris-HCl (pH 8.0) 

 

 

   

PEG solution TE buffer EB buffer 

20% PEG 8000 

2.5 M NaCl 

(autoclave) 

10 mM Tris-HCl (pH 8.0) 

1 mM EDTA 

(autoclave) 

10 mM Tris-HCl (pH 8.0) 

(autoclave) 

 

2.2.3 Working with yeast 

Baker’s yeast (Saccharomyces cerevisiae) serves as a model organism in genomics, but 

it has become an efficient tool in the field of proteomics as well. It provides a robust organ-

ism and a relatively economical system for high-throughput investigation of the protein-

protein interactions by means of the yeast two-hybrid system (Fig. 2-2). The yeast cell 

interior is suitable for the formation of tertiary protein structures and is maintained at a 

neutral pH (Young, 1998). Additionally, since yeast is eukaryote, it provides a more suit-

able system for plant protein interactions than most in vitro approaches or techniques 

based on bacterial expression (Van Criekinge and Beyaert, 1999). Moreover, weak and 

transient interactions, between proteins in the signalling cascades for instance, are de-

tected in a more sensitive way, due to the activation of the reporter gene, resulting in a 

significant amplification of any interaction (Van Criekinge and Beyaert, 1999). 

Disadvantages of the yeast two-hybrid assay cannot be ignored. The possibility of so-

called autoactivation of the reporter genes by the investigated proteins has to be ruled out, 

because some proteins may be able to activate transcription on their own (Solmaz S., 

2003). Improper folding of the DNA-AD- or DNA-BD-fusion proteins of interest may 

change their activity or binding properties. Moreover, some interactions depend upon 

posttranslational modifications, such as disulphide bridge formation, glycosylation (in the 

case of extracellular proteins), and most commonly phosphorylation, which may not occur 

properly in the yeast cell (Van Criekinge and Beyaert, 1999; Solmaz, 2003). Some of the 

cDNA-library representatives may not be in the correct reading frame (ORF) or may inter-

act as an incomplete sequence, which could lead to identification of artifactual binding 

partners, so-called false positives. On the other hand, the sub-domains of proteins ex-

pressed from the incomplete cDNA can bind stronger, due to lack of some folding re-

straints. Additionally, certain proteins targeted to the yeast nucleus may become toxic to 

the whole cell (Solmaz, 2003). 
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Fig. 2-2 Principle of the yeast two-hybrid system (Koegl and Uetz, 2007). A. A yeast cell 
expressing a transcription factor (e.g. GAL4), consisting of a DNA-activating domain (AD) and a 
DNA-binding domain (BD). The DNA-BD binds the upstream activating sequence (UAS) and so 
the expression of an adjacent reporter gene (e.g. HIS3, ADE2, MEL1) can be activated by the 
DNA-AD. B. The two domains of the transcription factor are expressed separately. The AD is 
not recruited to the promoter of the reporter gene. Its transcription is therefore not activated. C. 
Two proteins, X and Y, are expressed as fusions with the DNA-AD and -BD. Interaction of X 
with Y leads to recruitment of the DNA-AD to the promoter. The activation of transcription from 
the reporter gene is interpreted as readout for the interaction of X with Y. The protein fused to 
the DNA-BD is generally referred to as bait; the protein fused to the DNA-AD is called prey. 

 

2.2.3.1 Yeast cultivation and selection 

Yeast cells were cultivated under sterile conditions in the appropriate medium (Tab. 2-16), 

according to the strain and introduced vector that carries a selection gene. The strain 

Y187 was grown on a solid or in a liquid YPD medium, supplemented with 2% glucose, for 

3-5 days or overnight, respectively. The strain AH109 was grown in a similar way on 

YPDA medium (YPD supplemented with 0.003% adenine hemisulfate and 2% glucose), to 

ensure that the AH109, showing Ade- phenotype in the absence of GAL4 transcription 

factor, will not undergo a spontaneous ade1 or ade5 mutation, when grown on a medium 

lacking adenine (Guthrie and Fink, 1991). Yeast strains transformed with plasmids, carry-

ing a certain selection gene, were grown on solid or in liquid SD medium for 3-5 days or 

overnight, respectively. The SD medium was supplemented with 2% glucose and a Drop-
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Out solution lacking specific amino acids (Tab. 2-17). For example, the yeast strain trans-

formed with a vector carrying the TRP1 gene was grown on SD medium supplemented 

with Drop-Out solution lacking Trp (SD/Trp-), with LEU2 gene-containing vector – Drop-

Out solution lacking Leu (SD/Leu-), with both vectors – Drop-Out solution lacking Leu and 

Trp (SD/Leu-, Trp-). To test the diploid yeast colonies for activation of the HIS3-reporter 

gene, thus demonstrating putatively positive protein-protein interactions, they were grown 

on SD medium lacking Trp, Leu and His (SD/Leu-, Trp-, His-; SD/TDO). Additionally, in 

order to eliminate false positives and to demonstrate a high stringency of the interaction, 

these colonies were transferred onto SD/TDO medium lacking Ade (activation of ADE2-

reporter gene) and supplemented with 20 µg/ml X-α-Gal (SD/Leu-, Trp-, His-, 

Ade-/X-α-Gal; SD/QDO/X-α-Gal), which is a substrate for α-galactosidase, encoded by the 

reporter gene MEL1. 

Tab. 2-16 Media used for yeast cultivation 

 

Tab. 2-17 10x Drop-Out solution 

Amino acid Concentration [mg/l] 

L- adenine hemisulfate 

L-arginine HCl 

L-histidine HCl 

L-isoleucine 

L-leucine 

L-lysine HCl 

L-methionine 

L-phenylalanine 

L-threonine 

L-tryptophan 

L-tyrosine 

L-uracil 

L-valine 

200 mg/l 

200 mg/l 

200 mg/l 

300 mg/l 

1000 mg/l 

300 mg/l 

200 mg/l 

500 mg/l 

2000 mg/l 

200 mg/l 

300 mg/l 

200 mg/l 

1500 mg/l 

YPD YPDA SD 

20 g/l peptone 

10 g/l yeast extract 

20 g/l agar (for solid) 

2% glucose 

YPD-medium 

0.003% adenine hemisulfate 

2% glucose 

 

6.7 g/l yeast nitrogen base without 
amino acids, pH 5.8 (NaOH) 

20 g/l agar (for solid) 

2% glucose 

 

Add 950 ml H2O, establish 
pH 6.5, autoclave for 15 min, 
cool to app. 55°C, add 50 ml 
40% sterile-filtrated glucose 

Add 935 ml H2O, autoclave, cool 
to app. 55°C, add 50 ml 40% 
sterile-filtrated glucose and 
15 ml 0.2% sterile-filtrated ade-
nine hemisulfate 

Add 850 ml H2O, autoclave for 
15 min, cool to app. 55°C, add 
100 ml autoclaved 10x Drop-Out 
solution and 50 ml 40% sterile-
filtrated glucose 
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2.2.3.2 Competent yeast cells 

Competent yeast cells, used for transformation with bait and/or prey vectors, were gener-

ated as follows. One to three fresh colonies of the appropriate yeast strain, not older than 

two weeks and bigger than 2 mm in diameter, were inoculated under sterile conditions 

from an agar plate into 50 ml of YPD- (for Y187) or YPDA-medium (for AH109). Incubation 

took place overnight at 30ºC, in a shaker at 200 rpm, until cells reached OD600 ≥1.5. On 

the next day, 300 ml YPD or YPDA was inoculated with an adequate volume of the over-

night yeast culture, to give an OD value of 0.2–0.3. Addition of 10 ml overnight culture at 

OD600=2.2 to 300 ml YPDA corresponds to OD600=0.3. This culture was shaken for 3-5 h, 

at 30ºC, 200 rpm, until it reached OD600=0.4–0.6. The yeast cells were collected by a cen-

trifugation at 1000 xg, for 5 min at RT, in a sterile centrifuge beaker. The collected pellet 

was washed with 25 ml 1x TE-buffer and centrifuged again as described above. At this 

step the pellet was very soft, so the centrifugation beaker had to be handled very gently. 

The supernatant was removed by pipette. To obtain competent yeast cells, the pellet was 

resuspended in 1.5 ml 1x TE/LiOAc-buffer and stored on ice for max 1 h, but not longer 

than a few hours to prevent loss of the transformation capability. 

 

Tab. 2-18 Composition of chemicals used for generating the competent yeast cells 

10x TE-buffer 10x LiOAc TE/LiOAc-buffer 

100 mM Tris-HCl (pH 7.5) 

10 mM EDTA 

1 M LiOAc, pH 7.5 (1% acetic 
acid) 

10% (v/v) 10x TE-buffer 

10% (v/v) 10x LiOAc 

80%(v/v) H2O 

Sterile filtrate Autoclave for 20 min 
Mix with autoclaved H2Obidest, prior to 
use  

 

2.2.3.3 Small- and large-scale transformation of the competent yeast cells 

In order to generate the Y187 strain expressing the bait-fusion protein, or the AH109 

strain transformed with both, bait and prey vectors (used for the “one-on-one” yeast two-

hybrid assay), a small-scale transformation protocol was employed. The “one-on-one” 

technique enabled testing for positive protein-protein interactions between the investi-

gated bait and prey partners or verification of the two-hybrid screen results, confirming 

novel interaction partners of the bait protein of interest to be true or false positives.  

A large-scale protocol was used when transforming the AH109 strain with a cDNA library 

from A. thaliana suspension cell culture (obtained from Prof. Koncz, Univ. of Bonn; 

Nemeth et al., 1998). Both approaches were performed according to manufacturer’s in-

structions (The Matchmaker Two-Hybrid Library Construction and Screening Kit, Clon-

tech). 

Competent yeast cells (Chap. 2.2.3.2) were, if possible, immediately used for small-scale 

transformation with constructs expressing the investigated proteins. Single-stranded 

10mg/ml Herring Testes DNA (Clontech, Palo Alto, CA, USA), or single-stranded Salmon 

Testes DNA (Sigma-Aldrich, Steinheim, Germany), was used as carrier DNA (50 µg per 
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transformation), denatured at 95ºC for 5 min and then cooled on ice. Subsequently, it was 

mixed with 250 ng of the appropriate plasmid DNA and 50 µl competent yeast cells in a 

prechilled sterile 1.5-ml tube. All components were stirred in a very gentle way, supple-

mented with 0.5 ml PEG/LiOAc, in order to permeabilize the yeast cell wall and plasma 

membrane, and mixed by careful vortexing. The mixture was incubated for 45 min at 

30ºC, and mixed every 15 min in between. Subsequently, 20 µl of DMSO was added to 

increase the transformation efficiency (Hill et al., 1991). Gentle mixing was followed with a 

heat shock at 42ºC, for 20 min in a water bath, with additional inversion of the tubes every 

10 min. Cells were then spun down at top speed for 15 s, in a bench top centrifuge, de-

canted and resuspended with 1 ml YPD (in case of Y187) or YPDA (in case of AH109). 

Afterwards, incubation of the cell suspension took place for 90 min at 30ºC, in a thermo-

mixer at 300 rpm, with additional inverting every 15 min. Finally, the transformed yeast 

cells were pelleted at maximum speed for 15 s and resuspended in 0.5 ml 0.9% NaCl. 

The yeast cells were streaked in a volume of 100 µl on the appropriate SD medium, in 

10-cm diameter Petri dishes, with two replicates for each sample. The streaked yeast 

transformants were incubated at 30ºC, upside down for 3-6 days. In the case of yeast 

transformation with the bait vector only, a glycerol stock was prepared from a single col-

ony (Chap. 2.2.3.8). In the case of cotransformation of yeast cells for the “one-on-one” 

yeast two-hybrid assay, the bigger (>2 mm) colonies were first tested for presence of the 

bait and prey vectors by means of a colony PCR (Chap. 2.2.4.7). For positive interactions, 

transformants were tested using the “Drop Test” on selective media (Chap. 2.2.3.6). Glyc-

erol stocks were prepared, if needed. Additionally, in order to estimate the transformation 

efficiency (Tab. 2-19), a serial dilution of the transformed yeast cells (1:10, 1:100, 1:1000) 

was made using 0.9% NaCl. The diluted yeast cell suspension was spread on the appro-

priate SD-medium, according to the yeast vectors used in the experiment, with two repli-

cates per each yeast transformant. 

 

Tab. 2-19 Calculation of the yeast transformation efficiency, according to the Yeast Proto-
cols Handbook (Clontech, Palo Alto, CA, USA). In a cotransformation, the DNA amount (amt. 
DNA used) is the amount of one of the plasmid types, not the sum of them. If unequal amounts of 
two plasmids were used, the amount of the lesser of the two should be taken for the estimation; 
cfu – colony forming units. 

 

 
                     cfu x total suspension vol. (µl) 

  Vol. plated (µl) x dilution factor x amt. DNA used (µg)*  

 

 

The large-scale transformation was applied to generate a cDNA library in AH109 (MATα 

strain), for the yeast two-hybrid screen of protein-protein interaction partners of both GapC 

isoforms. The competent AH109 cells were treated according to the small-scale protocol, 

with the following modifications. To generate the cDNA library, 3 µg of the pACT2-vector 

carrying cDNA and 200 µg of the denatured ss Herring or Salmon Testes DNA were 

mixed with 600 µl competent AH109 yeast cells in a very gentle way, in a prechilled 15 ml 

Falcon-tube. To permeabilize the yeast cells, 2.5 ml of PEG/LiOAc was added, carefully 

mixed, incubated for 45 min at 30ºC and inverted every 15 min. Addition of 160 µl DMSO 

was followed by incubation for 20 min, at 42ºC in a water bath, with inversion every 

 
 =  cfu/µg DNA 
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10 min. The cells were then centrifuged for 5 min at 700 xg, decanted and resuspended 

with 3 ml YPD Plus (Clontech, Palo Alto, CA, USA). In further steps the cell suspension 

was incubated for 90 min at 30ºC, with shaking at 300 rpm, and inverted every 15 min. 

After the transformed AH109 cells were spun down at 700 xg for 5 min, the pellet was 

resuspended with 15 ml sterile 0.9% NaCl. In order to estimate the transformation effi-

ciency, 100 µl of the transformed cells were streaked on SD/Leu- in serial dilution (1:10-

1:1.000.000) on 10-cm diameter Petri dishes, with two replicates. The remaining yeast cell 

suspension was streaked in a volume of 200 µl on SD/Leu- 15-cm diameter plates, in or-

der to grow the cDNA library for 5-7 days, at 30ºC. Finally, the colonies carrying pACT2 

with the cDNA library were pooled. 

In order to pool the cDNA library, Petri dishes with the appropriate AH109 strain were 

stored for 4 h at 4ºC. Then, 5 ml of the “Freezing medium” was pipetted onto each Petri 

dish under sterile conditions, in order to enable harvesting of the transformed cells from 

the plate using a sterile glass rod. The cell suspension was sucked with a glass pipette 

and transferred to a flask. The cell density (cells/ml) was estimated by means of a haemo-

cytometer (Neubauer Improved chamber; Fig. 2-3). The cDNA library should contain from 

≥ 2 x 107 cells/ml (Clontech, Palo Alto, CA, USA) to ≈1 x 108 cells/ml (Kolonin et al., 2000). 

If required, cells were concentrated by a centrifugation step and resuspended in a smaller 

volume of the “Freezing medium”, in order to obtain the desired cell density. For longer 

storage 1 ml of the cDNA library was snap-frozen in a sterile, labelled tube and stored at 

-80ºC. Furthermore, to determine the library titre, 100 µl of a 1:100, 1:1000, and 1:10.000 

dilution of the frozen cDNA library was spread on SD/Leu- plates (10 cm in diameter) and 

incubated at 30°C until colonies appeared (~2–3 days). These were counted (cfu) and the 

number of clones in the generated cDNA library was calculated (Tab. 2-19). 

 

 Tab. 2-20 Reagents used in the yeast transformation procedure  

50% PEG PEG/LiOAc solution Freezing medium 

50 g/100 ml H2O 

 

 

10% (v/v) 10x TE-buffer 

10% (v/v) 10x LiOAc 

80%(v/v) 50% PEG 3350 

YPD (for Y187 strain) or YPDA (for AH109 
strain) 

25% glycerol 

Warm up to 50°C, 
sterile filter  

Mix with autoclaved 
H2Obidest, prior to use  

First autoclave YPD mixed with glycerol, 
then supplement with the sterile-filtered ade-
nine hemisulfate  
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Equation for the concentration of yeast cells in the original mixture: 

 

Number of cells counted in the 96 Small Squares x Dilution factor of the cell suspension 

Calculated Volume of the 96 Small Squares (0.024 µl) 

Fig. 2-3 Calculation of yeast cell concentration in the original mixture. The ruled area of the 
haemocytometer (Neubauer Improved) consists of several, 1 x 1 mm large (1 mm

2
) squares. 

These are subdivided in 0.2 x 0.2 mm, and this square is further subdivided into 0.05 x 0.05 mm 
(0.0025 mm

2
) squares. The raised edges of the haemocytometer hold the cover slip 0.1 mm off 

the marked grid. According to the parameters of the calculated volume (CV), in which the cells 
are counted and the equation given above, the concentration of yeast cells in the original mixture 
may be calculated per ml. 

 

2.2.3.4 Toxicity and autoactivation test for bait proteins 

Yeast strain Y187, expressing the bait protein, was tested for toxicity and autoactivation of 

reporter genes (HIS3, ADE2, MEL1) in liquid and on solid selective media (SD/Trp-), re-

spectively. According to the manufacturer (Clontech, Palo Alto, CA, USA), a proper growth 

of the yeast culture, expressing a nontoxic bait protein, is characterized by OD600≥0.8. The 

autoactivation of reporter genes by the bait was tested on the SD medium, lacking Trp 

and His (SD/Trp-, His-) or Trp, His and Ade with addition of 20 µg/ml X-α-Gal (SD/Trp-, 

His-, Ade-/X-α-Gal). Positive growth of the transformed yeast cells on these media refers 

to the ability of non-specific autoactivation of the reporter genes and could disqualify the 

investigated bait protein from yeast two-hybrid analysis. 

2.2.3.5 Yeast two-hybrid screen of the cDNA library from A. thaliana cell 

suspension culture with GapC as the bait 

The two isoforms of glyceraldehyde-3-phosphate dehydrogenase from A. thaliana (GapC1 

and GapC2) were applied as baits in the two-hybrid screen of the cDNA-library for positive 

protein-protein interactions, according to Kolonin et al. (2000) with small modifications. 

One or two fresh colonies of the yeast strain, expressing the bait GapC, were used to in-
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oculate 50 ml sterile SD/Trp- medium and incubated overnight at 30°C, 200 rpm, until 

OD600 reached ~0.6, which corresponds to ~3 x 107 cells/ml. The number of cells was es-

timated using the counting chamber Neubauer Improved (Fig. 2-3). This cell suspension 

was then centrifuged for 10 min in a sterile 50 ml Falcon tube at 3200 xg and RT. The 

resulting pellet was resuspended with 1 ml sterile H2O, in order to increase the cell con-

centration to 1 x 108 cells/ml. 

Mating of MATα and MATa took place by mixing 1 ml of the Y187 strain expressing bait, 

GapC1 or GapC2 (~1 × 108 cells/ml), with 1 ml of the cDNA library-containing AH109 

strain (~1 × 109 cfu/ml), respectively. The yeast suspension was pooled, as described 

above, resuspended in 1 ml YPDA medium containing glucose and plated on solid YPDA 

in Petri dishes, drop-by-drop. Incubation of the mating yeast cells took place over 12-15 h 

at 30ºC. Afterwards, they were washed out from the YPDA plates with SD/Leu-, Trp- me-

dium, collected in a sterile flask, filled with the same selection medium up to 100 ml and 

incubated for 6 h at 30ºC, 200 rpm. Finally, the yeast culture was centrifuged, washed 

with 30 ml 0.9% NaCl, centrifuged again and resuspended in 5 ml 0.9% NaCl. In order to 

estimate the mating efficiency (Tab. 2-21), 100 µl of the yeast cell suspension were 

streaked on SD/Leu-, SD/Trp- and SD/Leu-, Trp- in serial dilution up to 10-6, on two repli-

cate 10-cm diameter Petri dishes. The remaining diploid yeast cells expressing interacting 

proteins were streaked in a vol. of 200 µl on SD/TDO in Petri dishes (15 cm in diameter), 

and incubated at 30ºC for app. 6 days. To eliminate false positives, the large (>2 mm) 

colonies were re-streaked on SD/TDO to test for weak interactions and finally on 

SD/QDO/X-α-Gal, to determine strong protein-protein interactions. 

Robust colonies were cultivated overnight for glycerol stocks, for plasmid isolation, segre-

gation analysis in bacteria and further sequencing. Moreover, verification of the putatively 

positive interactions was performed by transferring the identified prey insert from the 

pACT2 vector into pGBKT7, and additional subcloning of the bait into the pGADT7, fol-

lowed by the “one-on-one” yeast two-hybrid assay in the AH109 yeast strain. 

 

Tab. 2-21 Calculation of the yeast mating efficiency, according to the BD Matchmaker
TM

 Li-
brary Construction and Screening Kits User Manual (Clontech, Palo Alto, CA, USA). Calcula-
tion of the viable cfu/ml was performed with the yeast colonies growing on each type of SD me-
dium, according to the transformed bait and prey vectors. Cfu – colony forming units, # - number. 
The mating efficiency should be > 2%. 

 
                      cfu 

Vol. plated (µl) x dilution factor 

 

# cfu/ml on SD/Leu
-
 = viability of Y187 partner  

# cfu/ml on SD/Trp
-
 = viability of AH109 partner  

# cfu/ml on SD/Leu
-
/Trp

-
 = viability of diploids 

 
     # cfu/ml of diploids          

# cfu/ml of limiting partner 

 

 

 = # viable cfu/ml 

X 100 = mating efficiency (% diploid) 
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2.2.3.6 Plasmid isolation from S. cerevisiae cells 

The yeast colonies selected for reporter gene activation and thus displaying putatively 

positive protein-protein interactions, were analyzed by sequencing the isolated AD-

plasmids. Plasmid isolation method was as performed by Scholz (2004). A single colony 

(>2 mm in diameter) was used to inoculate 3 ml glucose-containing SD/Leu-, Trp- medium, 

which was then kept in a shaker overnight at 30°C, 200 rpm. Overnight culture (2 ml) car-

rying the AD-library plasmid was centrifuged in a 2 ml safe-lock tube for 5 min at 

5000 rpm, RT. The remaining yeast culture was used for “Drop Test” and stored as a 

glycerol stock at -80°C, if needed. The resulting pellet was resuspended in 200 µl Plasmid 

Isolation Buffer and 2/3 of the volume was filled with acid-washed glass beads (0.25-

0.7 mm in diameter), in order to prepare yeast spheroplasts. For this purpose, 200 µl of 

phenol/chloroform/isoamylalcohol (P/C/I) was added and the whole mixture was vortexed 

for 3 min. In order to separate the upper, nucleic acid-containing, aqueous phase from the 

interface, which contained proteins dissolved in phenol, and the lower phase consisting of 

lipids dissolved in chloroform, the tubes were centrifuged for 5 min, at maximum speed 

and 4C. The aqueous phase was subsequently transferred to a new, 1.5-ml safe-lock 

tube, with the addition of 200 µl P/C/I and the centrifugation repeated as described above. 

This step was repeated twice. The latter aqueous phase was transferred to a new 1.5-ml 

tube and the plasmid DNA was precipitated with 0.1 vol. 3 M Na-acetate (pH 5.2) and 

2.5 vol. 100% EtOH. The tubes were inverted several times and incubated on ice for 

30 min. To sediment plasmid DNA, the tubes were centrifuged for 20 min, at maximum 

speed and 4C. The supernatant was discarded and the pellet was washed with 20 µl of 

70% EtOH and centrifuged for 15 min, at maximum speed and 4C. Pelleted plasmid DNA 

was air-dried and, finally, dissolved in 20 µl sterile Merck-H2O. 

The whole aliquot was used for transformation of the electrocompetent E. coli cells, in 

order to segregate bait from prey plasmids according to their specific antibiotic resistance. 

Isolation of the plasmid DNA from E. coli cells, according to the method in Chap. 2.2.2.5, 

was followed by a control restriction digestion of the pACT2 cDNA with BglII, according to 

the manufacturer’s instructions (MBI Fermentas, St. Leon-Rot, Germany). Examination of 

the digested plasmids by agarose-gel electrophoresis was followed by sequencing at Eu-

rofins MWG Operon (Martinsried, Germany). Final analysis of the bioinformatic data was 

carried out at the National Centre for Biotechnology Information (NCBI) website using 

BLAST (Altschul et al., 1997). 

Glass beads, used in this procedure, were washed for further use in a flask with 1 M HCl. 

Several washes with H2Obidest were repeated to neutralize the pH (tested with a pH paper). 

The beads were then washed twice with 100% EtOH and dried for two days in a drying 

cabinet. 
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Tab. 2-22 Reagents for the plasmid isolation from yeast cells 

Plasmid Isolation Buffer 

10 mM Tris-HCl (pH 8.0) 

100 mM NaCl 

1 mM EDTA 

1% SDS 

2% Triton X-100 

Autoclave for 20 min  

 

2.2.3.7 Analysis of the reporter genes activation using “Drop test” 

Putatively positive, diploid clones identified in the yeast two-hybrid screen, or the AH109 

strain carrying the investigated bait and prey vectors (in the “one-on-one” assay), were 

tested in serial dilution on SD/TDO and SD/QDO/X-α-Gal, in order to determine the strin-

gency of the identified protein-protein interactions. 

In order to perform this test, 3 ml of the glucose-containing SD/Leu-, Trp- was inoculated 

with a single yeast colony and incubated overnight, at 30°C and 200 rpm. Optical density 

of the resulting overnight culture was determined at 600 nm, and when OD600 was at ~1.5 

it was taken as corresponding to ~3 x 107 cells/ml (Kolonin et al., 2000). A part of the vol-

ume (2 ml) was used for plasmid isolation, while the remaining suspension was serially 

diluted (10-1-10-4) and transferred dropwise (5 µl) onto selective medium (SD/Leu-, Trp-; 

SD/TDO, SD/QDO/X-α-Gal). These tested yeast transformants were incubated for 3-4 

days, at 30ºC, so that single robust colonies (>2 mm) could grow at the highest dilution 

and upon most stringent selection conditions, therefore demonstrating the binding affinity 

between bait and prey partners. These “Drop Tests” were documented photographically. 

2.2.3.8 Glycerol stocks of yeast cells 

In order to preserve yeast strains carrying the constructed vectors, 200 µl of the overnight 

culture (at OD600 ≥0.5) was mixed with 200 µl of the selective SD medium and 400 µl 50% 

sterile glycerol (to a final concentration of 25%), upon sterile conditions. The glycerol stock 

was stored at -80ºC, not longer than one year. Alternatively, an isolated yeast colony was 

scraped from the agar plate, and vigorously resuspended in 200–500 µl of the appropriate 

medium, in a microcentrifuge tube. Subsequently, sterile 50% glycerol was added to a 

final concentration of 25%. 

2.2.4 Molecular biology methods 

Biochemical characterization of proteins requires subcloning of the coding DNA sequence 

into protein expression vectors. For this purpose, total RNA was isolated from A. thaliana 

plant rosettes and reversely transcribed into the complementary DNA (cDNA), multiplied 

and modified using polymerase chain reaction (PCR), and, finally, cloned into the protein 

expression vectors using specific DNA endonucleases. 
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2.2.4.1 RNA isolation from plant material according to the US-Patent 

5.973.137 

Isolation of total RNA from plant material was performed according to the modified RNA-

Miniprep procedure (US-Patent 5.973.137, Gentra Systems, Minneapolis, USA). It is 

based on a salt precipitation of RNA, without the phenol/chloroform extraction step. 

One leaf (50 mg) of a 5-6 week old A. thaliana plant was cut off the rosette, transferred 

into a prechilled 1.5 ml tube and immediately snap-frozen in liquid nitrogen, to prevent 

RNA degradation. The harvested, frozen plant material was thawed for 15-20 s and then 

supplemented with 600 µl cell-lysis buffer, to undergo grinding with an automatic homoge-

nizer, directly in the tube. Following this, 200 µl of the protein-DNA precipitating buffer was 

mixed with the homogenized plant material. The sample was briefly vortexed or inverted 

10 times, and finally incubated on ice for 5 min. Centrifugation for 5 min, at 15.000 xg and 

RT, followed in a microcentrifuge, in order to separate cell debris from the aqueous solu-

tion containing nucleic acids. The supernatant (app. 700 µl) was transferred to a new 

1.5 ml tube and supplemented with 700 µl isopropanol, in order to precipitate RNA 

(>60 min at RT). After another centrifugation step, as described above, the supernatant 

was discarded and the RNA-containing pellet was washed for 3 min with 300 μl 70-75% 

EtOH, at 15.000 xg and RT. The resulting supernatant was removed completely using an 

extended Pasteur pipette. The pellet was air-dried for 15 min and subsequently resus-

pended with 20 µl DEPC-H2O. The RNA solution was additionally incubated for 5 min, at 

60°C in a thermomixer and centrifuged, as described above. Finally, concentration of the 

isolated RNA was estimated photometrically and the sample was stored at -80°C. The 

efficiency of the RNA isolation was routinely 1 µg RNA per 1 mg of plant material. 

 

Tab. 2-23 Buffers for isolation of total RNA from plant material, according to the US-Patent 
5.973.137, Gentra Systems (Minneapolis, USA) 

Cell-lysis buffer Protein-DNA precipitating buffer 

2% (w/v) SDS 

68 mM tri-sodium citrate 

132 mM citric acid 

10 mM EDTA (pH 8.0) 

0.1% (v/v) DEPC 

4 M NaCl 

17 mM tri-sodium citrate 

33 mM citric acid 

10 mM EDTA (pH 8.0) 

0.1% (v/v) DEPC 

Stir the buffer for 2 h at 30°C, pH 
should be at 3.5, autoclave for 
20 min  

Stir the buffer for 2 h at 30°C, pH 
should be at 3.5, autoclave for 
20 min 

2.2.4.2 DNase I digestion 

DNase I is an endonuclease that hydrolyzes single- and double-stranded DNA at the 

phosphodiester bonds, thus yielding 5'-phosphate-terminated polynucleotides with a free 

hydroxyl group in the 3'position. The DNase I activity is strictly Ca2+-dependent and acti-

vated by Mg2+, which enables random cleavage of the dsDNA, and by Mn2+-ions, which 

allows cleavage of both DNA strands at approximately the same site. The resulting DNA 
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fragments contain blunt ends or termini protruding for only one or two nucleotides (Sam-

brook and Russell, 2001). 

A sample of 5 µg of the isolated, total plant RNA was supplemented with 5 U DNase I 

(MBI Fermentas, St. Leon-Rot, Germany), 1 µl 10x Reaction Buffer and made up to 10 µl 

with autoclaved Merck-H2O. After incubation at 37°C for 30 min, the hydrolysis reaction 

was stopped by addition of 1 µl 25 mM EDTA and incubation for 10 min at 65°C. Samples 

were snap-frozen in liquid nitrogen and kept there for 5 min. Following this, they were 

used in the following cDNA synthesis. 

2.2.4.3 Reverse transcription and cDNA synthesis 

Synthesis of a single-stranded DNA, complementary to the mRNA template (cDNA), in-

volves the reverse transcriptase enzyme (RT), known also as a RNA-dependent DNA 

polymerase. It was identified in reverse-transcribing RNA viruses, lacking DNA-dependent 

DNA polymerases that reverse-transcribe their RNA genomes into DNA, which is then 

integrated into the host genome and replicated along with it. In the following in vitro cDNA 

synthesis, the Moloney Murine Leukemia Virus (M-MuLV) reverse transcriptase was ap-

plied. In order to reverse transcribe only the messenger RNA from the isolated, total plant 

RNA, deoxythymidine oligonucleotide (oligo(dT)) was used as a primer, due to its com-

plementary sequence to the poly(A) tail (polyadenylic acid tail), which is specific for 

mRNA. 

The cDNA synthesis was performed using the RevertAid™ H Minus First Strand cDNA 

Synthesis Kit, according to the manufacturer’s instruction (MBI Fermentas, St. Leon-Rot, 

Germany). The DNA-free RNA sample (5 µg) was mixed with 1 µl Oligo(dT)18 Primer and 

incubated for 5 min at 70°C, in order to remove the RNA secondary structures. After this 

denaturation step, the mixture was supplemented with 4 µl 5x Reaction Buffer, 1 µl Ri-

boLock™ RNase Inhibitor and 2 µl 10 mM dNTP, and incubated for 5 min at 37°C. After-

wards, the reverse transcription was initiated by addition of 1 µl M-MuLV RT and carried 

out for 60 min at 42°C. The reaction was stopped by heating at 70°C for 10 min. The syn-

thesized cDNA was used immediately in a PCR, or was kept frozen at -20°C, or at -80°C 

for longer storage. 

2.2.4.4 DNA amplification by means of the polymerase chain reaction (PCR) 

The polymerase chain reaction (PCR), established by Kary Mullis in 1984 and awarded 

with the Nobel Prize in Chemistry in the year 1993, is one of the milestones in molecular 

biology. This method relies on a cyclic amplification of a template DNA in repeated heat-

ing (DNA melting) and cooling steps (primer annealing and DNA elongation). DNA poly-

merase enzyme performs the elongation of short complementary DNA fragments, so-

called primers, bound to the template (Mullis et al., 1986). Almost all PCR applications 

employ a heat-stable Taq polymerase, originally isolated from the bacterium Thermus 

aquaticus that was found in hot springs and characterized by the optimal temperature for 

its activity at 72°C (Saiki et al., 1988). In some experiments, where the error rate of Taq 

DNA polymerase (2.2x10-5 errors per nt per cycle) was unacceptable (Lundberg et al., 

1991), the DNA polymerase from the hyperthermophilic archaeum Pyrococcus furiosus 

was applied (Pfu). This enzyme, apart from the template-dependent polymerization of 
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nucleotides into dsDNA, exhibits a 3'->5' exonuclease (proofreading) activity as well, 

which enables the polymerase to correct nucleotide incorporation errors (MBI Fermentas 

brochure). 

For DNA amplification in a controlled colony PCR or for the optimization of annealing tem-

perature in the gradient PCR, standard Taq or DreamTaq™ DNA Polymerase were used 

(MBI Fermentas, St. Leon-Rot, Germany). Error-free amplification of cDNA used in further 

cloning and expression in homologous or heterologous systems, Pfu DNA Polymerase 

was applied (MBI Fermentas, St. Leon-Rot, Germany). 

Standard PCR using 0.25 µl DreamTaq™ DNA Polymerase was prepared in a 25-µl reac-

tion with addition of max. 500 ng DNA, 2.5 µl 10x DreamTaq™ Buffer, 0.5 µl 10 mM 

dNTPs, 1 µl of the sense and antisense 10 pM primer, and made up to 25 µl with auto-

claved Merck H2O. Amplification of cDNA with the Pfu DNA Polymerase was performed in 

a 50 µl reaction, with the addition of app. 500 ng cDNA or plasmid DNA, 5 µl 10x Pfu 

Buffer, 5 µl 25 mM MgSO4, 1 µl 10 mM dNTPs, 2 µl of the sense and antisense 10 pM 

primer stock, 0.5 µl Pfu DNA Polymerase, and made up to 50 µl with autoclaved Merck 

H2O. 

Standard PCR program in a thermocycler were as follows: 

Initial denaturation: 95°C, 5 min 

DNA denaturation: 95°C, 1 min 

Primer annealing: 55°C, 1 min 

Extending: 72°C, 2 min 

Final extending: 72°C, 5 min 

Hold: 10°C, ∞ 

Gradient PCR was used for optimization of the primer annealing temperature, by decreas-

ing the primer melting temperature (Tm), given by the manufacturer (MWG Biotech, 

Ebersberg, Germany), by 5-10°C. Colony PCR with bacterial or yeast cells, carrying ap-

propriate plasmid (PCR template), is described in the next chapter. 

2.2.4.5 Colony PCR with bacterial and yeast cells 

After ligation of an insert of interest into a vector, the resulting construct was transformed 

into bacteria to multiply it. To confirm a successful cloning, screen of the bacterial colonies 

took place with colony PCR. Approximately ten bacterial colonies were picked from the 

solid medium with sterile toothpicks and streaked onto fresh medium in labelled Petri 

dishes, to distinguish the tested bacterial colonies. The cells remaining on the top of the 

used toothpick were released by dipping it in 50 µl Merck-H2O, in a labelled 1.5 ml tube. 

This bacterial cell solution was boiled for 10 min in a water bath and, subsequently, centri-

fuged for 5 min at 13.000 rpm. The DNA-containing supernatant was used in the following 

colony PCR. The standard reaction using 0.5 µl DreamTaq™ DNA Polymerase was pre-

pared in 50 µl reactions with the addition of 5 µl DNA solution, 5 µl 10x DreamTaq™ 

Buffer, 1 µl 10 mM dNTPs, 2 µl of the sense and antisense 10 pM primer, and autoclaved 

Merck-H2O, made up to 50 µl. Standard conditions were applied in the thermocycler. The 

PCR products were analyzed by means of agarose-gel electrophoresis, while Petri dishes 

40-45 cycles 
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with the restreaked bacterial colonies were incubated overnight at 37°C. In order to iden-

tify positive constructs, the tested bacterial colonies were inoculated in liquid YT medium 

with appropriate antibiotics. Finally, plasmid isolation with preparation of glycerol stocks 

was performed. 

Yeast colonies, grown in the yeast two-hybrid “one-on-one” assays were tested for pres-

ence of the respective “bait” and “prey” vector by colony PCR. This was made in order to 

exclude a cross-contamination between experiments, which were often performed in par-

allel. The principal of this technique differs from bacterial colony PCR only in the exclusion 

of cell disruption by boiling it in advance. The picked yeast cells (in “pinhead” amounts) 

were dipped in the pre-prepared 50 µl PCR reaction, which was carried out according to 

the conditions given above for the bacterial colony PCR. Finally, PCR products were ana-

lyzed by means of agarose-gel electrophoresis. The remaining yeast colony was used to 

inoculate 2-3 ml of glucose-containing SD/Leu-, Trp- media and incubated overnight at 

30°C, in order to test the reporter genes activation by the investigated protein partners in 

the “Drop Test” (Chap. 2.2.3.7). 

2.2.4.6 Agarose-gel electrophoresis 

Products obtained by standard PCR or its variants, gradient and colony PCR, and results 

from the restriction digestion of plasmids, were analyzed by separation of the DNA bands 

via agarose-gel electrophoresis. DNA samples were supplemented with 6x DNA Loading 

Dye (MBI Fermentas, St. Leon-Rot, Germany) and loaded onto a 1-1.5% agarose gel, 

containing ethidium bromide (0.5 µg/ml), which intercalates the nucleic acid strands. The 

Lambda DNA/PstI Marker or GeneRuler™ 100 bp DNA Ladder Plus (MBI Fermentas, St. 

Leon-Rot, Germany) were taken as DNA-size markers. Agarose gels (10 x 10 x 1 cm in 

size) were run at 120 V, in 0.5x TBE buffer. DNA bands were visualized and photo-

graphed using an UV transilluminator from the Molecular Imager Gel Doc XR System, with 

compatible imaging software (BioRad, München, Germany). 

 

Tab. 2-24 Reagents for agarose-gel electrophoresis 

5x TBE buffer 1% agarose gel 

445 mM Tris-HCl (pH 8.0) 

445 mM borate 

10 mM EDTA  

1 g agarose 

100 ml 0.5x TBE buffer  

5 μl ethidium bromide (10 mg/ml)  

Ad 1000 ml H2Obidest, sterile 
filter 

Prior to addition of EtBr, cool down the 
agarose to 50°C 

2.2.4.7 DNA extraction from agarose gel 

After running agarose-gel electrophoresis, the PCR or restriction digestion products were 

extracted from the agarose gel, in order to perform DNA ligation reaction and obtain re-

quired constructs. The DNA extraction was performed using the MinElute Gel Extraction 

Kit (Qiagen, Hilden, Germany). Concentration of the eluted DNA was measured photomet-

rically, as follows in the next chapter. 
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2.2.4.8 Photometrical quantification of the nucleic acid concentration 

Nucleic acids absorb ultraviolet light (UV) with an absorption peak at 260 nm, which en-

ables determination of their concentration in solutions, using a spectrophotometer. After 

being mixed with H2O or Tris-buffers, a nucleic acid-containing sample is exposed to UV 

light at 260 nm, and a photodetector measures the light that passes through the sample. 

The rate of light absorbance corresponds proportionally to the amount of DNA or RNA in 

the solution. An OD of 1 corresponds to a concentration of 50 μg/ml for dsDNA, 33 µg/ml 

for ssDNA, and 40 µg/ml for RNA (Sambrook et al., 1989), allowing calculation of nucleic-

acid content in samples. Contamination of nucleic acids with other molecules is common 

and may be expressed by comparison of the nucleic acid absorbance at 260 nm (E260) 

with absorbance of proteins (E280, aromatic amino acids absorb at 280 nm) or phenols 

(E230, absorption at 230 nm). In order to assess sample purity, two ratios are taken into 

account – E260/E280 and E260/E230. For pure DNA, the first ratio should be at 1.8-2 and 1.7-2 

for RNA, whereas the second should be at around 2 for both nucleic acids (Lottspeich and 

Zorbas, 1998). 

The DNA or RNA concentration was estimated by measuring the absorbance at 260 nm of 

a solution comprising 2 µl of the appropriate sample, mixed with 98 µl Merck-H2O in a UV-

translucent cuvette. Merck-H2O or an appropriate nucleic-acid buffer was taken as a blank 

test. 

2.2.4.9 Restriction digest analysis 

Analytic restriction digestions were performed to identify vectors with successful insertion 

of PCR products, encoding investigated proteins or, alternatively, during subcloning a 

DNA insertion from one vector to another. The enzymes carrying out restriction digests 

are bacterial endonucleases that recognize specific nucleotide sequences known as re-

striction sites (Roberts, 1976). This feature is presumed to serve as a defence mechanism 

against viruses. In this thesis, all restriction digestions of plasmid DNA were performed 

according to the manufacturer’s instruction (MBI Fermentas, St. Leon-Rot, Germany). 

Working volume was 20µl. The resulting samples were then analyzed via electrophoretical 

separation on a 1-1.5% agarose gels. 

2.2.4.10 Ligation of double-stranded DNA using T4 Ligase 

DNA ligase enzymes ligate two DNA strands with complementary ends by forming a 

phosphodiester bond. The T4 DNA Ligase (isolated from bacteriophage T4) was applied 

in cloning approaches for ligation of blunt or sticky ends of a plasmid with a DNA frag-

ment. Ligation of products of PCR or restriction digests into a vector (100 ng) was carried 

out using the following equation: 

½  insert/vector    x    
1
/3  vector/insert    =    

1
/6 (vector/insert) 

            bp                              ng                   

vector [ng] x insert [bp]       

         vector [bp] 
x   6  =    insert [ng] 
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In some cases, the amount of insert was increased by a factor of 20 in the equation. For 

ligation reactions 100 ng of the appropriately digested vector was mixed with the calcu-

lated amount of an insert, 2 µl 10x T4 Ligation Buffer, 1 µl T4 Ligase and Merck-H2O, 

made up to 20 µl. Incubation of the ligation mixture took place overnight at 4C, or at 22C 

for 2-3 h. It was then used for transformation of competent bacterial cells, which were util-

ised for selection of the ligated DNA constructs. 

2.2.5 Biochemical methods 

2.2.5.1 Photometrical estimation of the protein concentration using Amido 

Black dye 

Amido black 10B is an diazo dye, which is used in biochemical research to stain total pro-

tein content transferred onto nitrocellulose or PVDF membranes. Its chemical designation 

is 4-amino-5-hydroxy-3-[(4-nitrophenyl)azo]-6-(phenylazo)-2,7-naphthalene disulphonic 

acid, disodium salt. In this study it was used to estimate the concentration of purified rab-

bit actin, according to the following protocol, which was kindly provided by Dr. Olga Vi-

tavska (Zoophysiology Dep., Univ. of Osnabrück, Germany). 

In order to make a calibration curve, BSA was taken as a standard protein at a stock con-

centration of 100 µg/ml. Duplicate samples of 20, 40 and 60 µl of the stock protein solu-

tion were supplemented with 300 µl Solution B and incubated at RT for 5 min. In parallel, 

the investigated actin samples were also mixed with 300 µl Solution B and treated identi-

cally. All samples were centrifuged for 4 min at 13.000 rpm and decanted. Washing of the 

resulting pellets with 500 µl Solution A was followed with two centrifugation steps of 3 min 

at 13.000 rpm. Afterwards, the protein pellets were resuspended in 350 µl Solution C and 

their absorbance was measured at 615 nm. 

 

Tab. 2-25 Reagents used for estimation of the protein concentration using Amido Black dye 

Solution A Solution B Solution C Protein standard 

Acetic acid/methanol 1:10 
26 mg Amido Black in 
100 ml Solution A 

0.1 N NaOH 
1 µg BSA/10 µl TE buffer 
(10x stock – 1 mg/ml) 

2.2.5.2 Photometrical estimation of the protein concentration according to 

Bradford 

The Bradford assay enables colorimetric protein estimation using the Coomassie Brilliant 

Blue G-250 dye (Bradford, 1976) that, when bound to aromatic amino acid residues, un-

dergoes a stabilization, causing a change in its colour. The cationic, unbound form of the 

Coomassie dye is red and displays an absorption maximum at 470 nm, whereas the ani-

onic, blue, protein-bound form has an absorption maximum at 595 nm (Compton and 

Jones, 1985). The increase of absorbance up to 595 nm is proportional to the amount of 

the bound dye, and thus, to the concentration of protein in the sample. To generate a cali-

bration curve, defatted BSA was added to the assay at different concentrations. The in-

vestigated sample was prepared in a plastic cuvette, by mixing 500 µl of the Bradford so-

lution with the experimental protein sample, and made up with H2Obidest to 1 ml. The same 
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mixture of the Bradford solution and H2Obidest was taken as a blank test, excluding the pro-

tein sample. Absorbance of the sample was measured at 595 nm (E595) after its incuba-

tion, taking place for 15 min at RT. The protein concentration was calculated as follows: 

                 Bradford factor x E595 x Dilution factor 

                  1000 

 

Tab. 2-26 Bradford solution for the protein estimation assay 

Bradford solution 

50 mg Coomassie Brilliant Blue G-250 

10 ml EtOH 

175 ml orthophosphoric acid (85%) 

500 ml H2O 

Mix it well overnight, cool if required, fill with 
H2Obidest ad 1000 ml 

2.2.5.3 SDS-PAGE 

Sodium dodecyl sulphate polyacrylamide-gel electrophoresis (SDS-PAGE) is used to 

separate proteins in a polyacrylamide gel (PA-gel), according to their electrophoretical 

mobility, upon the addition of denaturing SDS (Shapiro et al., 1967). A PA-gel is prepared 

from monomers of acrylamide (AAm) and N,N’-methylenebisacrylamide (BAAm), which 

upon the addition of ammonium persulphate (APS) and tetramethylethylenediamine 

(TEMED) undergo a free-radical initiated, crosslinking copolymerization. Due to the inter-

actions of protein side chains with SDS and reduction of disulphide bridges with β-

mercaptoethanol (β-ME) or dithiothreitol (DTT), the protein receives a negative charge 

and remains unfolded in its primary structure. Thus, electrophoresis of samples having 

identical charge to mass ratios, results in migration of negatively charged proteins in the 

PA-gel, in the electric field towards the positive electrode, and therefore, in their fractiona-

tion by size. During electrophoresis in a discontinuous PA-gel system (Laemmli, 1970), 

that depends on a stacking gel, layered on the top of a resolving gel differing in pH by ~2 

units, an ion gradient is formed in the early stage of electrophoresis that causes all of the 

proteins to focus into a single sharp band (Laemmli, 1970). The leading ion in the electro-

lyte is Cl¯, being at a high concentration and having high mobility, whereas glycinate is 

the trailing ion with low mobility and at a low concentration. SDS-protein particles do not 

migrate freely at the border between the Cl¯ of the gel buffer and the Gly¯ of the cathode 

buffer. This occurs in a region of the gel that has larger pores (stacking gel), so that the 

gel matrix does not retard the migration during the focusing event. Negative ions from the 

buffer in the tank then "outrun" the SDS-covered protein "stack" and eliminate the ion gra-

dient, so that the proteins are subsequently separated by the sieving action in the lower, 

"resolving" region of the PA-gel. 

The appropriate protein samples were supplemented with 6x SDS-loading buffer (see 

Tab. 2-27), heated at 95°C for 5-10 min, cooled and loaded onto the stacking gel. Separa-

tion of the protein samples was performed on a 10% or 12% resolving PA-gel with a 

30 mA current per gel, in the Mini-PROTEAN 3 system (Bio-Rad Laboratories, München, 

=  Protein concentration [mg/ml] 
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Germany). After running SDS-PAGE, the gel was stained in the Coomassie Brilliant Blue 

(CBB) solution for 20 min. Afterwards the gel was destained overnight with the destaining 

solution or, in some cases, it was heated in double-distilled H2O in a microwave, to re-

move the CBB dye. 

 

Tab. 2-27 Reagents for the SDS-PAGE, using the Mini-PROTEAN 3 system (Bio-Rad Labora-
tories, München, Germany). 

10% resolving gel 

(10 ml ≈ 2 gels) 

12% resolving gel 

(10 ml ≈ 2 gels) 

Stacking gel 

(4 ml ≈ 2 gels) 

5.5 ml H2O 

2.5 ml AAm/BBm (40%) 

2.0 ml 1.5 M Tris-HCl (pH 8.8) 
+ 0.4% SDS w/v 

50 µl 10% APS 

5 µl 100% TEMED 

4.4 ml H2O 

3.0 ml AAm/BBm (40%) 

2.55 ml 1.5 M Tris-HCl (pH 8.8) 
+ 0.4% SDS w/v 

50 µl 10% APS 

5 µl 100% TEMED 

2.42 ml H2O 

0.5 ml AAm/BBm (40%) 

1.0 ml 0.5 M Tris-HCl (pH 6.7)           
+ 0.4% SDS w/v 

20 µl 10% APS 

5 µl 100% TEMED 

   

6x SDS-loading buffer 
10x SDS-PAGE run-
ning buffer 

CBB staining solution Destaining solution 

0.05% (w/v) SDS 

10% (w/v) glycerol 

0.25% (w/v) bromphenol blue 

62.5 mM Tris-HCl (pH 8.3) 

0.7 M β-mercaptoethanol 

250 mM Tris-HCl 
(pH 8.3) 

1.92 M glycine 

10% SDS  

 

0.25% (w/v) Coomassie 
Brilliant Blue R 250 

10% (v/v) acetic acid 

45% (v/v) MeOH 

45% H2Obidest 

10% (v/v) acetic acid 

45% (v/v) MeOH 

45% H2Obidest 

2.2.5.4 Western blot analysis and immunochemical detection 

To detect recombinant, plant actin in protein crude extracts, isolated from bacteria (see 

Chap. 3.2.5.3), the Western blot technique was used (Burnette, 1981). SDS-PAGE first 

enabled the separation of denatured and reduced proteins, according to their molecular 

weight. The SDS PA-gel was then subject to an electrical transfer of proteins onto a nitro-

cellulose membrane. The gel, membrane and, additionally, two 3-mm Whatman papers 

were equilibrated for 15 min in a 1x transfer buffer (see Tab. 2-28). Afterwards, all compo-

nents were placed in a sandwich-way in the Mini Transblot System, according to the 

manufacturer’s instruction (Bio-Rad Laboratories, München, Germany). Migration of the 

negatively charged SDS-protein complexes in the electrical field towards the positive elec-

trode took place overnight at 90 mA, or for 1 h at 350 mA. Following this, the membrane 

was washed for 5 min with 1x TBS (see Tab. 2-28) and tested for a successful transfer of 

proteins by reversible staining with Ponceau S (see Tab. 2-28). The dye was washed off 

the membrane with 1x TBS, TBST (see Tab. 2-28) and again with 1x TBS, with each step 

for 5 min and at RT. Subsequent blocking of the membrane for 1 h in the blocking buffer 

(see Tab. 2-28) was followed with incubation of the membrane for 1 h at RT, or overnight 

at 4°C, with the primary antibody diluted in the blocking buffer. Excess of the first antibody 

was removed by washing with 1x TBS, TBST and again with 1x TBS, with each step for 
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5 min at RT. The membrane was incubated for 2-3 h with the secondary antibody in the 

blocking buffer, in a suitable dilution at RT, with gentle shaking. 

In the case of secondary antibody conjugated with the alkaline phosphatase (AP), a col-

orimetric detection of the investigated protein took place using two dyes. BCIP (5-bromo-

4-chloro-3-indolyl phosphate) is the AP substrate, which undergoes dephosphorylation to 

yield a dark-blue indigo-dye (Horwitz et al., 1966), whereas the second dye, NBT (ni-

troblue tetrazolium chloride) serves as the oxidant, turning dark-blue as well, and intensi-

fying the colour (Michal, 1983). Immunochemical detection using the AP-bound secondary 

antibody was performed as follows: 10 ml AP buffer (Tab. 2-28) was mixed prior to use 

with 5 µl NBT and 30 µl BCIP (Tab. 2-28), and the membrane was then transferred into 

the pre-prepared reaction buffer, so that the colorimetric reaction could take place. After 

appearance of the blue precipitates, the reaction was stopped by washing the dyes off 

with double distilled water. The stained membrane was subsequently documented by 

scanning. 

 

Tab. 2-28 Buffer composition for Western blotting 

10x Transfer buffer 1x Transfer buffer Ponceau S dye 10x TBS (Tris-buffered saline) 

250 mM Tris 

1.92 M glycine 

0.1% SDS 

10x transfer buffer 

20% MeOH 

 

1% Ponceau S in 
3% TCA 

 

200 mM Tris-HCl (pH 7.4) 

5 M NaCl 

 

    

1x TBST Blocking buffer 
Alkaline phosphatase 
(AP) buffer 

AP substrates 

1x TBS with 0.2% 
Tween 20 

 

1x TBS with 3% 
BSA 

 

100 mM Tris-HCl (pH 8.8) 

100 mM NaCl 

5 mM MgCl2 

75 mg/ml NBT in 70% DMF 

50 mg/ml BCIP in 100% DMF 

 

2.2.5.5 Heterologous expression of recombinant proteins and their purifica-

tion via IMAC 

The immobilised metal affinity chromatography (IMAC) enables purification of recombinant 

His-tagged proteins on a Ni2+-chelating matrix, due to the affinity of the charged metal ions 

for the aromatic imidazole side chain of histidine residues (Hochuli, 1988), fused with the 

protein of interest. The pET System (Novagen, Heidelberg, Germany) enabled expression 

of the recombinant proteins in E. coli cells that were transformed with one of the pET vec-

tors, containing a cDNA insertion under control of the strong, bacteriophage T7 promoter. 

Expression of the target coding sequence was arrested due to presence of a lac repressor 

that blocks the transcription of T7 RNA polymerase gene under lacUV5 promoter control, 

which are present on the bacterial chromosome. Only upon addition of IPTG (isopropyl β-

D-1-thiogalactopyranoside) that binds to the lac repressor, the T7 RNA polymerase could 

be synthesized at a sufficient level, performing transcription of the target sequence from 

the introduced pET vector (Fig. 2-4). 
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The pET-16b vector, used in this thesis, enabled expression of recombinant proteins as a 

N-terminal fusion with the deca-His tag, which consists of 10 histidine residues and serves 

for the purification of the His-tagged protein, by binding with Ni2+-charged matrix. The 

bound proteins were released from the Ni2+-chelating resin, by washing them off with 

competing reagents, such as imidazole. 

 

Fig. 2-4 Expression of recombinant proteins in the Novagen pET System. IPTG-inducible 
expression of recombinant proteins takes place due to the blocking effect of IPTG on the lac 
repressor, which inhibits expression of the T7 gene on the bacterial chromosome, encoding the 
T7 RNA polymerase. Only in presence of IPTG, the T7 RNA polymerase occurs and expression 
of the target sequence from the pET vector can take place in the host cell. Image taken from the 
11

th
 edition of the pET System Manual by Novagen (Heidelberg, Germany). 

2.2.5.5.1 Heterologous expression and purification of the recombinant 

glyceraldehyde-3-phosphate dehydrogenase 

Heterologous expression of the cytosolic glyceraldehyde-3-phosphate dehydrogenase 

from A. thaliana (GapC) was performed using the strain BL21(DE3)pLysS (Stratagene, 

Heidelberg, Germany), which was transformed with a construct pET-16b encoding the 

protein of interest, fused N-terminally with the deca-His tag. The expression conditions 

applied in this thesis were established by Starmann (2004). 

YT medium in volume of 5 ml, supplemented with ampicilline and chloramphenicol 

(YT/Amp, Cm), was inoculated with the appropriate strain from a glycerol stock. The cul-

ture was grown aerobically overnight at 37°C. On the next day, the overnight culture was 

used to inoculate 400 ml YT/Amp, Cm in a 1:100-ratio, which was incubated at 37°C and 

200 rpm, until the OD600 reached 0.4-0.6. At this point expression of the His-tagged GapC 

was induced by the addition of 300 µM IPTG and incubation for another 4 h at 200 rpm, 

30°C. Samples (1 ml) were taken from the bacterial culture every hour, in order to analyze 
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the increasing amounts of synthesized protein via SDS-PAGE. Afterwards, the bacterial 

cells were harvested by centrifugation for 15 min at 5000 xg, 4°C, and finally stored at 

-20°C. Isolation of the recombinant protein was performed with the Protino® Protein Purifi-

cation System and Protino® Ni-TED 2000 Packed Columns (Macherey-Nagel, Düren, 

Germany), according to the manufacturer’s instructions. Elution buffer from the kit was 

supplemented with 280 µM NAD+ to prevent misfolding of GapC. The purified His-tagged 

GapC was desalted from the imidazole-containing buffer in the 2x Buffer D (see Tab. 

2-29) that was supplemented with NAD+ and -ME, using illustra NAP-25 Column pre-

packed with Sephadex G-25 medium (GE Healthcare, München, Germany). The GapC-

containing elution was tested for activity and stored in 50% glycerol at -20°C. 

 

Tab. 2-29 Storage buffer for the cytosolic NAD-dependent glyceraldehyde-3-phosphate de-
hydrogenase 

2x buffer D 

100 mM Tris-HCl (pH 7.8) 

10 mM EDTA  

300 mM KCl 

280 µM NAD
+ 

6 mM β-mercaptoethanol 

Add NAD
+
 and β-mercaptoethanol 

prior to use 

2.2.5.5.2 Determination of GapC activity 

The cytosolic NAD-dependent GAPDH converts the glyceraldehyde-3-phosphate (GAP) to 1, 3-

biphosphoglycerate (1, 3-BPG) in a reversible oxidative phosphorylation with reduction of 

NAD to NAD(H). The latter step can be detected photometrically, due to the difference in 

the UV absorption spectra between the oxidized and reduced form of the dinucleotide 

(Dawson, 1985). By measuring absorption at 334 nm in a cuvette containing the GAPDH-

reaction mixture, it is possible to estimate activity of the enzyme. 

Due to the reversible nature of the reaction catalyzed by NAD-dependent GAPDH, a 1, 3-

BPG system was added to the GAPDH-reaction mixture (Cerff, 1982). It comprised 

phosphoglycerate kinase (PGK) that phosphorylates 3-phosphoglycerate (3-PG) to 1, 3-

BPG, which is then converted to GAP with a measurable oxidation of NAD(H) to NAD in the 

spectrophotometer (SPECORD® 50, Analytik Jena, Jena, Germany): 

 
The GAPDH-reaction components were pre-incubated for 10 min at RT, upon aeration with 

nitrogen. Subsequently, 990 µl of the reaction mixture was combined in a cuvette with 10 µl of 

the solution containing the pre-incubated GapC (0.45 µg). Enzyme activity was measured im-

mediately at 334 nm and 25°C, and calculated using the following equation and the extinction 

coefficient of NAD/NAD(H), which is 6,18*106 cm2/mol (Bergmeyer, 1974): 
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Dilution factor – X µl cuvette/ X µl sample 

6.18 – extinction coefficient of NAD/NAD(H) (εNAD/NAD(H)) 

 

 

 

 

Tab. 2-30 GAPDH-reaction mixture composition 

GAPDH-reaction mixture GAPDH preactivation 

2 mM ATP 

4.5 mM 3-PGA 

0.294 mM NAD(H) 

1.8 U/ml PGK 

100 mM Tris-HCl (pH 7.8) 

8 mM MgSO4 

1 mM EDTA 

20 mM DTTred (from 1 M stock in 250 mM 

Tris-HCl, pH 8.8) 

140 µM NAD 

 

 

 

 

Add NAD and β-mercaptoethanol 
prior to use 

15 min, RT or 1 h on ice, with subsequent 
desalting in 20 mM Tris-HCl (pH 7.8) 

2.2.5.5.3 Heterologous overexpression and purification of the recombinant 

plant actin fused with GFP  

Actin isoform, ACT2/7 (At5g09810) from A. thaliana was expressed in E. coli cells, fused 

N-terminally with deca-His tag and C-terminally with GFP. Efficient purification of soluble 

plant actin, capable to polymerize and form visible filaments (due to fluorescence of GFP), 

was aimed in the following experiments. 

The recombinant actin was synthesized in E. coli strain BL21(DE3)pLysS under varying 

concentrations of IPTG and temperature, in order to establish proper conditions for ex-

pression of the gene, encoding the plant actin that will be soluble and functional. Following 

small-scale tests were performed at first. YT medium (50 ml) containing Amp and Cm, 

was inoculated 1:50 with an overnight culture carrying the construct pET-16b-

ACT2/7:GFP. The bacterial cells were grown aerobically at 37°C for several hours, until 

OD600 was at ~0.6, then induction of recombinant protein synthesis was started upon the 

addition of 100 µM, 300 µM, and 1000 µM IPTG at 30°C or 22°C. Negative controls with-

out IPTG were applied in parallel. Every hour, 1.5-ml samples were taken from the tested 

cultures, to follow the heterologous expression of the gene coding for the plant ACT2/7. In 

the case of bacterial cultures grown at 30°C, the cells were harvested after 4 h, whereas 

cultures incubated at 22°C were harvested after 20 h. Additional set of experiments was 

performed by H.-M. Leffers, who introduced lower temperature (22°C) during growth of 

bacterial cells, with a subsequent induction for additional 20 h at 22°C with 500 µM and 

1000 µM IPTG. 
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All collected samples were centrifuged for 2 min at 7000 rpm, and the resulting pellets 

were resuspended in 150 µl H2Obidest. Storage of these cells at -20°C enabled their disrup-

tion and preserved them for the following analysis. Protein crude extract from bacteria 

expressing the recombinant ACT2/7:GFP was prepared to separate the soluble and in-

soluble proteins, and thus, to control the accessibility of the His-tagged GFP-fusion actin 

to the affinity chromatography. For this aim, frozen bacterial suspension was thawed and 

then sonicated on ice with the Vibra-cell sonicator (Bioblock Scientific, Illkirch, France) for 

30 sec, three times. In between, 45-sec breaks were kept to prevent heating. The samples 

were then divided into the protein crude extract (50 µl) and the remaining protein solution 

(100 µl), which was subsequently centrifuged for 10 min at 13.200 rpm and 4°C, to obtain 

a soluble (supernatant) and insoluble protein fraction (pellet) that was resuspended in 

100 µl H2Obidest. The protein crude extract was used for protein estimation according to 

Bradford (1976), so that app. 10 µg of all three protein fractions were further analyzed by 

means of SDS-PAGE and Western blotting, using the monoclonal antibody against GFP. 

After establishing the proper growth and IPTG-induction conditions for bacteria synthesiz-

ing the His-tagged ACT2/7:GFP, a large-scale culture (500 ml) was grown at 22°C until an 

OD600
 of ~0.4-0.6 was reached, which took about 6 h. At this point, induction of the 

ACT2/7:GFP expression with 500 µM IPTG was performed for 20 h at 22°C. Afterwards, 

the bacterial cells were harvested for 10 min at 5000 rpm, RT, in a 50-ml Falcon tube. The 

resulting bacterial pellet was resuspended with 5 ml lysis buffer (see Tab. 2-31) and incu-

bated for 30 min at 4°C. In between, the pellet was vortexed after 10 and 20 min, and fi-

nally sonicated 10 times on ice for 30 sec, with 1-min breaks, using the Vibra-cell sonica-

tor (Bioblock Scientific, Illkirch, France), until the bacterial suspension became liquid. To 

separate soluble proteins from the cell debris and insoluble cellular components, the sus-

pension was centrifuged for 30 min at 16.000 rpm, 4°C, in the SS-34 rotor. The resulting 

supernatant was applied onto the IMAC-column, which was prepared before, using 1 ml of 

the Ni2+-charged SepharoseTM 6 Fast Flow resin. For this purpose, the resin was first 

transferred to an IMAC-column, washed with 25 ml H2Obidest and equilibrated with 15 ml 

buffer D (see Tab. 2-31). Subsequently, the outlet was closed, 1 ml buffer D was added to 

the resin and left for swelling for max. 30 min. For protein purification assay, the super-

natant comprising the His-tagged ACT2/7:GFP (app. 5.5 ml) was transferred onto the 

equilibrated Ni2+-charged resin, which was then incubated on a shaker for 1 h at 4°C. Af-

terwards, the column underwent the gravity flow, whereas the flow-through was discarded. 

Four washing steps with 5 ml washing buffer (see Tab. 2-31), containing increasing con-

centrations of imidazole, were followed by three elution steps with 2 ml elution buffer (see 

Tab. 2-31), each. The first elution, containing the major part of the His-tagged 

ACT2/7:GFP was desalted in 1x LSB with pH 7.4 (see Tab. 2-33), using Sephadex G-25 

medium (GE Healthcare, München, Germany). The resulting volume (app. 3.5 ml) was 

concentrated to app. 1 ml, using the Amicon Ultra-15 centrifugal filter devices with the 30-

kDa molecular weight cut-off (Millipore, Schwalbach, Germany), so the final concentration 

of the His-tagged ACT2/7:GFP was app. 0.5 mg/ml. The protein was recovered from the 

membrane with 1x LSB (pH 7.4) and stored for max 2-3 days at 4°C. 
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Tab. 2-31 Buffers for purification of the His-tagged ACT2/7:GFP 

Buffer D  Lysis buffer Washing buffer Elution buffer 

375 mM NaCl 

100 mM Tris-HCl (pH 7.4) 

20 µg/ml Pefabloc® 

0.2 mM CaCl2  

0.2 mM ATP 

5 mM imidazole 

Buffer D 

100 µg/ml lysozyme 

0.1% Triton X-100 

 

 

 

1) Buffer D + 10 mM 
imidazole 

2) Buffer D + 15 mM 
imidazole 

3) Buffer D + 20 mM 
imidazole 

4) Buffer D + 30 mM 
imidazole 
 

Buffer D + 125 mM 
imidazole 

 

 

 

 

2.2.5.5.4 Control of the synthesis of the His-tagged GFP-fusion ACT2/7 via 

confocal Laser Scanning Microscopy 

The E. coli BL21(DE3)pLysS cells, expressing the sequence encoding the His-tagged 

GFP-fusion ACT2/7, were observed using the LSM 510 META confocal Laser Scanning 

Microscope (Carl Zeiss, Göttingen, Germany). Samples of 1 ml were collected over the 

IPTG-induction time (every hour), or in the case of the 20-h growth period, in the end of 

the induction phase. Due to the GFP-excitation optimum at 488 nm, it was possible to 

observe a green emission in the bacterial cells synthesizing the GFP-fusion protein. Set-

tings for the cLSM were applied like in the case of observation of the GFP-fusion GapC, 

expressed in the Arabidopsis protoplasts (see Chap. 2.2.7, Tab. 2-37). 

2.2.5.6 Extraction of actin from rabbit skeletal muscles 

For the cosedimentation experiment with recombinant plant GapC2 and actin, the latter 

protein was purified from rabbit (Oryctolagus cuniculus) skeletal muscles, according to an 

established protocol (Pardee and Spudich, 1982). Purification of the rabbit actin took 

place under instruction of Dr. Olga Vitavska (Zoophysiology Dep., Univ. of Osnabrück, 

Germany). The recombinant GapC was purified as described in Chap. 2.2.5.5.1. 

2.2.5.7 In vitro polymerisation of actin and cosedimentation assay 

Investigation of interactions between actin cytoskeleton and a protein of interest (POI) 

relies on the in vitro cosedimentation assays, involving polymerization process of mono-

meric (G-actin) into filamentous actin (F-actin). This assembly is coupled to hydrolysis of 

ATP that binds to the divalent cation- and nucleotide-binding site in a cleft of actin protein 

(Staiger and Hussey, 2004). Actin cycle is a three-step process with the first nucleation, 

which is the most critical for assembly of actin polymers. During this step actin trimers are 

generated, which in turn serve as a template for the second step, elongation, by addition 

of subunits to the barbed (plus) end of the actin filament. The elongation step is propor-

tional to the prevailing subunit concentration and it changes then into the third step 

(steady state), when constant amount of polymer is maintained over time. During the 

steady state ATP-bound actin monomers associate with the filament at the barbed ends in 

a constant rate with the disassembly of ADP-bound subunits at pointed ends, which en-

ables a flux of actin monomers, the so-called “treadmilling” (Bindschadler et al., 2004). G-

actin has a higher affinity to ATP, therefore only this ATP-bound actin form can associate 

with the existing filament, in which ATP hydrolysis to ADP-Pi occurs quickly, compared to 
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the subsequent release of Pi at the pointed (minus) end of actin polymer, resulting in for-

mation of ADP (Bindschadler et al., 2004). 

Polymerization of actin depends in vivo mainly on a large number of different actin-binding 

proteins (ABPs). In the in vitro assays, G-actin can be maintained in its monomeric state 

by a low ionic strength medium, including millimolar Ca2+ levels and ATP. Upon these 

conditions inactivity of actin monomers, in the context of F-actin assembly, is thought to 

depend on Ca2+ that binds in the high-affinity binding site of G-actin, which then changes 

its structural conformation (Wong et al., 2008). In comparison to Mg2+-bound G-actin, the 

complex of Ca2+ with G-actin significantly increases the critical concentration necessary 

for polymerization, which is at ~0.1 µM of monomeric protein (Pollard, 1986). By increas-

ing the ionic strength to physiological levels and adding millimolar concentrations of Mg2+ 

cations, polymerization of G-actin into F-actin can be evoked, because Ca2+ is replaced in 

the high-affinity site by Mg2+ (Wong et al., 2008). 

In the following procedure, actin underwent a spontaneous in vitro assembly upon the 

addition of Mg2+ and ATP, which are included in the Polymerization Inducer (PI). The pre-

polymerized actin was incubated with a POI and analyzed by centrifugation steps at a low 

(10.000 xg) and high speed (100.000 xg). POI might be seen in the high-speed pellet to-

gether with actin filaments, due to cosedimentation effect, whereas precipitation with F-

actin already at the low speed might give hints for other functions of the POI, such as 

bundling of F-actin into more complex structures. The resulting fractions – actin bundles 

precipitating at the low speed in a table centrifuge, actin filaments found in the high-speed 

pellet after ultracentrifugation, and the high-speed supernatant containing monomeric 

soluble proteins, were analyzed via SDS-PAGE and, alternatively, by Western blotting. 

2.2.5.7.1  Polymerization of rabbit actin 

G-actin from rabbit skeletal muscles, purified according to Pardee and Spudich (1982) and 

stored in buffer A at -80°C, or purchased from tebu-bio GmbH (Offenbach, Germany), was 

applied in the cosedimentation assay. The latter actin, provided in a lyophilized state, was 

resuspended in cold Merck-H2O prior to use, according to the manufacturer’s instruction 

(Cytoskeleton Co., Denver, USA). Prior to the polymerization assay, G-actin was desalted 

in 1x LSB by means of the Protein Desalting Spin Columns (Pierce, Rockford, USA). It 

was then spun down for 1 h at 100.000 xg, 4°C, in the Sorvall® Discovery M120 micro-

ultracentrifuge with the rotor S45A-0203 to remove the denatured or aggregated actin. 

Afterwards, protein concentration was estimated according to Bradford (1976). In order to 

start actin polymerization, 2.5 or 5 µM G-actin was made up to 100 µl with 1x LSB and 

1/50 PI, so that the final concentration of MgCl2 was 2 mM and ATP was above 1 mM. 

Negative controls were not supplemented with PI. Incubation of the reaction mixture for 

1 h at RT was followed by spinning the actin bundles down (“low-speed” pellet), in a table 

centrifuge for 30 min, at 10.000 xg and RT. The supernatant containing monomeric pro-

teins and F-actin was transferred carefully with a cut tip to a new 1.5-ml tube (Brandt, 

Wertheim, Germany) and centrifuged for 1 h, at 100.000 xg and RT, in the micro-

ultracentrifuge. Afterwards, the supernatant was transferred into a new tube with an ex-

tended tip and the resulting “high-speed” pellet was resuspended with 10 µl ice-cold wa-

ter. All three fractions were supplemented with 6x SDS-loading dye, heated at 95°C for 

10 min and the 1/3 of the volume was analyzed via SDS-PAGE. 
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Tab. 2-32 Buffers for polymerization of the rabbit actin 

Buffer A 1x Low Salt Buffer (1x LSB) 
Polymerization Inducer 
(PI) 

2 mM Tris-HCl 

0.2 mM ATP disodium salt 

0.5 mM β-mercaptoethanol  

0.2 mM CaCl2 

0.005% sodium azide 

pH 8.0 at 25ºC 

5 mM Tris-HCl (pH 8.0) 

0.2 mM CaCl2 

0.2 mM ATP 

 

 

 

20 mM Tris-HCl (pH 7.5) 

2 M KCl 

100 mM MgCl2 

50 mM ATP 

 

 

β-ME should be added 
after determining pH 

Prepare fresh buffer prior to 
use 

Add 1/50 of the PI to the 
polymerization mixture 

2.2.5.7.2 Cosedimentation assay of plant GapC2 with rabbit F-actin 

In a part of the cosedimentation experiments the recombinant GapC2 from A. thaliana 

was pre-incubated as described in Chap. 2.2.5.5.2. Rabbit skeletal muscle actin and the 

His-tagged GapC2 were then desalted in 1x LSB, using the Protein Desalting Spin Col-

umns (Pierce, Rockford, USA). To make sure, that the desalting step did not exceedingly 

decrease protein amount, the protein estimation (Bradford, 1976) was performed in initial 

steps of the experiment. To remove aggregated and denatured proteins, all samples were 

spun down for 1 h at 100.000 xg, 4°C, in the Sorvall® Discovery M120 microultracentri-

fuge with the rotor S45A-0203. Afterwards, protein concentration was estimated again 

(Bradford, 1976). G-actin at 2.5 or 5 µM protein concentration was first polymerized at RT 

for 30 min, in 1x LSB supplemented with 1/50 PI and made up to 100 µl, considering the 

subtracted volume of the recombinant GapC2. Subsequently, recombinant GapC2 was 

added to the reaction, with gentle mixing using a finger tip. The negative control for actin 

did not contain GapC2, whereas the test for precipitation of GapC2 on its own was sup-

plemented with PI only, but not with actin. Additionally, for the specificity of GapC2 binding 

with F-actin, bovine serum albumin (BSA; MBI Fermentas, St. Leon-Rot, Germany) was 

used as a negative control. Incubation of the cosedimentation mixture at RT for another 

30 min was followed by centrifugation for 30 min, at 10.000 xg and RT. The “low-speed” 

pellet was resuspended with 10 µl ice-cold water, whereas the supernatant containing 

soluble GapC2, G-actin, and F-actin was carefully transferred with a cut tip to a new 

1.5-ml tube (Brandt, Wertheim, Germany) and centrifuged for 1 h, at RT and 100.000 xg. 

The supernatant was transferred into a new tube with an extended tip and the resulting 

“high-speed” pellet was resuspended in 10 µl ice-cold water. All three fractions were first 

supplemented with 6x SDS-loading dye, heated at 95°C for 10 min and, finally, 1/3 of the 

final volume was analyzed via SDS-PAGE on 10% PA-gel. 

2.2.5.7.3 Polymerization of the recombinant plant actin fused to GFP 

Freshly purified His-tagged ACT2/7:GFP was applied at a concentration of ~0.5 mg/ml in 

the polymerization and cosedimentation approaches. Prior to the polymerization reaction, 

the monomeric actin was spun down for 1 h at 100.000 xg, 4°C, in the Sorvall® Discovery 

M120 micro-ultracentrifuge with the rotor S45A-0203, in order to remove actin aggregates. 

Protein concentration was estimated according to Bradford (1976), and, if possible, 

2.5 µM monomeric His-tagged ACT2/7:GFP was made up to 100 µl with 1x LSB and 5x 
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PI. The negative controls were not supplemented with 5x PI. Incubation of the reaction 

mixture for 1 h at RT was followed by spinning actin bundles down (“low-speed” pellet) in 

a table centrifuge for 30 min, at 10.000 xg and RT. The supernatants (90 µl) containing 

monomeric proteins and filamentous actin were transferred to new 1.5-ml tubes (Brandt, 

Wertheim, Germany) and centrifuged for 1 h, at RT and 100.000 xg, in the micro-

ultracentrifuge. The remaining 10 µl of the “low-speed” supernatant were removed and the 

“low-speed” pellet was resuspended in 10 µl ice-cold water. After ultracentrifugation, the 

resulting high-speed supernatant was transferred into a new tube with an extended tip and 

vacuum-concentrated to 10 µl, whereas the resulting “high-speed” pellet was resuspended 

with 10 µl ice-cold water. In the following, all three fractions were supplemented with 6x 

SDS-loading dye, heated at 95°C for 10 min, and half of the volume was analyzed via 

SDS-PAGE and Western blot. 

 

Tab. 2-33 Buffers for polymerization of the His-tagged ACT2/7:GFP 

1x Low Salt Buffer (1x LSB) 5x Polymerization Inducer (5x PI) 

5 mM Tris-HCl (pH 7.4) 

0.2 mM CaCl2 

0.2 mM ATP 

 

25 mM Tris-HCl (pH 7.4) 

250 mM KCl 

10 mM MgCl2 

5 mM ATP 

Prepare fresh buffer prior to use Prepare fresh 25x stock prior to use 

2.2.5.7.4 Cosedimentation of the His-tagged ACT2/7:GFP with GapC2 

The recombinant GapC2 was desalted in 1x LSB using the Protein Desalting Spin Col-

umns (Pierce, Rockford, USA). To make sure that the desalting step did not exceedingly 

decrease protein amount, protein estimation (Bradford, 1976) was performed in initial 

steps of the experiment. To remove proteinaceous aggregates, all samples were spun 

down for 1 h at 100.000 xg, 4°C. Protein concentration in the resulting supernatants was 

estimated again, according to Bradford (1976). Monomeric actin (2.5 µM) was first pre-

polymerized with 5x PI, at RT for 30 min, in 1x LSB made up to 100 µl (considering the 

subtracted volume of the recombinant GapC2). Subsequently, GapC2 was provided in the 

reaction mixture, with gentle shaking with a finger tip. The negative control for actin po-

lymerization did not contain GapC2, whereas the test for precipitation of GapC2 on its own 

was supplemented with 5x PI only, but not with actin. Incubation of the cosedimentation 

mixture for another 30 min at RT was followed by centrifugation for 30 min, at 10.000 xg 

and RT. From the resulting supernatant consisting of monomeric and F-actin, and the 

soluble or actin-bound GapC2, 90 µl were carefully transferred with a cut tip to a new 

1.5-ml tube (Brandt, Wertheim, Germany), and centrifuged for 1 h, at RT and 100.000 xg. 

The remaining 10 µl of the supernatant were removed and the “low-speed” pellet was re-

suspended with 10 µl ice-cold water. After ultracentrifugation, the high-speed supernatant 

was transferred with an extended tip into a new tube and vacuum-concentrated to 10 µl, 

whereas the resulting “high-speed” pellet was resuspended in 10 µl ice-cold water. All 

three fractions were supplemented with 6x SDS-loading dye, heated at 95°C for 10 min 
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and finally half of the final volume was analyzed via SDS-PAGE on a 10% PA-gel and 

using Western blot. 

2.2.5.7.5 Modified cosedimentation assay with the His-tagged ACT2/7:GFP 

and GapC2 

The cosedimentation assay with recombinant GapC2 and plant actin (Chap. 2.2.5.7.4) 

was modified, so that the glycolytic enzyme was not exposed to higher salt concentration 

included in the 5x PI. This experiment was performed exactly as described in Chap. 

2.2.5.7.4, except for the steps starting from the pre-polymerization. Aliquots of 2.5 µM 

GFP-fusion actin were polymerized with 5x PI, for 1 h at RT, in 1x LSB made up to 100 µl 

(considering the subtracted volume of the recombinant GapC2). This step was followed by 

centrifugation for 30 min at 10.000 xg, RT. The resulting supernatant was aspirated and 

the “low-speed” pellet was covered with 100 µl 1x LSB, with 1x PI and left for swelling for 

30 min at RT. Subsequently, GapC2 was provided in the reaction, with gentle mixing us-

ing a finger tip. Incubation of this sample for another 30 min at RT was followed by cen-

trifugation for 30 min, at 10.000 xg and RT. From the resulting supernatant consisting of 

monomeric and F-actin, and the soluble or actin-bound GapC2, 90 µl were carefully trans-

ferred with a cut tip to new 1.5-ml tubes (Brandt, Wertheim, Germany) and centrifuged for 

1 h, at 100.000 xg and RT. The remaining 10 µl were removed and the “low-speed” pellet, 

containing actin bundles and cables, was resuspended with 10 µl ice-cold water. After the 

ultracentrifugation step, the supernatant was transferred into a new tube with an extended 

tip and vacuum-concentrated to 10 µl, whereas the resulting “high-speed” pellet was re-

suspended in 10 µl ice-cold water. The negative controls for polymerization of actin were 

treated as described above, but did not contain GapC2. Another negative control for actin 

was treated as described, but supplemented only with 1x PI (not with 5x PI), or treated as 

above, but supplemented neither with 5x PI nor 1x PI. GapC2 was also tested in this 

modified experiment for precipitation on its own, therefore it was supplemented only with 

1x PI in 1x LSB, but not with actin, and centrifuged at a low and high speed, as described 

above. All three fractions were supplemented with 6x SDS-loading dye, heated at 95°C for 

10 min, and finally half of the final volume was analyzed via SDS-PAGE on 10% PA-gel 

and using Western blot. 

2.2.5.8 In vivo staining of plant organelles 

Mesophyll protoplasts isolated from of A. thaliana plants (Chap. 2.2.1.2) were used for in 

vivo labelling of the subcellular structures and organelles, such as chloroplasts, perox-

isomes, the Golgi apparatus, nucleus, actin cytoskeleton and mitochondria. Chloroplasts 

could be visualized with GFP in parallel, due to strong autofluorescence of chlorophyll 

that, upon excitation with the blue range of VIS light, emits fluorescence in the red range 

(Fig. 2-5). 

Vector plNAD-MDH, encoding a GFP-fusion with a chloroplast NAD-dependent malate 

dehydrogenase, was constructed by Dr. Vera Linke (Plant Physiology Dep., Univ. of Os-

nabrück). It was applied to stain the appropriate compartment, and therefore, to serve as 

a control for specificity of the plastidic compartmentation of the GFP-fusion protein. In vivo 

labelling of the plant nucleus was performed using p35S-bZip63-mCherry-NosT (coopera-

tion with Hans-Martin Leffers, Plant Physiology Dep., Univ. of Osnabrück), expressing a 

transcriptional factor bZip63 C-terminally fused with mCherry protein (Shaner et al., 2004). 
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This construct was based on vectors belonging to the split-YFP system (Walter et al., 

2004), obtained from Prof. Jörg Kudla (Univ. of Münster, Germany), and on p35S-

mCherry-NosT obtained from Thorsten Seidel (Univ. of Bielefeld, Germany). 

 

Fig. 2-5 Fluorescence spectra of chlorophyll a (Chl. a) and chlorophyll b (Chl. b) in the red 
range of the visible light spectrum, when excited with the blue light (Jach, 2006). 

 

Peroxisomes were stained by means of YFP that was fused with a peptide, ending in a C-

terminal Peroxisomal Targeting Signal type 1 (–SKL; Reumann, 2004). This peroxisomal-

targeted YFP, encoded by a vector pYFP-2, was kindly provided by Tanja Meyer (Univ. of 

Münster, Germany). A chimera of the mCherry protein with a transmembrane domain of a 

rat α-2, 6-sialyl-transferase, which is a mammalian, Golgi-targeted glycosylation enzyme 

(Saint-Jore et al., 2002), was used in order to visualize Golgi apparatus in the plant cell. 

This construct was obtained from Prof. Ekkehard Neuhaus (Univ. of Kaiserslautern, Ger-

many). 

Visualization of actin microfilaments in plant cells was performed using a vector encoding 

tdTomato:AtFim1 ABD2, kindly provided by Takumi Higaki (Univ. of Tokyo, Japan). It con-

sists of the second actin-binding domain (ABD2) of the fimbrin-like protein from A. thaliana 

(AtFim1) that is known to be responsible for calcium-dependent cross-linking of actin fila-

ments into bundles (Kovar et al., 2000;McCurdy and Kim, 1998). This AtFim1 ABD2 is 

fused with another “fruit” Fluorescent Protein, namely with tdTomato (Shaner et al., 2004), 

a version of the Red Fluorescent Protein created by cloning two copies of the modified 

gene encoding mutated DsRed (Sano et al., 2005). 

Plant mitochondria were visualized by staining mesophyll protoplasts with the Mito-

Tracker® Orange CMTMRos (Molecular Probes/Invitrogen, Karlsruhe, Germany), which is 

a derivative of tetramethylrosamine passively diffusing across the plasma membrane and 

accumulating in actively respiring mitochondria. This dye reacts with thiols on proteins and 

peptides to form an aldehyde-fixable conjugate (“MitoTracker® and MitoFluor™ Mito-

chondrion-Selective Probes”, Molecular Probes brochure). The transiently transformed 

protoplasts incubated overnight, were stained with 50 nM MitoTracker® Orange 

CMTMRos for 15 min at RT, in the dark, prior to imaging. Afterwards, the sample was 

centrifuged for 1 min at 100 xg, and the resulting pellet was resuspended with 1 ml W5 

solution (Chap. 2.2.1.2). The plant cells were immediately observed using the cLSM. To 
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prepare a stock solution, the purchased lyophilized product has to be dissolved in high-

quality, anhydrous dimethylsulfoxide (DMSO) to a final concentration of 1 mM.  

2.2.6 Epifluorescence Microscopy 

Visualization of the GFP-fused glyceraldehyde-3-phosphate dehydrogenase from A. thaliana 

in plant cells was initially performed with the inverted fluorescence microscope Nikon 

Eclipse TE 2000-U (Nikon, Düsseldorf, Germany), kindly accessible in the Neurobiology 

Dep., Univ. of Osnabrück. The microscope was equipped with a high-pressure mercury 

lamp as a light source, monochromatic filters allowing excitation of GFP that was ex-

pressed in plant cells, 100x objective, and a cooled CCD camera. Plant protoplast sus-

pension was imaged on glass bottom culture dishes, 35 mm in diameter (MatTek Corpora-

tion, Ashland, USA). For observation of the vital plant cells, emitting a bright, red light from 

chlorophyll (so-called autofluorescence of chloroplasts) and expressing GFP-fusion pro-

tein, the filter B-2A (Nikon, Düsseldorf, Germany) was used. For separate imaging of 

chloroplasts and the GFP-fusion protein with the black and white CCD-camera, the filter 

exclusively for eGFP was applied (AHF analysentechnik AG, Tübingen, Germany), 

whereas to visualize chloroplasts only, the filter G-1B (Nikon, Düsseldorf, Germany) was 

employed. All filters used during this experiment are listed in Tab. 2-34. The software 

combined with the fluorescence microscope was Lucia GF (Nikon, Düsseldorf, Germany). 

Public software ImageJ (Wright Cell Imaging Facility) was applied for further image proc-

essing. 

 

Tab. 2-34 Filters for visualization of GFP-fused proteins in plant protoplasts, used in the 
inverted fluorescence microscope Nikon Eclipse TE 2000-U. eGFP – enhanced Green Fluo-
rescent Protein; LP – longpass; BP – bandpass; CWL – centre wavelength. * - an internal filter 
designation of Nikon GmbH. 

Fluorophore 
Excitation 
filter [nm] 

Dichroic mir-
ror [nm] 

Emission filter 
[nm] 

Producer 

eGFP 470/40 495 (LP) 525/50 (BP) 
AHF analysentechnik AG, 

Tübingen, Germany 

Chlorophyll fluores-
cence 

(G-1B filter*) 

546/10 575 (LP) 590 cut-on (LP) 
Nikon, Düsseldorf, Ger-

many 

GFP and chlorophyll 
fluorescence 

(B-2A filter*) 

450-490 (BP, 
470 CWL) 

500 (LP) 515 cut-on (LP) 
Nikon, Düsseldorf, Ger-

many 

2.2.7 Confocal Laser Scanning Microscopy (cLSM) 

In the conventional epifluorescence microscope the specimen is irradiated with a fluores-

cence lamp at the same time, in all object points. The image of a thick biological specimen 

will only be in focus, if all observed points in the vertical distance (Z dimension) are simul-

taneously in focus. If this condition is not satisfied, the in-focus image information from the 

object plane of interest is mixed with out-of-focus image information from planes outside 
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the focal plane. This leads to a “blurred” image and reduces the resolution. By contrast, 

the specimen in the confocal Laser Scanning Microscope (cLSM) is irradiated in a point-

wise fashion using laser light, scanning the specimen point by point. Additionally, a so-

called pinhole (an adjustable iris in the detection beam path) determines thickness of an 

optical slice, selectively letting pass the emission light only from the focus of the irradiated 

biological object (Fig. 2-6). Using the minimal pinhole diameter, it is therefore possible to 

image a thin optical slice out of a thick specimen (typically, up to 100 μm, but it may be 

less than 500 nm), and to increase the image resolution. 

 

Fig. 2-6 Beam path in the confocal Laser Scanning Microscopy. The detection volume be-
longing to the irradiated specimen emits a fluorescent signal, which is collected by an objective 
and directed onto the dichroic mirror (beamsplitter). Only the interesting wavelength from the 
selected fluorescence emission spectrum is selected by an emission (barrier) filter, which is set-
tled behind the dichroic mirror. In front of the detector an adjustable pinhole lets only the light 
from the confocal plane pass, whereas all the fluorescent signals out-of focus are eliminated 
from the final image (“Principal of the confocal Laser Scanning Microscopy” brochure; Zeiss, 
Jena, Germany). 

 

Observation of the protoplasts isolated from A. thaliana plants, transiently expressing FP-

fusion proteins or stained with fluorescent dyes, took place with the upright motorized 

Fluorescence Microscope AXIO Imager Z1 (Carl Zeiss, Göttingen, Germany), equipped 

with the oil-immersion objective 40x EC Plan Neofluor (1.3 Oil DIC, 420462-9900) and 

appropriate filters (see Tab. 2-35). Visualization of the subcellular localization of the FP-

fusion proteins in living mesophyll protoplasts was performed with the cLSM 510 META 

(Carl Zeiss, Göttingen, Germany). 

All excitation and emission settings, primary and secondary dichroic mirrors chosen for 

certain fluorophores are given in the tables below. For the single fluorescence channel 
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detection or simultaneous double-channel detection, the single track was used, whereas 

in the case of more fluorophores, and therefore more excitation-laser lines, the multi-track 

option was applied. In the most cases, the pinhole diameter was adjusted by choosing the 

optimal diameter (1 Airy unit) for every channel, giving the best trade-off between depth-

discrimination capability and efficiency for the applied objective. When imaging was per-

formed in the frame mode, the tracks were switched during scanning frame by frame, 

which sometimes lead to delay between separate channels. The line mode was then pre-

ferred, because tracks were switched while scanning line by line, which enabled almost 

simultaneous acquisition of images in different channels in the multi-track mode. In the 

cases of some fluorophores, the emission signal was collected by the META detector, an 

innovative solution by Zeiss separating the fluorescence spectrum onto 32 channels and 

helping to discriminate between even strongly overlapping emission spectra. To process 

the images acquired by the cLSM 510 META, the LSM 5 software was applied (Carl 

Zeiss, Jena, Germany). The theoretical background was taken from the brochure “Princi-

ples: Confocal Laser Scanning Microscopy-Optical Image Formation and Electronic Signal 

Processing” (Carl Zeiss, Jena, Germany). 

 

Tab. 2-35 Filters for visualization of fluorophores in plant protoplasts, used in the Fluores-
cence Microscope AXIO Imager Z1. LP – longpass; BP – bandpass; DCLP – dichroic long-pass 
mirror; HQ – high quality; * - internal filter designation by Carl Zeiss GmbH. 

Fluorophore 
Excitation 
filter [nm] 

Dichroic 
mirror [nm] 

Emission 
filter [nm] 

Producer 

CFP D 436/20 455 DCLP D 480/40 
(from Chroma Technology Corp., 

Rockingham, USA) AHF analysen-
technik AG, Tübingen, Germany 

GFP (Filter 09*) BP 450-490 510 LP 515 Carl Zeiss, Jena, Germany 

YFP HQ 480-520 Q 515 LP HQ 535/30 
(from Chroma Technology Corp., 

Rockingham, USA) AHF analysen-
technik AG, Tübingen, Germany 

MitoTracker Orange/ 
mCherry/ tdTomato 

(Filter 15*) 

BP 546/12 580 LP 590 Carl Zeiss, Jena, Germany 

 

 

Tab. 2-36 The cLSM settings in the single track for CFP and chlorophyll fluorescence, ob-
served in plant protoplasts. The brightfield channel (ChD) was activated as well. 

 

Fluorophore 
Laser line and 

excitation 
wavelength 

Primary di-
chroic mirror 

(HFT) 

Secondary di-
chroic mirror 1 

(NFT) 

Secondary di-
chroic mirror 2 

(NFT) 
Filter set 

CFP 

Argon/2 

458 nm 
458/514 Mirror 545 

BP 480-520 

Chlorophyll 
fluorescence 

BP 650-710 

ChD - 
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Tab. 2-37 The cLSM settings in the single track for GFP and chlorophyll fluorescence, ob-
served in plant protoplasts. The brightfield channel (ChD) was activated as well. 

 

 

Tab. 2-38 The cLSM settings in the single track for YFP and chlorophyll fluorescence, ob-
served in plant protoplasts. The brightfield channel (ChD) was activated as well. 

 

 

Tab. 2-39 The cLSM settings in the single track for mCherry and chlorophyll fluorescence, 
observed in plant protoplasts. The brightfield channel (ChD) was activated as well. 

 

 

 

 

 

 

 

 

 

Fluorophore 
Laser line and 

excitation wave-
length 

Primary di-
chroic mirror 

(HFT) 

Secondary di-
chroic mirror 1 

(NFT) 

Secondary di-
chroic mirror 2 

(NFT) 
Filter set 

GFP 

Argon/2 

488 nm 
488/543 Mirror 545 

BP 500-530 

Chlorophyll 
fluorescence 

BP 650-710 

ChD - 

Fluorophore 
Laser line and 

excitation wave-
length 

Primary di-
chroic mirror 

(HFT) 

Secondary di-
chroic mirror 1 

(NFT) 

Secondary di-
chroic mirror 2 

(NFT) 
Filter set 

YFP 

Argon/2 

514 nm 
458/514 635 VIS 545 

BP 535-590 

Chlorophyll 
fluorescence 

META     
650-704 

ChD - 

Fluorophore 
Laser line and 

excitation wave-
length 

Primary di-
chroic mirror 

(HFT) 

Secondary di-
chroic mirror 1 

(NFT) 

Secondary di-
chroic mirror 2 

(NFT) 
Filter set 

mCherry 

He/Ne 1 

543 nm 
488/543 635 VIS 545 

BP 565-615 

Chlorophyll 
fluorescence 

META    
672-704 

ChD - 
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Tab. 2-40 The cLSM settings in the multi track for tdTomato and chlorophyll fluorescence, 
observed in plant protoplasts. Imaging was performed in the frame, but preferable in the line 
mode, similarly to the settings for mCherry (Tab. 2-39). 

 

 

Tab. 2-41 The cLSM settings in the multi track for GFP, chlorophyll fluorescence and Mito-
tracker® Orange CMTMRos, observed in plant protoplasts. Imaging was performed in a line 
mode. 

 

 

Tab. 2-42 The cLSM settings in the multi track for YFP and MitoTracker® Orange CMTMRos, 
observed in plant protoplasts. Imaging was performed in a frame mode. 

 

 

 

Channel Fluorophore 
Laser line and 

excitation 
wavelength 

Primary 
dichroic 

mirror (HFT) 

Secondary 
dichroic 
mirror 1 
(NFT) 

Secondary 
dichroic 
mirror 2 
(NFT) 

Filter set 

Ch1 
Chlorophyll 

fluorescence 

Argon/2 

488 nm 
488/543 635 VIS 545 

META    
650-704 

Ch2 
tdTomato He/Ne 1 

543 nm 
488/543 545 - 

META    
565-597 

ChD - 

Channel Fluorophore 
Laser line and 

excitation 
wavelength 

Primary 
dichroic 

mirror (HFT) 

Secondary 
dichroic 
mirror 1 
(NFT) 

Secondary 
dichroic 
mirror 2 
(NFT) 

Filter set 

Ch1 

GFP 

Argon/2 

488 nm 
488/543 635 VIS 545 

BP 500-530 

Chlorophyll 
fluorescence 

META    
650-704 

ChD - 

Ch2 
MitoTracker 

Orange 

He/Ne 1 

543 nm 
488/543 635 VIS 545 BP 565-615 

Channel Fluorophore 
Laser line and 

excitation 
wavelength 

Primary 
dichroic 

mirror (HFT) 

Secondary 
dichroic 
mirror 1 
(NFT) 

Secondary 
dichroic 
mirror 2 
(NFT) 

Filter set 

Ch1 

YFP Argon/2 

514 nm 
458/514 515 - 

META    
522-533 

ChD - 

Ch2 
MitoTracker 

Orange 

He/Ne 1 

543 nm 
458/543/633 515 - 

META    
565-597 
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Tab. 2-43 The cLSM settings in the multi track for CFP, YFP and chlorophyll fluorescence, 
observed in plant protoplasts. Imaging was performed in a line mode. 

 

 

Tab. 2-44 The cLSM settings in the multi track for GFP, chlorophyll fluorescence and 
mCherry, observed in plant protoplasts. Imaging was performed in a line mode. 

 

 

Tab. 2-45 The cLSM settings in the multi track for GFP, chlorophyll fluorescence and 
tdTomato, observed in plant protoplasts. Imaging was performed in a line mode. 

Channel Fluorophore 
Laser line and 

excitation 
wavelength 

Primary 
dichroic 

mirror (HFT) 

Secondary 
dichroic 
mirror 1 
(NFT) 

Secondary 
dichroic 
mirror 2 
(NFT) 

Filter set 

Ch1 

GFP 

Argon/2 

488 nm 
488/543 635 VIS 545 

BP 500-530 

Chlorophyll 
fluorescence 

META    
650-704 

ChD - 

Ch2 tdTomato 
He/Ne 1 

543 nm 
488/543 635 VIS 545 BP 565-615 

 

 

Channel Fluorophore 
Laser line and 

excitation 
wavelength 

Primary 
dichroic 

mirror (HFT) 

Secondary 
dichroic 
mirror 1 
(NFT) 

Secondary 
dichroic 
mirror 2 
(NFT) 

Filter set 

Ch1 

CFP 
Argon/2 

458 nm 
458/514 545 545 

BP 480-520 

Chlorophyll 
fluorescence 

META    
693-704 

Ch2 
YFP Argon/2 

514 nm 
458/514 545 545 

META    
544-587 

ChD - 

Channel Fluorophore 
Laser line and 

excitation 
wavelength 

Primary 
dichroic 

mirror (HFT) 

Secondary 
dichroic 
mirror 1 
(NFT) 

Secondary 
dichroic 
mirror 2 
(NFT) 

Filter set 

Ch1 

GFP 
Argon/2 

488 nm 
488/543 635 VIS 545 

BP 500-530 

Chlorophyll 
fluorescence 

META    
650-704 

Ch2 
mCherry He/Ne 1 

543 nm 
488/543 635 VIS 545 BP 565-615 

ChD 
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3 Results 

3.1 Subcellular localization of the glycolytic enzyme glyceraldehyde-3-

phosphate dehydrogenase from Arabidopsis thaliana 

In the last years it became evident for the plant system that glycolytic enzymes are local-

ized not only in a soluble form in the cytosol, but in variable cellular compartments as well. 

Association of these proteins with the cytoskeleton and/or membranes (e.g. outer mito-

chondrial membrane) or their nuclear localization, seem to occur in plant cells under cer-

tain, often unknown conditions. The diversity of subcellular microcompartmentation of the 

glycolytic enzymes, elaborated in the introduction, may reflect their additional functions in 

plant metabolism (Kim et al., 2006). Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH, GapC) is an ubiquitous glycolytic enzyme, but could be found in variable loca-

tions in animal cells, beside its well known cytosolic localization. Interestingly, the multi-

faceted compartmentation phenomenon of GapC has not been extensively analyzed yet in 

living plant cells. 

In silico analysis of sequences, encoding the so-called cytosolic isoforms of glyceralde-

hyde-3-phosphate dehydrogenase (At1g13440 and At3g04120) from Thale Cress (Arabi-

dopsis thaliana), was performed to have an overview of the bioinformatical data regarding 

the subcellular GapC microcompartmentation. In the following, transient expression of 

genes coding for the Green or Cyan Fluorescent Protein (GFP or CFP, respectively), 

fused with both isoforms of GapC, enabled its visualization in transformed protoplasts 

isolated from A. thaliana leaves. Microscopic approaches (Epi-Fluorescence Microscopy 

and the Confocal Laser Scanning Microscopy) were used for this purpose. 

3.1.1 Bioinformatical prediction of GapC localization in the A. thaliana cell 

Determination of subcellular localization of a certain protein remains a time-consuming 

and labour-intensive part of every scientific project. Bioinformatical analysis of the cellular 

distribution of an investigated protein may support planning experiments and establishing 

the experimental conditions. Nevertheless, computational tools are based on results of the 

high-throughput approaches and partly on informatical algorithms, which use known or-

ganelle-targeting sequences and homology of the primary and secondary structure. 

Therefore, predictions from different programs are often not fully reliable or might be even 

contradictory (Lunn, 2007). The resulting information has to be taken carefully or verified 

via experimental assays on whole organisms, tissues or at a cellular level. 

Recently, a modern in silico tool has been published by Heazlewood et al. (2007), namely 

SUBA (SUBcellular location database for Arabidopsis proteins), which comprises data 

obtained from high-throughput approaches. This tool contains information provided by 

prediction algorithms (e.g. TargetP), results from mass spectrometry experiments, GFP 

studies, Swiss-Prot annotation, AmiGO1 data and TAIR2 annotation, which were brought 

together, in order to enable a valuable prediction in the context of defining the subcellular 

location of Arabidopsis proteins. The Cell eFP (electronic Fluorescent Pictogram) 

Browser3 is another sophisticated solution, developed by Winter et al. (2007), to display 

the SUBA large-scale data sets. It converts data from SUBA in a pictographic format, 

1
 AmiGO is the tool for searching and browsing the Gene Ontology database. 

2
 The Arabidopsis Information Resource 

3 
http://bar.utoronto.ca/cell_efp/cgi-bin/cell_efp.cgi

 

 

http://bar.utoronto.ca/cell_efp/cgi-bin/cell_efp.cgi


78 | R e s u l t s  

 

therefore giving an elegant presentation of the predicted and documented subcellular lo-

calizations of the investigated protein. In general, the degree of confidence for a given 

location depends on the degree of support, which is based on both measured and pre-

dicted subcellular localizations (Winter et al., 2007). The higher confidence for given data, 

the more intense the colour in the Cell eFP Browser output image (Fig. 3-1). 

By giving the numbers for genes encoding the Arabidopsis glyceraldehyde-3-phosphate 

dehydrogenase isoforms, a possible GapC location was obtained in form of an output im-

age in the Cell eFP Browser, based on the data sources depicted on the right (Fig. 3-1). 

According to this prediction outcome, the GapC isoforms encoded by the genes 

At1g13440 and At3g04120 occur mainly in the cytosol, as expected. Plant nucleus, as 

well as mitochondrion is also shown as very confident cellular compartments occupied by 

GapC. In the case of the At1g13440-encoded enzyme the confidence degree is, in gen-

eral, higher for both locations than for At3g04120, presumably due to amounts of the bio-

informatical data found in the databases concerning the latter isoform. Moreover, localiza-

tion of the GapC isoforms in/at peroxisomes is given for both isoforms at a minimal prob-

ability level. 

Despite the Cell eFP Browser that seems to be a very convenient tool for proteomics-

related research, other bioinformatic tools predicting localization sites for plant proteins 

were used in addition. Subcellular location assessments, performed by the TargetP soft-

ware, are based on the predicted presence of any of the N-terminal presequences of eu-

karyotic proteins that specifies mainly the chloroplastic, mitochondrial or secretory location 

(Emanuelsson et al., 2000). Subcellular compartmentation with the highest score is the 

most likely one. Reliability class (RC) is a measure of the size of the difference between 

the first and the second highest output score, whereas the lower the value of RC, the 

safer the prediction (Subbaiah et al., 2006). Using TargetP software for both GapC iso-

forms, the highest probability of presumably cytosolic distribution (“the other”) was fol-

lowed by the mitochondrial association prediction (Tab. 3-1). 

Another one, PSORT software family, enables to predict the subcellular localization of 

proteins from different organisms. The older version of PSORT uses bacterial and plant 

sequences (Nakai and Kanehisa, 1992), whereas PSORT II was extended for animal and 

yeast proteins (Nakai and Horton, 1999). The recent version, WoLF PSORT, is an up-

dated extension of PSORT II and covers fungi, animal and plant sequences (Horton et al., 

2007). 

A high probability of the peroxisomal localization is given by PSORT for GapC1 (Tab. 3-1). 

It is higher than for GapC2, but surprisingly the cytosolic compartmentation of At1g13440-

encoded GapC is not mentioned at all. Both locations (the peroxisomal and the cytosolic 

one) are given at a similar certainty level for the At3g04120-enocded GapC. Interestingly, 

PSORT II alone estimates that over 50% of the GapC pool should localize in the cyto-

plasm, whereas over 20% in the nucleus. Furthermore, 13% of the enzyme pool is pre-

dicted to associate with the cytoskeleton and approximately 9% and 4% with mitochondria 

and peroxisomes, respectively (Tab. 3-1). Application of WoLF PSORT results in a clearly 

cytosolic compartmentation of GapC (data not shown). 
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Fig. 3-1 The SUBA-based subcellular localization pattern for the Arabidopsis glyceralde-
hyde-3-phosphate dehydrogenase isoforms, encoded by At1g13440 and At3g04120. An 
Arabidopsis Cell eFP Browser gives an output image, which is false coloured accordingly to a 
degree of support for the given location, based on both measured and predicted subcellular local-
izations from the SUBA database. 

 

Apart from its cytosolic distribution, the Arabidopsis glyceraldehyde-3-phosphate dehy-

drogenase is bioinformatically predicted to occupy different subcellular compartments, 

including organelles. Both GapC isoforms from A. thaliana are predicted to enter the nu-

cleus, but to achieve this, the plant enzyme existing in its active form as a tetramer of 

about 140 kDa (McGowan and Gibbs, 1974) would have to pass through the nuclear en-

velope. 
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Tab. 3-1 Bioinformatical prediction of subcellular localization of two glyceraldehyde-3-
phosphate dehydrogenase isoforms. The amino acid sequences of both isoforms, GapC1 and 
GapC2 were analyzed using the TargetP, PSORT and PSORT II software. cTP – chloroplast transit 
peptide, mTP – mitochondrion transit peptide, SP – secretory pathway, other – mostly cytosolic, 
Loc – location predicted by the TargetP program at 0.9 or greater specificity. 

 

Data Bank GapC1 

TargetP v1.1, 

using PLANT 

networks 

Name     Length    cTP    mTP     SP  other  Loc  RC 

---------------------------------------------------- 

Sequence   338   0.026  0.382  0.130  0.610   _    4 

---------------------------------------------------- 

cut-off           0.000  0.000  0.000  0.000 

 

RC – reliability class, 1-5, where 1 is the strongest prediction 

PSORT – for 

plant pro-

teins,                                      

version 

6.4(WWW) 

 

microbody (peroxisome)- Certainty= 0.549 (Affirmative) <succ> 

 

chloroplast stroma - Certainty= 0.200(Affirmative) <succ> 

 

chloroplast thylakoid membrane - Certainty= 0.200(Affirmative) 

<succ> 

 

chloroplast thylakoid space - Certainty= 0.200(Affirmative) < 

succ> 

PSORT II – 

for 

yeast/animal 

proteins 

52.2 %: cytoplasmic 

21.7 %: nuclear 

13.0 %: cytoskeletal 

 8.7 %: mitochondrial 

 4.3 %: peroxisomal 

>> prediction for QUERY is cytoplasmic (k=23) 

 GapC2 

TargetP v1.1, 

using PLANT 

networks 

Name       Length    cTP    mTP     SP  other  Loc  RC 

------------------------------------------------------ 

Sequence     338   0.025  0.355  0.132  0.625   _    4 

------------------------------------------------------ 

cut-off             0.000  0.000  0.000  0.000 

 

RC – reliability class, 1-5, where 1 is the strongest prediction 

PSORT – for 

plant pro-

teins,                                           

version 

6.4(WWW) 

 

microbody (peroxisome)- Certainty= 0.472 (Affirmative) <succ> 

 

cytoplasm - Certainty= 0.450(Affirmative) <succ> 

 

chloroplast stroma - Certainty= 0.200(Affirmative) <succ> 

 

chloroplast thylakoid membrane - Certainty= 0.200(Affirmative) 

<succ> 

PSORT II – 

for 

yeast/animal 

proteins 

52.2 %: cytoplasmic 

21.7 %: nuclear 

13.0 %: cytoskeletal 

 8.7 %: mitochondrial 

 4.3 %: peroxisomal 

>> prediction for QUERY is cytoplasmic (k=23) 
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At1g13440- or At3g04120-encoded GapC was also found as a mitochondria-localized 

protein by the Cell eFP Browser (Fig. 3-1) and, additionally, in the ARAMEMNON data-

base (Fig. 3-2). The latter bioinformatic tool comprises all putative membrane proteins of 

Thale Cress, Rice (Oryza sativa) and some 6700 putative membrane proteins of ~300 

other seed plants (Schwacke et al., 2003). Among many other functions, the ARAMEM-

NON database gives a prediction of protein subcellular compartmentation based on the 

stored data from other sources, similarly to the Cell eFP Browser. In the case of GapC, 

the site predictions were performed by means of MitoProt_v2 (Claros and Vincens, 1996) 

and MITOPRED programmes (Guda et al., 2004), which demonstrated the mitochondrial 

localization with a high probability. Mitochondria are organelles that contain their own ge-

netic system. Although many proteins are mitochondria-localized, they are nuclear-

encoded and possess targeting and sorting signals, which direct them to mitochondria and 

their different subcompartments. These signals may be cleavable presequences, gener-

ally composed of 40 N-terminal residues, or may be present within the mature part of a 

protein. An example of the latter signal is the internal amphiphilic helix of the dihydrofolate 

reductase, which makes a hydrophilic enzyme able to localize in the mitochondrial matrix 

(Claros and Vincens, 1996). General features of such mitochondrial targeting signals are: 

1) enrichment of Arg, Leu, Ser and Ala, 2) presence of at least two positively charged 

residues, 3) lack of acidic residues, and 4) ability to form α-helical amphiphilic structures. 

Many cryptic mitochondrial targeting sequences are pivotal for this compartmentation as 

well (Claros and Vincens, 1996). 

Endoplasmic reticulum (ER), the Golgi apparatus, vacuole and plasma membrane consti-

tute the major components of the plant secretory system (Brandizzi et al., 2004). Possible 

presence of At1g13440-encoded GapC in the secretory pathways was predicted by iPSort 

(Bannai et al., 2002), using the ARAMEMNON database (Fig. 3-2), because the enzyme 

was identified in the plasma membrane protein fraction (Marmagne et al., 2004). 

Two very specific types of peroxisomal localization signals can be distinguished in plants 

(Tab. 3-3): the C-terminal peroxisomal targeting signal type 1 (PTS1) and type 2 (PTS2), 

which occurs at the N-terminus of the respective protein (Reumann, 2004). Surprisingly, 

PTS1 proposed by Nakai and Kanehisa (1992), covers the last three amino acids at the 

C-terminus of GapC1 and GapC2 (-SKA; Fig. 3-3). In contrast, Reumann’s specification 

does not include the –SKA motif, therefore the previous literature specifications, indicating 

–SKA as a possible PTS1 within the GapC-sequence, has to be carefully taken into ac-

count. Moreover, according to Reumann’s classification, the PTS2 does not occur at the 

N-terminus of GapC isoforms from A. thaliana. 
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Fig. 3-2 ARAMEMNON-based subcellular localization prediction for the glyceraldehyde-3-
phosphate dehydrogenase isoforms, encoded by At1g13440 and At3g04120. The 
ARAMEMNON database stores different data sets, such as protein, cDNA and genomic se-
quences, transporter classification, bibliographic references, predictions for transmembrane 

spanning proteins (transmembrane -helices, -barrels), predictions for membrane-anchored 
proteins (GPI-attachment, prenylation, myristoylation), and prediction of the subcellular location or 
consensus predictions. 

 

 
Fig. 3-3 Putative peroxisomal targeting signal type1 (PTS1) at the C-terminus of the cytoso-
lic glyceraldehyde-3-phosphate dehydrogenase. Alignment of the amino acid sequences of 
GapC1 and GapC2 was performed by means of the Clone Manager software. The putative PTS1 
is highlighted in red. 

 

GapC1 aa       301 akagialsdkfvklvswydnewgyssrvvdlivhmska 

GapC2 aa       301 akagialsdkfvklvswydnewgyssrvvdlivhmska 
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Tab. 3-2 C-terminal PTS1 proposed by Nakai and Kanehisa (1992). The score for PTS1 ob-
tained with WoLF PSORT should be non-zero for this feature. The value depends on the most spe-
cific regular expression given in the table below which matches the three C-terminal residues. The 
interesting amino acids suiting the C-terminus of both isoforms of GapC are highlighted in red. 

PTS1 Score 

SKL 5/6 

SKF ½ 

[SAGCN][RKH][LIVMAF] ¼ 

no match 0 

 

Tab. 3-3 Specification of the peroxisome-targeting signals in higher plants after Reumann 
(2004). The PTS1 is a consensus composed of small and uncharged amino acids at the first posi-
tion, whereas in the second position positively charged, and in the third – hydrophobic residues 
occur. 

Type of the peroxisomal tar-
geting signal Amino acid motifs 

PST1 (C-terminal) [SA][RK][[LM]> without 
AKM> plus SRI> and PRL> 

PST2 (N-terminal) R[LI]x5HL 

 

3.1.2 Application of Fluorescent Proteins (FPs) in imaging of subcellular 

structures in living plant cells 

The classical reporter systems for monitoring gene expression, such as ß-glucuronidase 

(GUS), luciferase (LUC) or chloramphenicol acetyltransferase (CAT) belong to a spectrum 

of invasive and destructive methods (Jach, 2006). Therefore, it is not suitable for investi-

gation of the primary transformants or for following the time course of gene expression in 

living cells (Haseloff et al., 1997). Moreover, due to its cellular structure, an intact plant 

tissue is a difficult subject for fluorescence microscopy. Deep, alternating layers of refrac-

tive cell walls and aqueous cytosol, with various inherent autofluorescing and light-

scattering components, are no trivial objects to be observed (Haseloff et al., 1997). Detec-

tion of gene expression in living cells and at the level of a whole plant, or a more detailed 

observation of subcellular location occupied by proteins of interest in vivo, became possi-

ble with implementation of the GFP-imaging techniques in plant sciences. Haseloff et al. 

(1997) discovered that the mRNA coding for GFP is efficiently misspliced in transgenic 

Arabidopsis plants, resulting in the removal of 84 nucleotides from the coding sequence, 

between residues 380 to 463. Elimination of this cryptic intron by mutagenesis allowed a 

proper expression of mgfp4 in planta and enabled introducing GFP imaging into the spec-

trum of rapidly developing plant molecular techniques. Moreover, expression and localiza-

tion of GFP-fusion proteins can be directly visualized at high resolution in living plants, 
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using Confocal Laser Scanning Microscopy (cLSM). This technique allows precise visuali-

zation of fluorescent signals within a narrow plane of focus (Haseloff, 1999).  

Apart from the bioinformatical prediction analysis, investigation of the subcellular micro-

compartmentation of the fluorescently labelled glyceraldehyde-3-phosphate dehydro-

genase was the main focus of my experimental work. For this purpose different vectors, 

coding for the Fluorescent Proteins (FPs) only, were applied in living plant cells. At first, 

Arabidopsis protoplasts, lacking cell wall, were transiently transformed with empty vectors 

pGFP-2, p-35S-CFP-NosT, p-35S-YFP-NosT or p-35S-mCherry-NosT. Treatment of 

these cells with polyethylene glycol should facilitate the uptake of plasmid DNA through 

the destabilized plasma membrane. This step was followed by incubation in the dark, over 

16-20 h, which lead to synthesis of GFP, CFP, YFP or mCherry protein, respectively. Dis-

tribution of the FPs in plant protoplasts was observed using the Fluorescence Microscope 

Eclipse TE 2000 U (Nikon, Düsseldorf, Germany) and Confocal Laser Scanning Micro-

scope LSM 510 META, coupled with the Fluorescence Microscope AXIO Imager Z1 

(Zeiss, Göttingen, Germany). FPs were found in the cytosol and, due to their small sizes 

(Tab. 3-4), also in the nucleoplasm (Fig. 3-4). They were excluded from nucleolus, plas-

tids, vacuoles, components of the endomembrane system and small organelles, which 

appear shaded within the cells, as it was observed in seedlings of A. thaliana before 

(Haseloff and Amos, 1995). 

Fluorescent staining is often disturbed by autofluorescence of cells or whole tissues, es-

pecially in plants (Haraguchi et al., 2002). Performing Iive cell imaging, one has to nearly 

always deal with some background autofluorescence, which may give even stronger sig-

nals than the expected one (Shaw, 2006). The red autofluorescence of chlorophyll is an 

example of a “noise” signal, but using proper optical GFP-band pass filters, separation of 

the GFP fluorescence from the signal emitted by the excited chloroplasts is possible. A 

faint chloroplastic autofluorescence in the green part of the visible light spectrum occurs in 

the observed protoplasts as well, but it can be neglected and easily separated from the 

real GFP-signal that is much stronger and clearer. A cytosolic blurred GFP-like signal (Fig. 

3-5), occurring in the tissue from greenhouse plants, often in single wounded or heavily 

stressed cells, may also cause confusion whilst microscoping the plant cells expressing 

the GFP-fusion protein (Jach, 2006). An experienced person should be able to distinguish 

the unspecific signal from the investigated one. Some additional problems, such as a 

bleed-through (crosstalk), obtained from similarly emitting fluorophore pairs, such as CFP 

and GFP or GFP and YFP, may interfere with each other. The GFP-excitation laser line 

(Arg, 488 nm) can cause emission of YFP as well, leading to overlapping GFP- and YFP-

emissions appearing in one channel, if both proteins are expressed in the same cell. 

However, modern cLSM equipment enables separation of overlapping emission spectra 

by linear unmixing. It may also help to remove autofluorescence spectra from the spectra 

of fluorescently stained organelles and cell structures of interest (Haraguchi et al., 2002). 
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Fig. 3-5 Unspecific fluorescence occurring as a blurred, diffuse GFP-like signal, observed 
in some protoplasts isolated from A. thaliana leaves. Scale bar: 20 µm. 

 

 
Fig. 3-4 Cytosolic and nuclear location of the Fluorescent Proteins in the plant cell. The FPs 
were transiently expressed from appropriate vectors in the protoplasts, which were isolated from 
leaves of 5-6-week old plants of A. thaliana. Autofluorescence of chlorophyll is false coloured in red 
or blue, depending on the shade of the respective FP; eGFP, eCFP, eYFP – enhanced Green, 
Cyan or Yellow Fluorescent Protein, respectively; mCherry – monomeric Red Fluorescent Protein 
var. Cherry. Scale bars: 10 µm. 
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Tab. 3-4 Fluorescent Proteins applied in the localization studies of the glyceraldehyde-3-
phosphate dehydrogenase in plant cells. eGFP, eCFP, eYFP – enhanced Green, Cyan or Yel-
low Fluorescent Protein, respectively; mCherry – monomeric Red Fluorescent Protein var. Cherry; 
tdTomato – tandem dimer Red Fluorescent Protein var. Tomato. 

Fluorescent Protein Size [kDa] Organism Reference 

eGFP 27 Aequorea victoria 
Cormack et al. (1996) 

Haseloff et al. (1997) 

eCFP 27 Aequorea victoria Heim and Tsien (1996) 

eYFP 27 Aequorea victoria Ormö et al. (1996) 

mCherry 27 Discosoma sp. Shaner et al. (2004) 

tdTomato 54 Discosoma sp. Shaner et al. (2004) 

 

In the following, dual colour imaging enabled a revision of possible association of GapC 

with stained subcellular structures and organelles, and therefore, a verification of the bio-

informatical prediction analysis (Chap. 3.1.1). Labelling of organelles in vivo was prefer-

able, so not the fixed tissues, but the living cells expressing fluorescent GapC and certain 

organelle-targeted proteins were observed with the cLSM. 

Chloroplasts were detectable due to the autofluorescence of chlorophyll, false coloured in 

red or blue in the demonstrated images. The plastidic protein plNAD-MDH:GFP, tran-

siently expressed in protoplasts, was exclusively observed in the chloroplasts. Localiza-

tion of this chimeric protein proves the specificity of inherent targeting signals, even if 

fused with GFP (Fig. 3-6 – first line). Peroxisomes are organelles that can vary in size 

within a single cell from <0.5 to 2 µm (Nelson et al., 2007). These structures were visual-

ized using the YFP, fused with a C-terminal peroxisomal targeting signal (YFP:SKL), 

which demonstrated their widely spread location in the cytosol, next to chloroplasts 

(shown in red; Fig. 3-6 – second line). Fusion of the transcriptional factor bZip63 from 

A. thaliana with the mCherry protein (bZip63:mCherry) was found exclusively in the nu-

cleus (Fig. 3-6 – third line), as expected (Walter et al., 2004). This construct provides a 

good spectral tool for an in vivo labelling of the nuclear compartment in combination with 

CFP- or GFP-fusion proteins. Staining the plant actin cytoskeleton with tdTomato:AtFim1 

ABD2 revealed a stable, complex network of filaments and cables that were transversing 

the cytoplasm and surrounding the chloroplasts (Fig. 3-6 – fourth line). Plant Golgi appa-

ratus labelled with a marker protein, sialyltransferase from rat, fused to mCherry 

(ST:mCherry), occurred as a pattern of many organelles, similar in size to peroxisomes 

(<1 µm), and spread in the cytosol in form of small independent stacks (Nelson et al., 

2007). 

The emission spectra of all applied FPs, autofluorescence of chlorophyll or fluorescent 

dyes were documented as references for further colocalization experiments. This was 

done, in order to assure that the obtained emission signals belong to the appropriate FP 

or a dye. If the emission spectrum played a relevant role in the experiment, the spectrum 

reference is shown in the respective chapter. The remaining graphs presenting emission 

spectra of the applied FPs or dyes are included in the supplemental section (Chap. 7.6). 
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Fig. 3-6 Different cellular compartments and substructures highlighted by fluorescent fu-
sion proteins. Fluorescent fusion proteins carrying organelle targeting signals or having affinity to 
subcellular structures (e.g. actin cytoskeleton), were transiently expressed in protoplasts, isolated 
from leaves of 5-6-week old plants of A. thaliana. Description of the applied fusion proteins is in-
cluded in the text (Chap. 2.2.5.8 and 3.1.2). The scale bar in the third panel corresponds to 5 µm, 
whereas the remaining scale bars are 10 µm in size. 
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3.1.3 Subcellular microcompartmentation of the fluorescently tagged 

glyceraldehyde-3-phosphate dehydrogenase from A. thaliana 

By virtue of the dispersed localization prediction data and overwhelming variability of the 

reported GAPDH functions in organisms, a series of experiments was performed, aiming 

at the localization study of Arabidopsis GapC in vivo. Furthermore, the investigated fluo-

rescently labelled isoforms, GapC1 and GapC2, were also tested for possible colocaliza-

tion with subcellular structures in plant cells. 

Microscopic approaches, including Epifluorescence Microscopy and mainly cLSM, en-

abled to demonstrate cellular compartmentalization of both isoforms of glyceraldehyde-3-

phosphate dehydrogenase. This glycolytic enzyme was expressed in Arabidopsis proto-

plasts from the pGFP-2 vector as a C-terminal fusion with the Green Fluorescent Protein 

(pGFP-GapC1 and pGFP-GapC2), under control of the constitutive CaMV 35S promoter 

(Kost et al., 1998). Additionally, in order to reassure the microcompartmentation of 

GapC:GFP, similar experiments were carried out with vectors encoding GapC isoforms as 

CFP fusions (p35S-GapC1:CFP-NosT, pCFP-GapC1 and p35S-GapC2:CFP-NosT, 

pCFP-GapC2). Documentation of the agarose gels demonstrating construction of the 

clones encoding GapC:GFP and GapC:CFP, is included in the Supplement (Fig. 7-22 and 

Fig. 7-25, respectively). The p-35S-CFP-NosT vector was kindly provided by Thorsten 

Seidel (University of Bielefeld, Germany). The reference emission spectrum of the GFP-, 

CFP- and chlorophyll fluorescence was saved in a spectral database using the Zeiss LSM 

5 software. Matching diagrams are included in the supplemental section of my thesis 

(Chap. 7.6, Fig. 7-62 and Fig. 7-63). 

As described in Chap. 3.1.2, mesophyll protoplasts isolated from leaves of 5-6-week old 

plants, were transiently transformed with plasmid DNA encoding the GFP- or CFP-fusion 

with the investigated GapC isoforms. Beside the expected cytoplasmic signal, which was 

equally distributed within the protoplasts (Fig. 3-7, Fig. 3-8), a local punctuate accumula-

tion of GapC:GFP and GapC:CFP (Fig. 3-11 and Fig. 3-12, respectively), as well as its 

nuclear localization was observed (Fig. 3-23). The latter findings correspond to the animal 

model, but in planta the reason and role for the nuclear compartmentation of the glycolytic 

enzymes remains unclear (Holtgrefe et al., 2008;Anderson et al., 2004a;Anderson et al., 

2004b). Other specific subcellular localization, such as the mitochondrial association of 

the cytosolic glycolytic enzymes, is a new and lively topic for plant physiologists (Giegé et 

al., 2003;Graham et al., 2007;Sweetlove et al., 2002). Thus, concerning the bioinformati-

cal prediction results, the mitochondrial colocalization of GapC, as well as its possible 

association with peroxisomes, the Golgi apparatus or actin filaments was tested in this 

study. 

3.1.3.1 Cytosolic distribution of the GapC isoforms in plant protoplasts 

Cytoplasmic distribution of both GapC:GFP and GapC:CFP was predominant in compari-

son with their less frequent nuclear localization. Pattern of the signal, emitted by the cyto-

plasmic pool of the fluorescently labelled GapC, corresponds to the small volume of cyto-

sol in a mesophyll cell (Fig. 3-7, Fig. 3-8). The main cellular volume of spinach mesophyll 

cells is covered by the vacuole (79%), whereas the cytosol takes up to 3% only (Winter et 

al., 1994). The cytoplasmic compartment in the investigated mesophyll cells from 

A. thaliana appeared to be restricted mainly by the large central vacuole or a system of 
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tubular vacuoles- Other organelles, such as chloroplasts (visualized through the false col-

oured red or blue chlorophyll fluorescence), unlabelled nucleus, mitochondria, perox-

isomes, ER or the complex network of cytoskeleton occupy a large part of the mesophyll 

cell as well. 

 

Fig. 3-7 Cytosolic localization of glyceraldehyde-3-phosphate dehydrogenase in plant cells 
(part I). GFP-fusion of the two isoforms of glyceraldehyde-3-phosphate dehydrogenase (GapC1: 
and GapC2:GFP) was transiently expressed in the protoplasts, isolated from leaves of 6-week old 
plants of A. thaliana. The labelled glycolytic enzyme occurred in the cytosolic compartment, sur-
rounding the autofluorescing chloroplasts (coloured in red) and the central vacuole (not visible), 
covering the main volume of the cell. The last line of images was made by means of the Fluores-
cence Microscope Eclipse TE 2000 U, Nikon. The remaining images were taken with the Confocal 
Laser Scanning Microscope LSM 510 META, Zeiss. The second image – scale bar: 5 µm, the first 
and third – 10 µm, the fourth – 50 µm. 
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Fig. 3-8 Cytosolic localization of glyceraldehyde-3-phosphate dehydrogenase in plant 
cells (part II). The CFP-fusion of the two isoforms of glyceraldehyde-3-phosphate dehydro-
genase (GapC1: and GapC2:CFP) was transiently expressed in the protoplasts, isolated from 
leaves of 6-week old plants of A. thaliana. As in the case of GapC labelled with GFP, the fusion 
of the glycolytic enzyme with CFP occurred also in the cytoplasmic compartment, which seemed 
to be excluded through the vacuole and many organelles or appeared in a form of cytoplasmic 
strands (last line). Scale bars: 10 µm. 

 

Due to the compartmentalized organization of a plant cell, the labelled GapC protein was 

distributed not only in form of a diffuse cytoplasmic fluorescence that is typical for cytoso-

lic proteins (Nelson et al., 2007), but also as a thin cytosolic layer along the plasma mem-

brane and surrounding the plastids (Fig. 3-7, Fig. 3-8). The thin layer of GapC:FP might 

be a pool of the enzyme associated with the plasma membrane (Fig. 3-7 – third line, Fig. 

3-9 – first line), which would correlate with the fact that GAPDH (At1g13440) was found in 

the membranous protein fraction from A. thaliana (Marmagne et al., 2004). 
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3.1.3.2 Localization of GapC isoforms in form of tubular structures 

In the same population of Arabidopsis cells transformed with fluorescent vectors encoding 

GapC:GFP or GapC:CFP, tubular or filamentous structures were observed in several pro-

toplasts (Fig. 3-9 – first and second line). At first glance, the cable-like structures seemed 

to behave in a dynamic way, when seen with the Epi-Fluorescence Microscope (data not 

shown), which could happen due to the dynamics of the cytoskeleton or naturally occur-

ring cytoplasmic streaming. Rarely, the observed structure resembled a fine tubular lattice 

(Fig. 3-9 - last line, Fig. 3-10), which could result from an association of GapC:FP with the 

cytoskeleton. Such interactions of GAPDH, ALD and other carbohydrate-metabolizing 

enzymes with the cytoskeleton (F-actin, microtubules) have been shown in developing 

maize endosperm (Azama et al., 2003). Enolase, ALD and cytosolic isoforms of GAPDH 

from maize seedlings were found as protein-protein interaction partners of actin in the 

yeast two-hybrid screen (Holtgräwe et al., 2005). Thus, it is conceivable that the observed 

fluorescent strands may result from an association of the glycolytic enzyme with the plant 

cytoskeleton. 

Another possibility is the presence of GapC in the secretory pathway, e.g. in ER or in the 

Golgi apparatus. The tubular structure seen in Fig. 3-9 (last line) and Fig. 3-10, formed by 

the fluorescent GapC2:CFP, could reflect its localization in the ER that usually appears as 

a relatively immobile, but locally remodelling polygonal tubular network, with other more 

mobile tubules, streaming through the cytoplasm (Brandizzi et al., 2004, Nelson et al., 

2007).  

The depicted region of very distinct tubules formed by GapC2:CFP, shown in Fig. 3-9, 

was magnified. In order to characterize the network in a more precise way, a Z-stack of 

images, taken at 10 µm focus depth was performed (Fig. 3-10). Z-stack image acquisition 

is the basis for the generation of 3-D views, so a three-dimensional structure could be 

reconstructed from the obtained images of GapC2:CFP. According to literature, the ER 

structure varies from perforated sheets in expanding root cells to a tubular network in hy-

pocotyls, in the mature root epidermis and similarly in leaves (Hawes et al., 2001). The ER 

net is accompanied by mobile ER bodies, which are 0.5 µm wide and 5-10 µm in length 

(Brandizzi, F. et al. 2004). The observed network containing GapC2:CFP could very likely 

belong to the described structure, since the fine tubules with accompanying nodules are 

clearly distinguishable through the depth of 10 µm (Fig. 3-10). An animated Z-stack dem-

onstrating different planes as well as a three-dimensional presentation of the observed 

cellular region from Fig. 3-10 is included on the attached CD. 

3.1.3.3 Local accumulation of GapC isoforms in the plant cell – possible or-

ganelle association? 

Along with the cytosolic distribution, similarly frequent, local accumulation of the 

GapC:GFP was observed in the cytosol of transformed Arabidopsis protoplasts (Fig. 

3-11). Observation with a greater magnification revealed that GapC:GFP located in a form 

of amyloid-like aggregates or it associated with some undefined organelles (Fig. 3-11, 

magnified image, depicted with a white arrow). It occurred often with an additional slight 

background, emitted from the cytoplasmic pool of GapC:GFP (Fig. 3-11 – fifth line), but in 

most cases the signal intensity of the GapC cluster, was exceeding the cytoplasmic pool 

of the enzyme. Thus, in some images the latter fraction is not visible at all. 
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Fig. 3-9 Localization of glyceraldehyde-3-phosphate dehydrogenase in form of tubular 
and filamentous structures. An example of GapC2:CFP shows that in the same cell the en-
zyme localizes as a thin cytosolic layer (first line) or in form of strands or filamentous structures, 
transiting the protoplast (last line). Additional magnification of the framed filamentous structures 
is shown in the last line, third image. Scale bars: 10 µm. 

 

Fig. 3-10 A tubular network comprised of the fluorescently-labelled glyceraldehyde-3-
phosphate dehydrogenase. A magnification of the region depicted in Fig. 3-9 (last line) is 
shown in form of a 10-µm deep Z-stack, which was performed to demonstrate the depth of 
the filamentous structures comprised of GapC2:CFP, transiting the examined protoplast. 
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Similar foci-like distribution was observed in the case of GapC:CFP as well. Many cells 

possessed described aggregates, but their fluorescent emission was very faint and, due to 

the strong CFP-photobleaching effect, it was not always possible to document the inter-

esting objects (Fig. 3-12). Fluorescent signals of GapC in the associated/aggregated form 

were found exclusively in the cytosol and not in any other cellular compartment of the 

tested protoplasts. Similar structures were not found in the control experiments, such as 

application of GFP alone (Fig. 3-4), chloroplastic NAD-MDH:GFP (Fig. 3-6), or the nuclear 

protein bZip63 as a mCherry- or a split YFP-fusion (Fig. 3-6 and Fig. 3-35, respectively). 

Some of the observed protoplasts, expressing GapC:CFP in form of aggregates, seemed 

to be less viable, if compared to the cells displaying other GapC localization. Usually, a 

robust protoplast remains round, without any visible feature of stress, but in the case of 

the presented cells one can notice their uneven shape (Fig. 3-12) that refers only to some 

of the cells expressing GapC:GFP (Fig. 3-11 – first line). Since human GAPDH was identi-

fied to be locally deposited in amyloid-like aggregates in certain neurodegenerative dis-

eases, it was discussed, whether oxidative stress may induce aggregation of GAPDH via 

formation of disulphide bonds between the active site cysteines and, therefore, promote 

cell death (Nakajima et al., 2007). In this context, the observed fluorescent amyloid-like 

structures formed by GapC:FP might be an effect of some stress conditions, prevailing 

only in a part of the mesophyll cells. On the other hand, the punctuate foci or the bigger 

amyloid-like structures could result from an association of the plant GapC with certain 

subcellular structures. 

Apart from the single amyloid-like structures comprised of GapC:FP (Fig. 3-11 – second 

and last line, Fig. 3-12 – fourth and last line, Fig. 3-13), some amorphous GAPDH aggre-

gates were also observed in larger amount per cell. The cytosolic aggregates of GapC:FP 

seemed to vary, regarding their size and amount. If spread in the cytoplasm, the GapC:FP 

aggregates were very small (Fig. 3-11 – first and fourth line, Fig. 3-12 – first line), not ex-

ceeding the size of a common spherical, 0.7 µm diameter mitochondrion (Sheahan et al., 

2004), or a peroxisome – 1.4-3.5 µm in diameter (Mano et al., 2002). It was observed that 

mitochondria in Arabidopsis show heterogeneity in size and shape, according to environ-

mental changes (Scott and Logan, 2008). The abnormal mitochondria displayed altera-

tions in size and shape, from spherical or cigar-shaped to irregular teardrop or pear-

shaped forms, upon treatment with reactive oxygen species-inducing chemicals. These 

organelles may also fuse into bigger tubular structures with a very plastic morphology, 

which was observed without any treatment, four hours after preparing protoplasts from the 

cultured tobacco mesophyll cells (Sheahan et al., 2004a). 

Plant Golgi apparatus occurs also as a pattern of many small organelles, similar in size to 

peroxisomes (<1 µm), and spread in cytosol in form of independent stacks (Nelson et al., 

2007). To sum up, the smaller clusters of GapC:FP shown in the Fig. 3-11 (first line) and 

Fig. 3-12 (first and fourth line) could reflect localization of the enzyme at or in organelles 

such as mitochondria, peroxisomes or Golgi stacks, which was predicted by the bioinfor-

matical tools (Chap. 3.1.1). 
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Fig. 3-11 Aggregate formation in the cytoplasm by the glyceraldehyde-3-phosphate dehy-
drogenase isoforms (part I). GFP-fusion of the two isoforms of glyceraldehyde-3-phosphate 
dehydrogenase (GapC1: and GapC2:GFP) was transiently expressed in the protoplasts, isolated 
from leaves of 6-week old plants of A. thaliana. The third line is a magnification of the image 
above. Apart from the second and third image, where the scale bar is 5 µm, the remaining scale 
bars are 10 µm in size. 
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Fig. 3-12 Aggregate formation in the cytoplasm by the glyceraldehyde-3-phosphate dehy-
drogenase isoforms (part II). CFP-fusion of the two isoforms of glyceraldehyde-3-phosphate 
dehydrogenase (GapC1: and GapC2:CFP) was transiently expressed in the protoplasts, isolated 
from leaves of 6-week old plants of A. thaliana. Scale bars: 10 µm. 
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Fig. 3-13 Single amyloid-like aggregate formed by glyceraldehyde-3-phosphate dehydro-
genase in the cytoplasm. GFP fusion of GapC1:GFP was transiently expressed in protoplasts, 
isolated from leaves of 6-week old A. thaliana plants. Image on the right shows a magnified re-
gion of interest with a GapC aggregate, depicted in the left panel with a white frame. Scale bars 
in the images on the left: 10 µm. 

 

Colocalization event describes the presence of two or more types of molecules at the 

same physical location. Within the context of a cell or subcellular compartmentalization, 

the molecules attach to the same receptor or a scaffold, while in the context of digital im-

aging it means that the colours emitted by the fluorescent molecules occupy the same 

pixel in the image (Manders et al., 1993). In confocal microscopy, specimens are recorded 

as a digital image, composed of a multi-dimensional array containing many volume ele-

ments, referred to as voxels that represent three-dimensional pixels. The size of a voxel 

(or detection volume) is determined by some parameters of a microscope, such as the 

numerical aperture of the objective, the illumination wavelength, and the confocal detector 

pinhole diameter (www.olympusfluoview.com/applications/colocalization.html). In other 

words, a microscopic image presenting an investigated green fluorescing fusion protein, 

localized with a red stained cellular structure, yields a composite of these fluorescent sig-

nals in a yellow shade. 

Potential colocalization of the GapC:FP punctuate foci and aggregates with different or-

ganelles or subcellular structures was further tested. Investigation was performed using 

the same transient expression system, as mentioned in the previous chapters, with re-

spect to literature and to the bioinformatical subcellular localization prediction for the 

At1g13440- and At3g04120-encoded GAPDH isoforms. In order to examine a possible 

mitochondrial compartmentation of GapC:FP, Arabidopsis protoplasts, expressing the 

fluorescently-labelled enzyme, were simultaneously stained with MitoTracker® Orange 

CMTMRos (Fig. 3-14, Fig. 3-15, Fig. 3-16, Fig. 3-17, Fig. 3-18). It is important to prove, 

http://www.olympusfluoview.com/applications/colocalization.html
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whether the laser line used for GFP excitation (488 nm) is able to cross-excite another 

fluorescent dye, and therefore evokes any additional emission peaks in the GFP channel. 

This could lead to artefacts in the GFP-emission spectrum. The reference emission spec-

tra of GFP, chlorophyll and MitoTracker® Orange CMTMRos upon excitation with 488 nm 

and 543 nm (specific for the mitochondrial dye) were compiled using the Zeiss LSM 5 

software. Matching diagrams are included in the supplemental part of my thesis (Chap. 

7.6, Fig. 7-64 and Fig. 7-65). No crosstalk of GFP and MitoTracker® Orange CMTMRos 

upon excitation neither at 488 nm nor 543 nm was present. 

 
Fig. 3-14 Colocalization analysis of glyceraldehyde-3-phosphate dehydrogenase with mito-
chondria (part I). GFP fusion of glyceraldehyde-3-phosphate dehydrogenase (GapC1:GFP) was 
transiently expressed in the protoplasts from leaves of Arabidopsis plants. Mitochondria were 
stained with 50 nM MitoTracker

®
 Orange CMTMRos (Molecular Probes). An overlay of 

GapC1:GFP fluorescence and the stained mitochondria is shown on the right. The region of inter-
est (ROI), depicted with a white frame, was magnified, in order to perform a colocalization analy-
sis by means of the fluorescence-intensity profile (Fig. 3-15). Scale bar: 10 µm. 

 

A ROI (Region Of Interest) in the observed cell, displaying stained organelles and ex-

pressing GapC1:GFP (Fig. 3-14), was magnified for a more detailed characterization of 

possible mitochondrial association of GAPDH (Fig. 3-15, upper image). Signals emitted by 

mitochondria (red) and the investigated enzyme (green) were analyzed in the same plane 

by a fluorescence-intensity profile, performed via measurements of the relative emitted 

fluorescence, detected in separate channels. The plot shows partial overlap along a dis-

tance of app. 1.5-2 µm (Fig. 3-15, bottom image), suggesting that the fluorescently la-

belled pool of GapC could be associated at the surface of the stained mitochondrion. 
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Fig. 3-15 Colocalization analysis of glyceraldehyde-3-phosphate dehydrogenase with mi-
tochondria (part II). The magnified section of the protoplast expressing GapC1:GFP (Fig. 3-14) 
displays regions of a possible association of the glycolytic enzyme with the stained mitochon-
drion. The diagrams below show the colocalization analysis using fluorescence-intensity profiles 
of both fluorescent signals. 
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Fig. 3-16 Colocalization analysis of glyceraldehyde-3-phosphate dehydrogenase with mi-
tochondria (part III). GFP fusion of glyceraldehyde-3-phosphate dehydrogenase (GapC2:GFP) 
was transiently expressed in the protoplasts, isolated from Arabidopsis plants. Mitochondria were 
stained using 50 nM MitoTracker

®
 Orange CMTMRos (Molecular Probes). An overlay of 

GapC2:GFP fluorescence and the stained mitochondria signals is shown on the right. Two re-
gions of interest (ROI), depicted with a white frame, were magnified, in order to perform a colo-
calization analysis by means of a fluorescence-intensity profile (Fig. 3-17 and Fig. 3-18). Scale 
bar: 5 µm. 

 

A similar mitochondrial colocalization analysis, as described for GapC1:GFP, was per-

formed with the images demonstrating GapC2:GFP aggregates in the Arabidopsis cell 

(Fig. 3-16). Here, two ROIs were magnified, in order to plot both fluorescent signals, de-

tected in separate channels, showing only partial association of the GapC:GFP foci at the 

surface of mitochondrion (Fig. 3-17). No mitochondrial colocalization of another punctuate 

signal given by GapC2:GFP was observed in the same cell (Fig. 3-18). In general, only 

seldom colocalization of GapC:GFP with mitochondria could be observed in comparison 

with its predominant cytosolic distribution. Therefore, a possible mitochondrial association 

of Arabidopsis GapC seems to be a transient phenomenon. A similar assay applying 

GapC:CFP was not performed, due to weak fluorescent emission of the CFP in this ex-

perimental system. 
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Fig. 3-17 Localization of glyceraldehyde-3-phosphate dehydrogenase with respect to 
mitochondria (part IV). A magnified section of the protoplast, expressing GapC2:GFP (from 
Fig. 3-16), displays a region of a possible association of the glycolytic enzyme with mitochon-
drion. The diagram shows a colocalization analysis of the fluorescent signals using fluores-
cence-intensity profile. 
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Fig. 3-18 Localization of glyceraldehyde-3-phosphate dehydrogenase with respect to 
mitochondria (part V). A magnified section of the protoplast, expressing GapC2:GFP (from 
Fig. 3-16), displays a region, where clearly no association of the glycolytic enzyme with mito-
chondrion could be seen. The diagram shows a colocalization analysis of the fluorescent sig-
nals, using fluorescence-intensity profile. 
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Additionally, the secretory pathway or peroxisomal localization of the GapC:FP was 

brought into focus, due to some hints resulting from the bioinformatical screen (Chap. 

3.1.1). Possible compartmentation of GapC from A. thaliana in the Golgi stacks was 

tested in vivo with a marker protein, -2,6-sialyltransferase from rat, fused to mCherry 

(ST:mCherry), which is a mammalian terminal glycosyltransferase, localized in the trans-

Golgi cisternae and trans-Golgi network (Ma and Colley, 1996). It was successfully intro-

duced in genetically modified plants and displayed a similar localization pattern as in ani-

mal cells (Wee et al., 1998). Cotransformation of Arabidopsis protoplasts with vectors, 

encoding GapC:GFP and ST:mCherry, was used to investigate the query regarding the 

undercover cellular compartmentation of GapC isoforms in form of manifold punctuate 

foci. Golgi apparatus occurred in the imaged plant cells as a pattern of small independent 

stacks, as described by Nelson et al. (2007). Only these protoplasts, which demonstrated 

the previously described, locally accumulated GapC:GFP were observed with the cLSM 

(Fig. 3-19) and, if required, the interesting regions were magnified (Fig. 3-20). No obvious 

colocalization of GapC:GFP with the Golgi stacks could be seen, because there was no 

noticeable mixing of the emitted green and red fluorescence in the imaged plane of the 

observed cells. An interesting proximity of Golgi stacks with the bigger, amyloid-like ag-

gregates of GapC2:GFP could indicate its possible role in the vesicle trafficking from Golgi 

stacks to ER also in the plant cell (Fig. 3-20). The reference emission spectra of the GFP 

and mCherry proteins upon excitation with 488 nm and 543 nm were compiled using the 

Zeiss LSM 5 software. Matching diagrams are included in the supplemental part of my 

thesis (Chap. 7.6, Fig. 7-66 and Fig. 7-67). No crosstalk of GFP and mCherry upon excita-

tion neither at 488 nm nor at 543 nm was present. 

 
Fig. 3-19 Golgi apparatus as a potential localization site of the glyceraldehyde-3-
phosphate dehydrogenase (part I). Arabidopsis protoplasts were simultaneously cotrans-
formed with the vector coding for GapC2:GFP and with ST:mCherry construct (described in the 
text). An overlay of the GapC2:GFP fluorescence (green) and the signal from the stained Golgi 
apparatus (red) is shown on the right. Scale bars: 10 µm. 
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Fig. 3-20 Golgi apparatus as a potential localization site of the glyceraldehyde-3-phosphate 
dehydrogenase (part II). Description as in Fig. 3-19, apart from the overlays of the GapC2:GFP 
fluorescence and the stained Golgi apparatus, which are shown in the middle images. Scale bar in 
the upper panel: 10 µm. 

 

In order to verify the bioinformatically predicted association of GapC with peroxisomes, 

expression of both GapC:CFP and YFP carrying PTS type 1 (YFP:SKL) was accom-

plished in the plant cells, via transient cotransformation approach with the appropriate 

plasmids (Fig. 3-21 and Fig. 3-22). A surprisingly low intensity of CFP emission disabled a 

detailed characterization of cells, displaying both fluorescent signals. Peroxisomes were 

visualized very well, but in none of the cotransformed protoplasts the previously described 

locally accumulated GapC:CFP could be shown with a satisfying quality. Fluorescent sig-

nals were false coloured, so a potential colocalization pattern should appear as a yellow 

composite of the green, false coloured GapC:CFP pool and the red, false coloured perox-

isomes. Superimposition of fluorescent signals indicates no proximity of GapC:CFP with 

respect to the stained peroxisomes that appear as if they were embedded in the cytosolic 

pool of GapC. 

3.1.3.4 Nuclear localization of the GapC isoforms in the plant cell 

The nuclear import of glycolytic enzymes and its regulation in plants remains unclear. For 

animal GAPDH it was connected with its non-glycolytic functions (Kodama et al., 

2005;Sirover, 2005). Unexpectedly, a Nuclear Export Signal (NES) was identified within 

the C-terminus of GAPDH, the removal of which caused accumulation of the enzyme in 

the nucleus (Brown et al., 2004). Recently published reports on the nuclear localization of 

the plant glycolytic enzymes are described in Chap. 4.4. 
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Fig. 3-21 Compartmentation of glyceraldehyde-3-phosphate dehydrogenase with respect 
to peroxisomes in the plant cell (part I). The CFP fusion with GapC1 was transiently coex-
pressed in protoplasts from leaves of A. thaliana plants, with YFP bearing –SKL signal at the C-
terminus which directs it to peroxisomes. An overlay of both fluorescent signals is shown on the 
right. GapC1:CFP is green false coloured, chlorophyll fluorescence – blue and the stained per-
oxisomes are red. Scale bar: 10 µm. 

 

 
Fig. 3-22 Compartmentation of glyceraldehyde-3-phosphate dehydrogenase with respect 
to peroxisomes in the plant cell (part II). Description for GapC2:CFP, as in Fig. 3-21. Scale 
bar: 10 µm. 
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In a minor part of the protoplasts expressing GapC fused with CFP or GFP, it was ob-

served in a round organelle (Fig. 3-23), being separated from the cytosol, or partially con-

nected with it by a fine reticular network (Fig. 3-23, the second and third image). Based on 

the literature data (Kaminaka et al., 2006) and the observed nuclear localization pattern of 

GFP or other FP alone (Chap. 3.1.2), it was assessed that the compartment occupied by 

the fluorescent fusion enzyme could be the nucleus. Exclusion from the nucleolus is no-

ticeable, due to lack of fluorescence in a punctuate form within the highlighted organelle 

(Fig. 3-22). The cytosolic pool of the fusion GapC, occurring in a fine reticular form around 

the organelle, might resemble the ER being continuous with the nuclear envelope (Bran-

dizzi et al., 2004; Nelson et al., 2007). 

 
Fig. 3-23 Nuclear localization of glyceraldehyde-3-phosphate dehydrogenase in the plant 
cell. The CFP or GFP fusion of the two isoforms of glyceraldehyde-3-phosphate dehydrogenase 
(GapC1 and GapC2) were transiently expressed in protoplasts, isolated from leaves of 6-week 
old plants of A. thaliana. All images were taken with the cLSM 510 META (Zeiss), apart from the 
last line taken with the Fluorescence Microscope Eclipse TE 2000 U (Nikon). Apart from the first 
image, where the scale bar is 5 µm, the remaining bars are 10 µm in size. The last panel is taken 
from Holtgrefe et al., 2008. 
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Since the nuclear compartment, occupied by GapC:FP, remained only a self-evident 

structure in the observed cells, it was tempting to design a construct that would enable 

visualization of the plant nucleus in vivo. Examination of the organelle, occupied by the 

investigated glycolytic enzyme, could be therefore precisely verified. By implementation of 

bZip63 protein, a proline-rich, basic leucine-zipper transcription factor (Siberil et al., 2001) 

in the Bimolecular Fluorescence Complementation (BiFC), Walter et al. (2004) showed 

that this dimerizing protein localizes exclusively in the plant nucleus. The bZip63 was cho-

sen for designing a mCherry-fusion protein to label the respective cellular compartment 

and prove the nuclear localization of both GapC:FP. Fig. 3-24 and Fig. 3-25 show that the 

site, stained with GFP-fused GapC1 or GapC2, is indeed the nucleus, because the signals 

given by the investigated enzyme and by bZip63:mCherry result in a yellow shade in the 

superimposed images. Additionally, fluorescence signals of GFP-fused GapC2 and 

bZip63:mCherry were analyzed by means of fluorescence-intensity profiles, indicating that 

both proteins occupy the same compartment within the examined plane of the plant cell 

(Fig. 3-26). 

 
Fig. 3-24 Dual colour imaging of the nuclear compartment in the plant cell (part I). The GFP 
fusion of GapC1 was transiently expressed in protoplasts, isolated from leaves of A. thaliana 
plants. The transcription factor bZip63 fused with mCherry was used as a nuclear-targeted control 
in the localization studies. The GapC1 protein was found to occupy the same compartment as the 
nuclear protein bZip63 that is manifested through a local, yellow shade of the overlay in the right 
image. Scale bar: 10 µm. 

 

Using optical microscopes and appropriate software, it is possible to render, i.e. process 

two-dimensional data sets, resulting from the serial optical sectioning (Z-stack), into 3-D 

images. Rendering generates an image from a model, by means of computer pro-

grammes, whereas the volume rendering is its variation referring to the 3-D data sets, and 

was first applied in the field of scientific visualization, such as medical imaging (Lucas et 

al., 1996). To have a more precise view of the presumed nuclear localization of GapC in 

the observed cells, a 3-D image was rendered from the Z-stack of the cell, expressing 
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GapC2:GFP (Fig. 3-25). Its subsequent volume rendering was applied, in order to create 

a 3-D model. The resulting object was rendered again along the X- and Y-axis to enable a 

clear localization analysis of GapC2:GFP in the nucleus (Fig. 3-27). Movies demonstrating 

3-D visualization of this event are included on the attached CD. 

 
Fig. 3-25 Dual colour imaging of the nuclear compartment in the plant cell (part II). The GFP 
fusion of GapC2 was transiently expressed in protoplasts, isolated from leaves of A. thaliana. The 
transcription factor bZip63 fused with mCherry was used as a control in the localization studies. 
The GapC2 protein was observed to occupy the same compartment as the protein bZip63 that is 
manifested through a local, yellow shade of the overlay in the right image. Scale bar: 10 µm. 

 

 
Fig. 3-26 Nuclear compartmentation of glyceraldehyde-3-phosphate dehydrogenase. Fluo-
rescent signals, observed in the protoplast (Fig. 3-25), that transiently expressed GapC2:GFP 
and the transcription factor bZip63 fused with mCherry, were analyzed with the fluorescence-
intensity profile. The GapC2 protein was found to occupy the same compartment as the nuclear 
protein bZip63, since the plotted fluorescent signals cover the same distance of 10 µm. The dia-
gram was performed with the Zeiss LSM 5 software. 
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Selected informative views are shown in Fig. 3-27, demonstrating that GapC2:GFP local-

izes only in a part of the nucleus, which is visualized by the presence of bZip63:mCherry. 

It seems that the nuclear pool of GapC2:GFP is excluded from this section of the organ-

elle, occupied by the transcription factor. It is important to emphasize that the nucleus is 

visualized by bZip63:mCherry probably only to some extent. This nuclear compartment 

emitting the green fluorescence, might be a border area of the nucleus, indicating that 

GapC could be associated with a substructure, different from that occupied by the tran-

scription factor bZip63. 

 
Fig. 3-27 3-D visualization of the nuclear compartmentation of glyceraldehyde-3-
phosphate dehydrogenase in the plant cell. A Z-stack of images demonstrating the observed 
protoplast (from Fig. 3-25), expressing GapC2:GFP (green) and the transcription factor bZip63 
fused with mCherry (red), was volumetrically rendered along the X- and Y-axis. Selected views 
from the 3-D visualization are shown in the panels, presenting positioning of both fluorescent 
signals in the nuclear compartment. 

 

3.1.3.5 Localization of GFP fusion GapC in plant cells undergoing oxidative 

stress 

All described localization experiments with the FP-fused glyceraldehyde-3-phosphate de-

hydrogenase isoforms were performed using isolated protoplasts from the wild-type 

Arabidopsis plants. Since a variable microcompartmentation pattern of the glycolytic en-

zyme could be observed, it was interesting to alter the cellular conditions, upon which cer-

tain localization of GapC fused to FPs would prevail in the plant cell. 

Knock-out plants of A. thaliana lacking the leaf ferredoxin Fd2 (At1g60950) were recently 

characterized in my group (Voss et al., 2008). Fd2 is the major form of the two leaf ferre-

doxins (Hanke et al., 2004). It has an important role in photosynthesis, due to transferring 
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electrons from photoreduced Photosystem I (PS I) to ferredoxin-NADP+ reductase, which 

results in NADPH for CO2 assimilation (Fukuyama, 2004). Voss et al. (2008) suggested 

that the elimination of Fd2 in the knock-out plants leads to enhanced oxidizing conditions 

in the chloroplast stroma in the light, in comparison with the wild-type plants. The pres-

ence of a high electron pressure in the thylakoids might in turn result in Reactive Oxygen 

Species (ROS) formation, causing oxidative stress and induction of antioxidant systems. 

These conditions apparently resulted in signal transduction chains that induce the nuclear 

gene expression of proteins required to cope with the stress situation (Voss et al., 2008). 

Indeed, expression levels of the plastidic NADP-dependent thioredoxin reductase (NTRC) 

and of the 2-Cys peroxiredoxin BAS1 were increased in the Fd2-KO under low light. 

These enzymes were shown to interact with the each other (Baier and Dietz, 1997). 

Moreover, together with ascorbate and glutathione, the peroxiredoxins belong to scaveng-

ing systems detoxifying ROS and, finally, require reducing equivalents to regenerate the 

reduced forms (Noctor, 2006). 

In cooperation with Ingo Voss, I performed an experiment demonstrating increased ROS 

generation in the Fd2-KO plants upon low light exposure (Voss et al., 2008). In order to 

show the formation of O2 radicals, protoplasts were isolated from WT and Fd2-KO plants 

and, after a dark phase, were exposed for 7 h to low light. Afterwards, these cells were 

stained with a nonfluorescent derivate (CM-H2DCFDA) that, due to removal of the acetate 

groups by intracellular esterases upon oxidation in the cell, emits a fluorescent light. The 

Fd2-KO protoplasts gave significantly more fluorescent signals (46% of the cells), as 

compared to the WT (4% of the cells). Many cellular compartments of the stained Fd2-KO 

cells showed symptoms of an increased oxidative stress. Beside the affected chloroplasts, 

the fluorescent signals could be also observed in cytosol, as well as in the nucleus (Voss 

et al., 2008). These overall stressed knock-out plants were taken for protoplasts isolation 

and transient transformation with the construct encoding GapC1:GFP. Apparently, the 

oxidative stress, prevailing at the certain level in the Fd2-KO cells, had no effect on altera-

tion in the subcellular compartmentation of GapC1:GFP, in comparison with localization 

described in the previous chapters. The predominant, homogeneous cytosolic distribution, 

as well as the locally aggregated or the nuclear microcompartmentation of GapC1:GFP 

could be observed in the Fd2-KO cells after a dark phase (overnight incubation), but also 

after 7-h illumination with low light (Fig. 3-28). These results correlate with the observa-

tions carried out with the wild-type cells of A. thaliana plants, described in the previous 

chapters. 

No predominant alteration of GapC:GFP localization could be also observed in protoplasts 

from wild-type plants of Nicotiana tabacum, when treated with oxidative agents – 0.1 mM 

GSNO, 1 mM H2O2 or 5 mM diamide. In addition, a similar localization experiment using 

protoplasts, isolated from heterotrophic tobacco BY-2 suspension cells, was carried out in 

the Chair of Genome Research at Univ. of Bielefeld (Germany), with Ute Bürstenbinder 

and Dr. Ralf Palmisano. No differences with the GapC2:GFP compartmentation (cytosolic, 

nuclear and in an aggregated form), described in previous chapters, could be observed 

(Fig. 3-29). 
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Fig. 3-28 Transient expression of glyceraldehyde-3-phosphate dehydrogenase in cells 
isolated from Fd2 knock-out plants of A. thaliana. Mesophyll protoplasts, isolated from Fd2-
KO plants, were transformed with the construct coding for GapC1:GFP, incubated overnight 
and observed directly on the next day after the dark phase. To increase the oxidative stress in 
the observed Fd2-KO protoplasts, they were further incubated for 7 h upon illumination with low 
light. No significant change in the cellular localization of GapC1:GFP was observed upon these 
conditions, when compared to wild-type plants. The nucleus can be distinguished by the unla-
belled nucleolus in the centre of the organelle (middle images). Scale bars: 10 µm, despite the 
middle image in the panel above: 5 µm. 

 

 

Fig. 3-29 Subcellular localization of glyceraldehyde-3-phosphate dehydrogenase in het-
erotrophic tobacco BY-2 cells. GFP-fusion GapC2 was transiently expressed in protoplasts, 
isolated from heterotrophic cell suspension culture (Bright-Yellow 2) from N. tabacum. Cyto-
plasmic and nuclear localization of the GFP-fusion protein, as well as its cytosolic aggregation 
or unknown organelle-association was observed after an overnight incubation in the dark, using 
cLSM (Leica TCS SP2 AOBS). 
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3.2 Protein-protein interaction partners of glyceraldehyde-3-phosphate de-

hydrogenase – possible moonlighting? 

Application of a protein with at least one known function (GapC) to the yeast two-hybrid 

screen of a cDNA library, could elucidate its novel “moonlighting” features, which have 

been speculated for the animal counterpart (for review see: Sirover, 1999 and Sirover, 

2005). Identification of new interaction partners could also help to reveal, why GapC can 

localize to different subcellular structures (e.g. nucleus, mitochondrial outer membrane), 

which remains unclear. In further experiments, the identified interaction partners of GapC1 

or GapC2 were retested by means of the so-called “one-on-one” yeast two-hybrid assay 

and the Bimolecular Fluorescence Complementation method, applied in plant protoplasts. 

With the latter approach, beside verification of the yeast two-hybrid results, the subcellular 

localization of proteins of interest could additionally be revealed. Characterization of the 

interactions between GapC and actin cytoskeleton, as well in vivo (yeast two-hybrid sys-

tem, BiFC and co-localization analysis in plant cells) as in vitro (cosedimentation assay), 

was also of key importance in context of the GAPDH “moonlighting”. 

3.2.1 Yeast two-hybrid screen of the cDNA library from A. thaliana with 

GapC as bait 

Both cytosolic isoforms of the glyceraldehyde-3-phosphate dehydrogenase from 

A. thaliana (GapC1 – 99% identity with At1g13440, and GapC2 – 99% identity with 

At3g04120) were applied as bait in the yeast two-hybrid screen of the cDNA library, to 

search for protein-protein interaction partners. In order to construct the bait, the glycolytic 

enzyme was fused with the DNA-binding domain of a transcription factor GAL4 (Fields 

and Song, 1989). For this purpose, cDNA coding for both isoforms of GapC were sub-

cloned from pET-16b construct (Bianca Altmann, University of Osnabrück) into pGBKT7 

vector. Images of the agarose gels demonstrating these clones are included in the Sup-

plement (Chap. 7.5.3, Fig. 7-26). 

Before the yeast MATa strain (Y187), expressing the bait protein (GapC-BD), was applied 

in the cDNA-library screen for new interaction partners, it was tested for toxicity and auto-

activation of reporter genes (HIS3, ADE2, MEL1) by GapC-BD. According to the manufac-

turer (Clontech, Palo Alto, CA, USA), proper growth of the yeast culture expressing a non-

toxic bait protein is characterized by OD600≥0.8. Since the overnight yeast culture of Y187 

strain, transformed with pGBKT7-GapC1 (GapC1-BD) or pGBKT7-GapC2 (GapC2-BD), 

grew in a tryptophan-lacking glucose-containing selection medium (SD/Trp-) at OD600 over 

1 (on average 4.4 x 108 cells/ml), no toxicity of GapC-BD was considered. Autoactivation 

of reporter genes by the bait was excluded, because no growth on the SD medium lacking 

tryptophan and histidine (SD/Trp-, His-), or tryptophan, histidine and adenine with addition 

of X-α-Gal (SD/Trp-, His-, Ade-/X-α-Gal; data not shown) was observed. 

In order to generate a strain, expressing prey proteins for the yeast two-hybrid screen, the 

MAT strain (AH109) was transformed with the pACT2 plasmids containing cDNA library 

from Arabidopsis suspension cell culture (provided by Prof. Csaba Koncz, University of 

Bonn). In accordance with the manufacturer (Clontech, Palo Alto, CA, USA), the yeast 

transformation efficiency should be ≥1 x 106 yeast transformants/3 µg DNA. In the case of 

the cDNA library generated for my experiments, it contained 5.11 x 105 yeast transfor-
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mants/3 µg pACT2-cDNA. Another feature of a cDNA library is the cell density, appropri-

ate for the mating step. According to the manufacturer, a cDNA library should comprise 

≥2 x 107 cells/ml, whereas other source gives ~1 x 109 cells/ml as the proper one for an 

efficient yeast two-hybrid screen (Kolonin et al., 2000). The cDNA library used in my ex-

periments is characterized by the number of 2.3 × 108 cfu/ml, where cfu means “colony-

forming unit”. 

After 15 h of mating the two strains – Y187 expressing bait protein (GapC1-BD or GapC2-

BD) and AH109 expressing interaction partners (prey proteins), the originated diploid 

yeast colonies were washed from Petri dishes, then resuspended in SD/Leu-, Trp- and 

incubated to multiply, as described in Chap. 2.2.3.5. Subsequently, these colonies were 

selected on solid media, lacking tryptophan, leucine and histidine (SD/ Leu-, Trp-, His-; 

SD/TDO), which should result in activation of HIS3-reporter gene by the binding bait and 

prey proteins. To eliminate false positives, the large (> 2 mm) colonies were restreaked on 

SD/TDO to test for weak interactions. Finally, these colonies were transferred onto 

SD/QDO supplemented with X-α-Gal (SD/ Leu-, Trp-, His-, Ade-/X-α-Gal; 

SD/QDO/X-α-Gal). Growth under these conditions determines strong protein-protein inter-

actions. In parallel, the serially diluted mating culture was streaked on SD/ Leu- only, SD/ 

Trp- only, or SD/ Leu-, Trp-, in order to estimate the mating efficiency, which should be 

>2% (The Matchmaker Two-Hybrid Library Construction and Screening Kit, Clontech Palo 

Alto, CA, USA). The calculated data regarding the mating efficiency for both screens (with 

GapC1 and GapC2 as bait proteins) are included in the Tab. 3-5. Subsequently, plasmids 

isolated from the putatively positive yeast colonies were selected in E. coli XL1Blue cells, 

then isolated, and finally digested with BglII and sent for sequencing. 

 

Tab. 3-5 Mating efficiency in both yeast two-hybrid screens of the cDNA library from 
A. thaliana suspension cell culture, with cytosolic isoforms of glyceraldehyde-3-phosphate 
dehydrogenase, GapC1 and GapC2, applied as baits. 

Bait protein 
used in the 

screen 

Mating effi-
ciency 

Nr of putative in-
teraction partners 

GapC1 34% 42 

GapC2 10.4% 16 

 

Among 42 putative interaction partners of the GapC1, all grew on both selective media 

(SD/TDO and SD/QDO/X-α-Gal), but 27 were false positives due to shifted ORFs. The 

remaining sequences were: four cDNA coding for voltage-dependent anion channel 

VDAC3 (At5g15090), a porin from the outer mitochondrial membrane, and 11 GapC 

clones, where seven sequences were encoded by At1g13440 and four by At3g04120 

genes. 

A following yeast two-hybrid screen revealed 16 protein-protein interaction partners of 

GapC2. Among them, 13 sequences were full-length clones encoding VDAC3 

(At5g15090), whereas two lacked the start codons (GAP2-8, GAP2-13), but were still in 

the ORF of the GAL4 DNA-activating domain and able to activate HIS3 reporter gene (Fig. 

3-31). One isolated clone was false positive in this screen, due to a shifted open reading 

frame (GAP2-16). Summary of the identified prey proteins is included in Tab. 3-6 and Fig. 
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3-30. The detailed data regarding the plasmids isolated from yeast colonies, their size and 

activation rate of the reporter genes is presented in the supplemental part of my thesis 

(Tab. 7-1, Fig. 7-69 and Tab. 7-2, Fig. 7-70). 

 

Tab. 3-6 Putatively positive protein-protein interaction partners of GapC1 and GapC2, identi-
fied in the yeast two-hybrid screen of the cDNA library from A. thaliana. The isolated plasmids 
were digested with the BglII restriction endonuclease, sequenced and analyzed with BLAST. 

Bait pro-
tein 

Accession 
number in Ex-

pasy Data Bank 

Chromosomal 
locus 

Prey protein Functional category 

GapC1 Q9FX54 At1g13440 
glyceraldehyde-3-

phosphate dehydro-
genase (GAPC-2) 

gluconeogenesis 
glycolysis 

GapC1 P25858 At3g04120 
glyceraldehyde-3-

phosphate dehydro-
genase (GAPC) 

gluconeogenesis 
glycolysis 

GapC1 
GapC2 

Q9SMX3 At5g15090  
Voltage-dependent anion 

channel 3 (VDAC3) 
voltage-gated anion 

channel activity 

 

 
Fig. 3-30 Putatively positive protein-protein interaction partners of GapC1 and GapC2, 
identified in the yeast two-hybrid screen of the cDNA library from A. thaliana. “Drop test” 
technique enables an estimation of stringency of the protein-protein interaction between the in-
vestigated partners. The 10

-4
 dilution of an overnight culture provides only few diploid cells per 

5 µl, applied dropwise onto the selective medium. These cfu (colony forming units) are allowed 
to grow without any unspecific background on the SD/TDO and/or SD/QDO/X-α-Gal, if the bind-
ing between GapC-BD and the putatively positive partner occurs. 

 

In more detail, the positive clones consisting of the full-length VDAC3 cDNA (including the 

5’ UTR), displayed a high stringency of the protein-protein interaction with GapC, which 

was indicated by strong growth of the blue-coloured yeast colonies on SD/QDO/X-α-Gal 

(GAP1-19 in Fig. 3-31, all GAP2 apart from GAP2-8 and GAP2-13 in Fig. 7-70). In the 

case of the four positive clones, lacking the start codon and thus the 5’ UTR (GAP1-38, 
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GAP1-39, GAP2-8, and GAP2-13), their growth on SD/QDO/X-α-Gal was affected in 

comparison to the full-length clones, such as GAP1-19 (Fig. 3-31). The translated 5’ UTR, 

together with the HA tag might play a role of a spatial linker between the prey VDAC3 and 

GAL4-AD domain. Its lack could decrease the steric flexibility of the prey protein and its 

efficient binding with GapC-BD, which may be reflected in a retarded growth on 

SD/QDO/X-α-Gal (Fig. 3-31). Further analysis of the isolated clones GAP1-8, 13, 34, 75, 

115, 181, and 188 showed that GapC1 interacted with At1g13440-encoded GapC, pre-

sumably forming oligomers in the yeast cells (Tab. 3-6). Commercial sequencing of the 

prey plasmids revealed a frame shift in the cDNA at the position 534 bp, resulting in a 

deletion of 17 base pairs (Fig. 3-32, A), and therefore in truncation of the amino acid se-

quence (Fig. 3-32, B). The native plant GAPDH consists of 338 amino acids, but the trans-

lated preys are only 186 amino acids long and thereby identical with the reference GapC1 

sequence within the first 178 amino acids only. Even though, the truncated version of 

GapC was able to interact with the bait GapC1 at a high stringency (Fig. 7-69). 

 

Fig. 3-31 Binding of glyceraldehyde-3-phosphate dehydrogenase to the outer mitochon-
drial membrane channel, VDAC3. The putatively positive clones were identified in the yeast 
two-hybrid screen of the cDNA library with GapC1-BD (GAP1-…) or GapC2-BD (GAP2-…) as 
baits. Double selection on SD/TDO medium and, subsequently, on SD/QDO/X-α-Gal enabled 
verification of these putative binding partners. GAP1-19 is a full-length clone encoding VDAC3 
sequence with 5’ UTR, whereas GAP1-38, GAP1-39, GAP2-8, GAP2-13 lack the start codon, but 
are still in ORF with GAL4-AD. Lack of the start codon and, therefore, the translated 5’ UTR in 
the VDAC3-AD sequence might be a steric hindrance that has decreased the ability to activate 
the reporter gene ADE2 (no growth on SD/QDO/X-α-Gal). 

 

The nucleotide-binding domain of the enzyme represents the so-called Rossman dinu-

cleotide-binding fold, which structure remained conserved among globular proteins, such 

as lactate, malate, alcohol or glyceraldehyde-3-phosphate dehydrogenases (Rossman 

and Liljas, 1974). In the GAPDH subunit from Bacillus stearothermophilus it spans from 

residues 1 to 148 and 313 to 333, while the catalytic domain is assigned at position 149-

312 (Vignais et al., 1995). A high-resolution structure of human GAPDH showed that the 

NAD+-binding domain locates between residues 1-151 and 315-335 of the subunit, while 

the catalytic domain can be identified at residues 152-314 (Jenkins and Tanner, 2006). 

Recently, the crystal structure of NADP-dependent apo-glyceraldehyde-3-phosphate de-

hydrogenase (apo-GAPDH) from Synechococcus PCC 7942 was revealed, showing that 

the S-loop has an extremely flexible conformation composed of 26 amino-acid residues, 

from 183 to 208, and is essential in discrimination of NADP and NAD molecules (Kitatani 
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et al., 2006). Tetrameric phosphorylating glyceraldehyde-3-phosphate dehydrogenase 

from Bacillus stearothermophilus has been described as a “dimer of dimers” (Roitel et al., 

1999), where NAD is embedded in a cavity composed of residues from the cofactor do-

main (residues 1-148 and 312-333), the N-terminal part of the S-loop within the same 

subunit (residues 178-182), and the C-terminal part of the S-loop (residues 186-196) from 

the R-axis related subunit. Additionally, the four S-loops were suggested to form the core 

of the tetramer (Banas et al., 1987). By analyzing these details regarding the tertiary struc-

ture of GAPDH, it seems that binding between the truncated (1-178 residues) and the 

complete GapC1 subunits still occurs, as if the N-terminal 178 residues were sufficient for 

the interaction. 

 

A 

B 

Fig. 3-32 Partial deletion in the glyceraldehyde-3-phosphate dehydrogenase sequence 
leads to synthesis of a truncated protein in the yeast cell, but still able to interact with the 
full-length GapC subunit. The isolated, putatively positive clones (GAP1-8, 13, 34, 75, 115, 
181, and 188) were sequenced, analyzed with BLAST, and subsequently with Clone Manager 7. 
The sequences highlighted in green are identical. Due to a deletion in the sequence of the listed 
positive clones GAP1, a stop codon (depicted in red) appears (A), which leads to a frame shift 
within the amino acid sequence at position 178 and truncation of the GapC at position 186 (B). 
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Among the putative interaction partners of GapC1 (GAP1-53, 96, 148 and 151), the other 

At3g04120-encoded isoform, which is to 99% identical with GapC1, was identified in the 

screen as well. Interestingly, growth of these yeast colonies expressing both GapC iso-

forms was retarded on the SD/QDO/X-α-Gal medium (Chap. 7.7.2, Fig. 7-69). Even if, in 

contrast to the other listed clones, the GAP1-53 was still growing under the highly selec-

tive conditions, it did not colour in blue, indicating no MEL1 activity. The presence of ro-

bust yeast colonies on SD/TDO is still a hint for positive, but weak interactions between 

subunits of different GapC isoforms, forming apparently not only homo-, but also hetero-

oligomers. 

3.2.2 Verification of the GapC-interaction partners from the Arabidopsis 

cDNA library 

Since the yeast two-hybrid screen of the cDNA library from A. thaliana resulted in identify-

ing protein-protein interaction partners of GapC1 and GapC2, these findings had to be 

confirmed. The detected proteins, glyceraldehyde-3-phosphate dehydrogenase 

(At1g13440 and At3g04120) and VDAC3 (At5g15090), were applied in an additional set of 

“one-on-one” yeast two-hybrid assays, in order to retest specificity of these associations. 

Moreover, the identified interactions were investigated in plant protoplasts using Bimol-

ecular Fluorescence Complementation technique. 

3.2.2.1 “One-on-one” yeast two-hybrid assays 

The haploid AH109 strain provides all needed reporter genes (HIS3, ADE2, MEL1), it can 

be therefore cotransformed with both vectors encoding the investigated bait and prey pro-

teins. Analysis of the putatively positive interactions in the same yeast strain is described 

here as a “one-on-one” yeast two-hybrid assay. 

At first, the identified prey cDNA was transferred from the pACT2 into pGADT7 vector 

(including GAL4-AD domain as well), resulting in pGADT7-VDAC3 (VDAC3-AD, Fig. 

7-30), pGADT7-GapC1 (GapC1-AD, Fig. 7-28), or pGADT7-GapC2 (GapC2-AD). Addi-

tionally, VDAC3 was subcloned into pGBKT7 vector (VDAC3-BD, Fig. 7-30). The baits, 

GapC1 or GapC2 (GapC1-BD or GapC2-BD, respectively) were already used in the yeast 

two-hybrid screens, described in the previous chapter. 

The clones of interest were cotransformed in AH109 yeast cells using PEG/LiOAc, ac-

cording to the manufacturer’s instruction (Clontech, Palo Alto, CA, USA). In the case of 

control experiments yeast cells were transformed with a combination of the investigated 

partner and empty bait (pGBKT7) or prey vector (pGADT7), which encode the GAL4 do-

mains only (GAL4-BD or GAL4-AD, respectively). The pGBKT7-LamC construct encoding 

human lamin C, a component of nuclear lamina, was combined with pGADT7-VDAC3 in 

an additional, negative control experiment. Lamin C is not supposed to interact with other 

proteins (Bartel et al., 1993), but in the recent years it has been shown to bind to emerin, 

a protein translocating from ER to the inner nuclear membrane, upon interaction with 

lamin C and A (Vaughan et al., 2001). The transformed yeast cells, growing on SD/Leu-, 

Trp-, were confirmed to carry appropriate combinations of prey and bait constructs by re-

striction digestion or colony PCR (Chap. 7.5, Fig. 7-56 and Fig. 7-57). The positively trans-

formed yeast colonies, with two replicates in each case, were tested for activation of the 
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reporter genes ADE2, HIS3, MEL1 by “Drop test” on SD/TDO and SD/QDO/X-α-Gal (Fig. 

3-33). 

 
Fig. 3-33 Testing the protein-protein interactions between glyceraldehyde-3-phosphate 
dehydrogenase and the outer mitochondrial membrane channel, VDAC3. The putatively 
positive interactions were identified in the yeast two-hybrid screen of the cDNA library from 
A. thaliana. Subsequently, to retest these findings, the haploid yeast strain AH109 was cotrans-
formed with constructs, expressing bait GapC isoforms (GapC-BD) and prey VDAC3 (VDAC3-
AD), or bait VDAC3 (VDAC3-BD) and prey GapC isoforms (GapC-AD). Serial dilution of the ap-
propriate, overnight yeast culture was dropped onto selective media, to demonstrate the strin-
gency of binding between proteins. Colonies growing on SD/Leu

-
, Trp

-
 were successfully trans-

formed with both vectors, encoding the investigated proteins. Growth on SD/TDO and 
SD/QDO/X-α-Gal is a sign of positive interactions, but autoactivation of the reporter genes 
(ADE2, HIS3, MEL1) by prey or bait proteins only (empty vector combined with the appropriate 
construct, see table in the figure) might demonstrate a false positive result. 

 

Autoactivation of all reporter genes was observed in the case of VDAC3-AD (expressed 

from the pACT2 or pGADT7 vector) with an empty vector pGBKT7 or pGBKT7-LamC. The 

appropriate yeast colonies grew on selective media lacking tryptophan, leucine and his-

tidine (SD/TDO) or additionally lacking adenine (SD/QDO/X-α-Gal). This unspecific auto-

activation of reporter genes seemed to be property of VDAC3-AD, which was the case 

neither for GapC-AD nor GapC-BD (Fig. 3-33 and Fig. 3-34), as tested before in Y187 

(Chap. 3.2.1). 

According to the manufacturer, the pGADT7 vector runs expression of fusion proteins 

under a strong, full-length ADH1 promoter, in contrast to pACT2 or pGBKT7. This could 

lead to a high level of the VDAC3-AD fusion protein in the yeast cell and its autoactivating 

property. Interestingly, VDAC3 expressed from pACT2 seemed also to behave unspecifi-

cally in the described experiment, although the ADH1 promoter in this vector is truncated. 

The autoactivation property could be explained by a possible, improper folding of this hy-

drophobic, membrane protein under certain conditions prevailing in the yeast nucleo-

plasm. Since one of disadvantages of the yeast two-hybrid method is misfolding of the 

fusion protein, which potentially may alter activity or binding of the investigated proteins, it 
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is often proposed to switch from the tested AD- to BD-fusion protein (Solmaz, 2003). The 

VDAC3-BD, expressed from pGBKT7 under a truncated ADH1 promoter, did not autoacti-

vate the reporter genes. However, it also did not interact with any of GapC isoforms (Fig. 

3-33). 

The plant NAD-dependent glyceraldehyde-3-phosphate dehydrogenase is known to exist 

in its active form as a tetramer of subunits with identical molecular weight (Cerff, 1979). Its 

identification as an interaction partner of the baits GapC1- or GapC2-BD in the yeast two-

hybrid screen was therefore of no surprise. Nevertheless, this result had to be verified with 

other combination of vectors, namely pGADT7 in the “one-on-one” experiments. The 

stringency of binding between subunits of the same or other isoform was of interest as 

well, since the yeast two-hybrid screen indicated that GapC heterooligomers could interact 

weaker than the homooligomers. 

The yeast colonies transformed with pGADT7 and pGBKT7, expressing GapC isoforms 

and growing on SD/Leu-, Trp- (Fig. 3-34), were confirmed to carry appropriate combina-

tions of prey and bait constructs by colony PCR (Chap. 7.5, Fig. 7-58). As shown in Fig. 

3-34, neither GapC-BD in combination with empty pGADT7 nor GapC-AD combined with 

pGBKT7 possessed the autoactivation property in AH109 cells, which is demonstrated by 

their retarded growth on SD/TDO and SD/QDO/X-α-Gal. Regarding the tested interactions 

between the same subunits, such as GapC1-BD and GapC1-AD or GapC2-BD and 

GapC2-AD, the stringency of their binding seemed to be of a weaker nature, due to their 

growth on SD/TDO only. Interactions between different GapC isoforms occurred at the 

same stringency level, as when homooligomers were formed. These results are deviating 

from the yeast two-hybrid screen, where GapC1-BD interacted strongly with the similar 

At1g13440-encoded isoform (activation of all reporter genes), but in a weaker way with 

GapC2-AD (retarded growth on SD/QDO/X-α-Gal; Fig. 3-30, third line). Alterations in the 

reporter genes activation and therefore in growth of the appropriate colonies may be 

caused by varying levels of cDNA expression, due to different structure of ADH1 promoter 

on pGADT7 and pACT2. Therefore, it cannot be definitely confirmed whether homo- or 

heterooligomerization of the investigated glycolytic enzyme are preferred in vivo. 

Summarizing, the previously identified VDAC3-AD and GapC-BD interaction could not be 

confirmed, due to the autoactivating property of VDAC3-AD. In addition, no binding be-

tween VDAC3-BD and GapC-AD was observed. Since the investigation of the outer mito-

chondrial membrane porin seemed to be impaired in the yeast two-hybrid system, there 

was a need to examine the interesting interaction of GapC and VDAC3 by additional in 

vivo method, such as the BiFC. Moreover, the GapC homo- and heterooligomerization 

was also tested with this technique in plant protoplasts. 
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Fig. 3-34 Homo- and heterooligomerization of glyceraldehyde-3-phosphate dehydro-
genase. The positive interactions between GapC subunits, identified in the yeast two-hybrid 
screen of the cDNA library from A. thaliana, were retested with the “one-on-one” assay. The 
haploid yeast strain AH109 was cotransformed with constructs expressing bait and prey GapC 
isoforms (GapC-BD and GapC-AD). Subsequently, serial dilution of the overnight yeast culture 
was dropped onto selective media, to demonstrate the stringency of binding between proteins. 
Colonies growing on SD/Leu

-
, Trp

-
 are positively transformed with both vectors, encoding the 

investigated proteins. Control tests for autoactivation of the reporter genes (ADE2, HIS3, MEL1) 
by prey or bait proteins only were carried out additionally (empty vector combined with the inves-
tigated construct, see table in the figure). 

3.2.2.2 Application of Bimolecular Fluorescence Complementation for test-

ing interactions between GapC and its binding partners 

The protein-protein interactions between GapC subunits or with its putative binding part-

ner, VDAC3, identified in the yeast two-hybrid screen and tested in the “one-on-one” mat-

ing assay, were further investigated by means of the Bimolecular Fluorescence Comple-

mentation technique (BiFC or s.-c. split-YFP) (Hu et al., 2002). This method is based on 

an in vivo interaction between two proteins of interest, fused to C- or N-terminal part of a 

Fluorescent Protein (here YFP). If the interaction partners are remote at a distance of max 

10 nm, reconstitution of the entire YFP from non-functional halves of the fluorophore takes 

place (Bhat et al., 2006). Appropriate vectors, pUC-SPYNE and pUC-SPYCE (Walter et 

al., 2004) obtained from Prof. Jörg Kudla, were used to design constructs expressing 

GapC and its investigated interaction partners (Tab. 3-7). The clones encoding both GapC 

isoforms were completed by a diploma student, Jan Peter Heinen. Images of the agarose 

gels demonstrating positive split YFP plasmids with inserted cDNA, coding for GapC or 

VDAC3, are shown in Chap. 7.4 (Fig. 7-42 and Fig. 7-48, respectively). 
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Tab. 3-7 Construct combinations applied in the BiFC experiment, used for in vivo investiga-
tion of the protein-protein interactions between GapC subunits and the outer mitochondrial 
membrane channel, VDAC3. Crosses refer to the number of trials. Interactions that were not in-
vestigated are marked with “-“. 

 

pUC-SPYNE 

GapC1 GapC2 VDAC3 

X 

XX 

- 

pUC- 

SPYCE 

GapC1 XXX - XX 

GapC2 XX >XXX XX 

VDAC3 XX XX - 

 

The constructs encoding the proteins of interest (GapC1, GapC2 and VDAC3) were co-

transformed in mesophyll protoplasts from A. thaliana plants (Tab. 3-7), leading to expres-

sion of fusion proteins fused with N- or C-terminal halves of YFP at their amino-terminus, 

respectively (Walter et al., 2004). Combination of plasmids, pUC-SPYNE-bZip63 and 

pUC-SPYCE-bZip63, coding for an YFP-fusion with the transcription factor bZip63, was 

used as a positive control (Fig. 3-35). Homodimerization of this protein was already dem-

onstrated to occur in the plant nucleus (Walter et al., 2004), which is a common interaction 

pattern among basic leucine zipper proteins, forming hetero- or homodimers in Arabidop-

sis (Schindler et al., 1992;Jakoby et al., 2002;Armstrong et al., 1992). 

 

 
Fig. 3-35 Homodimerization of the transcription factor bZip63 in the plant cell. The tran-
scription factor bZip63, fused with N- and C-terminal halves of YFP, was applied as a positive 
control in the BiFC experiments. Vectors encoding bZip63:YFP

N
 and bZip63:YFP

C
 were cotrans-

formed in protoplasts, isolated from leaves of A. thaliana plants. The dimerizing fluorescent fu-
sion proteins occupied the nuclear compartment only, as described in Walter et al. (2004). Inter-
estingly, nucleus can be seen in the second panel as a round organelle in the brightfield image 
(depicted with an arrow). Scale bar: 5 µm. 
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Empty pUC-SPYNE and pUC-SPYCE vectors were used as negative controls for the 

BiFC, or they were combined with constructs encoding the proteins of interest (GapC1, 

GapC2, and VDAC3), fused to the split-YFP domains. Several protoplasts transformed 

with a combination of the empty pUC-SPYNE and pUC-SPYCE, or with pUC-SPYNE ex-

pressing GapC1, GapC2, and VDAC3, and the empty pUC-SPYCE, or with pUC-SPYCE 

expressing VDAC3 and empty pUC-SPYNE, emitted faint, unspecific fluorescence (Chap. 

7.8). Intensity of these signals was similar to the fluorescence emitted by the cellular rem-

nants, being well distinguishable in the bright field channel by their uneven shape (Fig. 

7-71 and Fig. 7-72, depicted with white arrows). Therefore, these unspecific signals might 

be metabolic degradation products in the cytosolic compartment in some isolated Arabi-

dopsis cells undergoing stress. This event should be taken carefully into consideration 

and compared to the stronger YFP-like fluorescence in the protoplasts, transiently ex-

pressing the investigated proteins (Tab. 3-7, Tab. 3-8). Overexpression of the investigated 

genes, taking place under control of the strong, constitutive CaMV 35S promoter, could 

lead to a high concentration of proteins of interest in the cytoplasm. Due to this increased 

levels of proteins, reassociation of the split YFP could occur giving the unspecific signals 

(Waadt et al., 2008). The authors proposed also that translation of the MCS might result in 

a longer linker fragment, which in turn may have some more sticky properties. Neverthe-

less, it is likely that this unspecific cytosolic YFP-like fluorescence might counterfeit some 

results, presented in the following chapters. 

As described in Chap. 3.2.2.1, oligomerization of GapC subunits could be detected, using 

the yeast two-hybrid screen, as well as the “one-on-one” assay. The latter technique 

demonstrated homooligomerization of GapC subunits with a weaker stringency (Fig. 

3-34), than with a combination of pACT2 and pGBKT7 vectors in the screen of the cDNA 

library (Fig. 3-30). Heterooligomerization of identical GapC subunits was also slightly 

weaker in case of the “one-on-one” variant of the yeast two-hybrid assay. The BiFC 

method cannot estimate stringency of the binding affinity between interacting proteins, but 

it might extend our knowledge about their exact, subcellular compartmentation. In the 

case of the two tested isoforms of GapC, their localization in Arabidopsis protoplasts was 

slightly differing from each other. Interaction between GapC1 subunits appeared seldom 

and in form of faint signals, occurring in the cytosol (data no shown) or possibly in the nu-

clear compartment (Fig. 3-36, first line). In contrast, the fluorescent signals given by 

GapC2 homooligomers, or GapC1 interacting with GapC2, were stronger and homoge-

nously located in the cytosol, or observed in form of punctuate foci (Fig. 3-36). The latter 

effect was already observed in the plant cells expressing GFP-fusion GapC (Chap. 

3.1.3.3). It seems that GapC1 subunits were not as available in protoplasts as GapC2 

subunits. 

Since the organelle association of the punctuate GapC:GFP foci was analyzed in Chap. 

3.1.3.3, the most plausible mitochondrial localization of GapC was tested in the BiFC ex-

periments as well (Fig. 3-37). Distribution of GapC subunits, fused to split YFP, with re-

spect to mitochondria correlated with the findings regarding GapC:GFP (Chap. 3.1.3.3). In 

the case of bigger aggregates (Fig. 3-37, A), formed by GapC heterooligomers, no obvi-

ous localization with mitochondria could be noticed, which seems to correspond to some 

GapC2:GFP clusters, localized remote with respect to mitochondrial membrane (Fig. 

3-18). On the other hand, the evenly distributed, cytosolic signals emitted by GapC hete-

rooligomers, accumulated occasionally next to some of the stained mitochondria (Fig. 
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3-37, B), which was the case for GapC2:GFP as well (Fig. 3-15, Fig. 3-16). Association 

with these organelles could be distinguished by partially overlapping fluorescence, emitted 

by GapC:GFP and MitoTracker® Orange CMTMRos (Fig. 3-37, B, depicted with white 

frames). 

 
Fig. 3-36 In vivo homo- and heterooligomerization of the two isoforms of glyceraldehyde-
3-phosphate dehydrogenase. The Arabidopsis GapC fused with N- and C-terminal halves of 
YFP was applied in the BiFC experiments. The appropriate constructs were cotransformed in 
protoplasts, isolated from leaves of A. thaliana plants. Scale bar: 10 µm. 
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Fig. 3-37 Localization analysis of GapC heterooligomers with respect to mitochondria. The 
fluorescent signals given by Arabidopsis GapC, fused with N- and C-terminal halves of YFP, 
applied in the BiFC experiments, were tested for mitochondrial localization by staining the cells 
with 50 nM MitoTracker

®
 Orange CMTMRos (Molecular Probes). Overlay of fluorescent signals, 

emitted by the interacting GapC1 and GapC2 subunits and the stained mitochondria, is pre-
sented on the right, in each panel. Putative colocalization of GapC heterooligomers at the sur-
face of mitochondria is depicted with white frames and can be distinguished by the yellow shade 
(B). Due to respective dichroic mirror settings, the images in the YFP and MitoTracker channel 
were taken in the frame mode (Chap. 2.2.7, Tab. 2-42), both channels separately (A – 7.6 sec 
each channel, B – 7.5 sec each channel), which caused a short time delay between the red and 
green channel. Scale bar: 10 µm. 
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Although verification of the interaction between Arabidopsis GapC and VDAC3 failed in 

yeast cells, the occasional mitochondrial binding could still occur in the homologous sys-

tem (Chap. 3.1.3.3). Unknown cellular factors, such as posttranslational modifications of 

GapC or VDAC, another protein required for this interaction or a redox signal coming from 

the mitochondrial matrix could play a crucial role in that context. Therefore, each combina-

tion of constructs, encoding VDAC3 and both isoforms of GapC fused to split-YFP do-

mains, was applied in at least two BiFC trials (Tab. 3-7). No fluorescent signals, specific 

for YFP, could be detected, supporting the negative results from the “one-on-one” yeast 

two-hybrid experiment. This indicates that the possible interaction of GapC with mitochon-

dria, observed with GapC:GFP, does not take place via VDAC3. 

3.2.3 Does GapC bind indirectly with mitochondria via fructose 

1,6-bisphosphate aldolase? 

Previous screening of the cDNA library from hypoxic seedlings of Zea mays, as well as 

dot-blot overlay assay demonstrated binding of the cytosolic isoform of maize fructose 

1,6-bisphosphate aldolase to the mitochondrial porin, VDAC1a (Holtgräwe et al., 2005). 

Interestingly, aldolase from A. thaliana (At3g52930), fused to YFP, was also shown to 

colocalize with mitochondria in plant protoplasts (Giegé et al., 2003). Graham et al. (2007) 

copurified VDAC3 and GAPDH (At1g13440) as interaction partners of ALD (At3g52930) in 

an immunoaffinity approach, suggesting that GAPDH could attach to the surface of mito-

chondria directly via VDAC or indirectly, through interaction with ALD, which is GAPDH-

neighbouring enzyme in the glycolytic pathway. 

Possible GapC-VDAC3 association was excluded in my experiments using the yeast two-

hybrid assays and the BiFC technique (Chap. 3.2.2). On the other hand, previous results 

indicated that GapC:GFP, or GapC fused with split YFP, could localize occasionally in a 

close proximity to mitochondria (Chap. 3.1.3.3 and Chap. 3.2.2.2, respectively). This 

arose a question of another interaction, namely between GapC and ALD, and their possi-

ble compartmentation on the mitochondrial surface. Furthermore, presentation of ALD 

binding with VDAC3 in planta was also of great interest, since this interaction was already 

speculated to link GapC with the mitochondrial porin (see references above). Thus, two 

techniques, the “one-on-one” yeast two-hybrid assay and the BiFC, were used to investi-

gate these protein-protein interactions in vivo. 

The split-YFP vectors used in the BiFC experiments, carrying GapC cDNA, were de-

scribed in Chap. 3.2.2.2. Construct encoding Ald2 (At2g36460) cloned into pUC-SPYNE, 

was provided by a diploma student, Nora Gutsche (Univ. of Osnabrück). Other constructs 

were completed by author (pUC-SPYNE-VDAC3, pUC-SPYCE-VDAC3, and pUC-

SPYCE-Ald2). Images of agarose gels demonstrating these split-YFP plasmids are shown 

in Chap. 7.5 (Fig. 7-48 and Fig. 7-50). Tab. 3-8 includes all combinations applied in the 

test for interactions between Ald2 and both isoforms of GapC, or between Ald2 and 

VDAC3. 
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Tab. 3-8 Construct combinations applied in the BiFC experiment, used for investigation of 
interactions between aldolase (Ald2) and glyceraldehyde-3-phosphate dehydrogenase 
(GapC1 or GapC2), or between Ald2 and the outer mitochondrial membrane channel 
(VDAC3). Crosses refer to the number of trials. Positive interactions between GapC subunits, 
demonstrated in Chap. 3.2.2.2, are marked with “+”. Interactions that were not investigated are 
marked with “-“. 

 
pUC-SPYNE 

GapC1 GapC2 VDAC3 Ald2 

pUC- 

SPYCE 

GapC1 + - + X 

GapC2 + + + XX 

VDAC3 + + - XXX 

Ald2 X X X - 

 

Positive BiFC signals were located in a homogenous way in the cytoplasm of the trans-

formed Arabidopsis protoplasts (data not shown), expressing Ald2 fused to the N-terminal 

(Ald2:YFPN) and GapC1 or GapC2, fused to the C-terminal halves of the YFP 

(GapC1:YFPC or GapC2:YFPC, respectively). Cells expressing GapC:YFPC combined with 

the empty pUC-SPYNE (Fig. 7-71), or Ald2:YFPN combined with the empty pUC-SPYCE 

(Fig. 7-72), gave somewhat stronger fluorescent signals. With respect to these negative 

controls, these cytosolic, YFP-like fluorescent signals, may be unspecific and the ho-

mogenous distribution of Ald2:YFPN interacting with GapC1:YFPC or GapC2:YFPC could 

be artifactual. 

Beside this cytosolic compartmentation, both glycolytic enzymes interacted in a locally 

accumulated way, in some cases close to the stained mitochondria (Fig. 3-38). This local-

ization pattern was never detected in the negative controls (Fig. 7-71 and Fig. 7-72). Addi-

tionally, it correlated with the microscopic observations regarding potential mitochondrial 

association of GapC:GFP (Chap. 3.1.3.3), which could indicate the specificity of this local-

ization pattern by Ald2 and GapC. A time-lapse series of a protoplast from the upper panel 

in Fig. 3-38 is presented in an additional image (Fig. 3-39, depicted with frames). This 

should enable the observation of the interacting Ald2 with GapC1 with respect to dynam-

ics of the stained mitochondria. Fast movements of organelles, approaching the interact-

ing glycolytic enzymes and leaving them again, give the impression of a very transient 

physiological phenomenon (time-lapse images converted into a movie are included on the 

attached CD). 

In contrast to protoplasts, transiently transformed with vectors encoding Ald2 fused to the 

C-terminal (Ald2:YFPC), and VDAC3 fused to the N-terminal half of the YFP 

(VDAC3:YFPN), expression of Ald2 fused to the N-terminal (Ald2:YFPN), and VDAC3 

fused to the C-terminal half of the YFP (VDAC3:YFPC) gave positive results. Fluorescent 

signals occurred in a locally accumulated form in the plant cells. Subsequent staining of 

the cell suspension with MitoTracker® Orange CMTMRos (Molecular Probes) provided 

information about the location of the signal. The punctuate foci were observed next to the 

stained mitochondria (Fig. 3-40), but, interestingly, they did not directly overlap with the 

signals emitted by the labelled organelles, as if the reconstituted YFP was slightly remote 

from the outer mitochondrial membrane. This distance could occur due to a short delay 

(range of 4-8 sec) in imaging the both YFP and MitoTracker channels, caused by an ex-

change of the main dichroic mirror for the 514 nm, by the one for the 543 nm laser line in 

the cLSM device. 
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Fig. 3-38 Interaction between fructose 1, 6-bisphosphate aldolase (Ald2) and glyceralde-
hyde-3-phosphate dehydrogenase with respect to mitochondria. The fluorescent signals 
given by Ald2 and GapC1 or GapC2, fused with N- or C-terminal halves of YFP, respectively, 
were tested for mitochondrial localization by staining the cells with 50 nM MitoTracker

®
 Orange 

CMTMRos (Molecular Probes). Images in the YFP and MitoTracker channel were taken in the 
frame mode, both channels separately (upper panel – 9 sec each channel, bottom panel – 
9.9 sec each channel), which caused a short time-delay between the red and green channel, due 
to respective dichroic mirror-settings (Chap. 2.2.7, Tab. 2-42). Scale bar: 10 µm. 

 

In animal cells, the long-range movements of mitochondria take place on microtubules, 

while the short-range movements depend on actin filaments (Hollenbeck and Saxton, 

2005). Motions of mitochondria from tobacco pollen tubes was shown to depend on both 

components of cytoskeleton, microtubules and actin filaments, being involved in a func-

tional cooperation in the organelle transport (Romagnoli et al., 2007). By application of in 

vitro motility assays, Romagnoli et al. (2007) showed that microtubules-dependent move-

ments of mitochondria are slow and continuous, with velocity of 0.17±0.02 µm s-1, 

whereas shifts along actin filaments are fast and irregular, with average velocity at 

1.73±0.73 µm s-1. In vivo observation of mitochondrial motion along actin filaments gave 

similar results with values at 1.44±0.89 µm s-1, but no microtubule-dependent movements 

could be verified (Doniwa et al., 2007). Additionally, many mitochondria were found not to 

move at all, thus authors suggested that the determination of the motion depends on the 

necessity of a certain organelle (Doniwa et al., 2007). If we consider that the mitochondria 

are fluctuating in a fast way, as it could be notice in Fig. 3-39 (depicted with a white 

frame), the slight distance between YFP and MitoTracker signals, caused by the respec-

tive cLSM settings, is acceptable in the presented overlays (Fig. 3-40). 
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Fig. 3-39 Time-lapse series demonstrating interacting fructose 1, 6-bisphosphate aldolase 
(Ald2) and glyceraldehyde-3-phosphate dehydrogenase (GapC1) with respect to mito-
chondria. An image of the protoplast, shown in the upper panel in Fig. 3-38, presents fluores-
cent signals emitted by interacting proteins (green) and the stained mitochondria (red, 50 nM 
MitoTracker® Orange CMTMRos, Molecular Probes). The time-lapse series was taken within 1 
min 22 sec, with 1 sec interval between images. Since the images in the YFP and MitoTracker 
channel were taken in the frame mode, due to respective dichroic mirror-settings (Chap. 2.2.7, 
Tab. 2-42), both channels were taken separately, 4.5 sec for every channel. This caused a short 
time-delay between the red and green channel. 
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Fig. 3-40 Interaction between fructose 1, 6-bisphosphate aldolase (Ald2) and mitochon-
drial porin (VDAC3) with respect to mitochondria. The fluorescent signals, emitted by inter-
acting Ald2 and VDAC3, fused with split YFP domains, are shown in green, while the mitochon-
dria stained with 50 nM MitoTracker

®
 Orange CMTMRos (Molecular Probes) are red-coloured. 

Images in the YFP and MitoTracker channel were taken in the frame mode, both channels sepa-
rately (upper panel – 3.93 sec each channel, bottom panel – 7.7 sec each channel), which 
caused a short time-delay between the red and green channel, due to respective dichroic mirror 
settings (Chap. 2.2.7, Tab. 2-42). Scale bar: 10 µm. 

 

In order to test the localization of the split YFP-fusion Ald2 and VDAC3 upon oxidative 

stress conditions, protoplasts from the Fd2 (At1g60950) knock-out plants of A. thaliana, 

lacking the major form of the two leaf ferredoxins (Chap. 3.1.3.5), were transformed with 

vectors expressing the proteins of interest. In comparison with the wild-type plants, there 

was no significant difference in the location of the fluorescent signal, reflecting the binding 

of Ald2 to VDAC3 (Fig. 3-41). The observed signals were mostly packed in a close prox-

imity to the stained, rather immobile mitochondria, which resembled the previously de-

scribed events (Fig. 3-40). 

For all described experiments, regarding the protein-protein interactions between Ald2 

and GapC isoforms, or Ald2 with VDAC3, the cellular localization of Ald2 plays an impor-

tant role for validity of the hypothesis, that aldolase might bind directly to mitochondria by 

a porin in their outer membrane. Therefore, a reproducible mitochondrial localization of 

Ald2 was investigated in additional assays with a construct pGFP-2, encoding this glyco-

lytic enzyme (completed by Karina van der Linde in her diploma thesis). Transforming 

protoplasts with pGFP-Ald2 gave similar results to these described by K. van der Linde 

(2007). The cytosolic and nuclear microcompartmentation of Ald2:GFP in the plant cell 
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was observed as well (data not shown), but the organelle association of aldolase, not de-

scribed previously, was brought into focus in this study. 

 

Fig. 3-41 Interaction between fructose 1, 6-bisphosphate aldolase (Ald2) and mitochon-
drial porin (VDAC3) with respect to mitochondria, in cells undergoing oxidative stress. 
The protoplasts were isolated from Arabidopsis Fd2 knock-out plants that were demonstrated to 
suffer from the intracellular oxidative stress (Voss et al., 2008). This system was used for ex-
pression of the fluorescently tagged Ald2 and VDAC3, fused with N- and C-terminal halves of 
YFP, respectively. The observed signals were tested for mitochondrial localization by staining 
the cells with 50 nM MitoTracker

®
 Orange CMTMRos (Molecular Probes). Overlays of the fluo-

rescent signals, emitted by interacting proteins and the stained mitochondria, are presented on 
the right, in each panel. Images in the YFP and MitoTracker channel were taken in the frame 
mode, both channels separately (upper panel – 5.83 sec each channel, bottom panel – 5.94 sec 
each channel), which causes a short time-delay between the red and green channel, due to re-
spective dichroic mirror-settings (Chap. 2.2.7, Tab. 2-42). Scale bar: 10 µm. 

 

An image of a MitoTracker-stained protoplast expressing Ald2:GFP is presented in form of 

a time-lapse series, enabling to observe the fluorescently labelled enzyme with respect to 

the moving mitochondria (Fig. 3-42). This time-lapse series displayed a similar cytosolic 

localization pattern, as in the case of aldolase used in the BiFC experiments in combina-

tion with vectors encoding GapC. A white frame in every picture should help to follow high 

dynamics of the stained mitochondria, which approached the pool of GFP-fused glycolytic 

enzyme. Due to the cLSM settings, no time delay took place during imaging of the two 

channels. The time-lapse images were converted into a movie that is included on the at-

tached CD. 
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Fig. 3-42 Time-lapse series demonstrating fructose 1, 6-bisphosphate aldolase (Ald2) with 
respect to moving mitochondria. White frames in every image present fluorescent signals, 
emitted by Ald2:GFP (green) and probably interacting with the stained mitochondria (red, 50 nM 
MitoTracker

®
 Orange CMTMRos, Molecular Probes). The time-lapse series was taken every 

11.4 sec within 1 min 43 sec. Images in the GFP and MitoTracker channel were taken simulta-
neously in the line mode, without any interval between tracks, due to respective dichroic mirror 
settings (Chap. 2.2.7, Tab. 2-41). 
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 As yet, the model of GapC that forms supramolecular complexes with aldolase, which 

binds to the surface of mitochondrion via VDAC was supported by microscopic observa-

tion of the plant cells, using the BiFC assay only. Verification of these findings was subse-

quently carried out with the “one-on-one” yeast two-hybrid technique. Constructs applied 

in the following tests were described in Chap. 3.2.2.1, apart from pGBKT7 and pGADT7 

encoding Ald2, that were completed by a diploma student, Thomas Albers (Univ. of Os-

nabrück). Images of agarose gels presenting Ald2-encoding constructs are shown in 

Chap. 7.5 (Fig. 7-32 and Fig. 7-34). Successfully transformed yeast colonies, growing on 

SD/Leu-, Trp-, were confirmed to carry appropriate combinations of prey and bait con-

structs by colony PCR (Chap. 7.5, Fig. 7-59). Surprisingly, apart from homooligomeriza-

tion of aldolase subunits with a rather weak stringency of this interaction (growth on 

SD/TDO only), and the functional positive control (interaction between p53 and RecT), no 

association between Ald2 and VDAC3, or between Ald2 and both isoforms of GapC could 

be detected (Fig. 3-43). Again, the idea of a cellular signal or factor initiating the investi-

gated protein-protein interactions, but missing in the yeast nucleus, might be plausible. 

 
Fig. 3-43 Analysis of protein-protein interactions between fructose 1,6-bisphosphate aldo-
lase and mitochondrial porin, VDAC3, or with glyceraldehyde-3-phosphate dehydrogenase. 
Positive interactions between Ald2 and VDAC3, or Ald2 and GapC isoforms were found in the 
BiFC experiments. To retest these findings, the haploid yeast strain AH109 was cotransformed 
with constructs expressing Ald2, GapC isoforms and VDAC3. Serial dilution of the transformed 
yeast cells was performed on selective media, to demonstrate the stringency of binding between 
proteins. Colonies growing on SD/Leu

-
, Trp

-
 were successfully transformed with both vectors en-

coding the investigated proteins. As positive control, pGADT7-RecT and pGBKT7-p53 vectors 
were applied in these experiments. Negative controls testing artifactual autoactivation of the re-
porter genes (ADE2, HIS3, MEL1), were also carried out with the prey or bait Ald2 only, or the bait 
VDAC3 only (empty vectors combined with constructs, encoding the investigated proteins; see 
table in the figure). 

 

 



132 | R e s u l t s  

 

3.2.4 In vivo analysis of GapC association with the actin cytoskeleton 

Interaction of GAPDH, ALD and other carbohydrate-metabolizing enzymes with the cy-

toskeleton (F-actin, microtubules) has been shown in developing maize endosperm 

(Azama et al., 2003). Two isoforms of ENO, one ALD and three cytosolic isoforms of 

GAPDH from maize seedlings were identified among others as protein-protein interaction 

partners of actin, using the yeast two-hybrid system (Holtgräwe et al., 2005). The initial 

enzyme in glycolytic pathway, hexokinase (AtHXK1), was found to interact with two actin 

isoforms from A. thaliana (ACT2 and ACT8) (Balasubramanian et al., 2007). All these re-

ports illustrate how vivid the topic of microcompartmentation of the plant carbohydrate 

metabolism with the actin cytoskeleton became in the recent years. Therefore, in order to 

deepen this interesting field, we decided to investigate protein-protein interactions be-

tween Arabidopsis GapC and actin cytoskeleton in vivo, which was never shown before. 

To achieve that, three experimental approaches were planned. The Bimolecular Fluores-

cence Complementation (BiFC) between proteins of interest (GapC, ACT), fused with split 

domains of YFP, the colocalization assay using differently fluorescence-labelled proteins 

(GapC2:GFP and tdTomato:AtFim1 ABD2) and, at last, the “one-on-one” yeast two-hybrid 

assay were applied. 

The previously described yeast two-hybrid screen of the cDNA library from A. thaliana 

using two GapC isoforms as baits, was aimed to identify binding partners that might give 

indications for specific subcellular compartmentation of GapC. We were hoping to find 

cytoskeleton components among the awaited prey proteins. Unfortunately, no cytoskele-

ton-related proteins were detected in the putatively positive yeast colonies (Chap. 3.2.1). 

Therefore, in order to choose appropriate actin isoform for the following BiFC, actin gene 

family was analyzed according to the tissue-specific expression pattern. The Arabidopsis 

genome was reported to contain ten genes for actin, but only eight proteins were detected 

in the plant organs (McDowell et al., 1996). Due to their spatial and temporal expression, 

the eight isovariants of actin were divided in two classes: the vegetative (ACT2, ACT8, 

ACT2/7) and the reproductive one (ACT1, ACT3, ACT4, ACT11, ACT12). The first class 

of actins, expressed mainly in the vegetative tissues, splits additionally into two sub-

classes: subclass 1 includes genes encoding for ACT2 and ACT8, predominant in nearly 

all vegetative tissues, and subclass 2 that comprises ACT2/7, expression of which is the 

strongest in young, rapidly developing vegetative tissues (Meagher et al., 1999). Apart 

from the floral organs, expression of both genes encoding the cytosolic GAPDH 

(At1g13440 and At3g04120) occurs at a similar level in almost every tissue of A. thaliana 

plants (Chap. 7.1, Fig. 7-1 and Fig. 7-2, respectively). Interestingly, ACT2/7 was supposed 

to interact with At1g13440-encoded GAPDH (Dr. Lee Sweetlove, Univ. of Oxford, UK, 

personal communication). To sum up, two actin isoforms expressed in vegetative tissues, 

ACT2/7 and ACT8, were chosen a priori for the following experiments. 

3.2.4.1 Utilization of Bimolecular Fluorescence Complementation to investi-

gate the protein-protein interaction between GapC and actin in vivo 

The cDNA encoding the proteins of interest, GapC1, GapC2 and the two isoforms of actin 

from A. thaliana (ACT2/7, ACT8), was subcloned in pUC-SPYNE and pUC-SPYCE. 

These plasmids were cotransformed in mesophyll protoplasts, isolated from A. thaliana 

plants. Configuration of the designed constructs used in this experiment, is given in Tab. 
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3-9. The positive control plasmids, pUC-SPYNE-bZIP63 and pUC-SPYCE-bZIP63, were 

used in this experiment as well. All clones encoding GapC and actin isoforms were com-

pleted by a diploma student, Jan Peter Heinen. Images of the agarose gels demonstrating 

positive split YFP plasmids with inserted cDNA, encoding GapC or ACT, are shown in the 

Supplement (Fig. 7-42 and Fig. 7-45, respectively). 

No signals of GapC interacting with G- or F-actin could be detected in the observed proto-

plasts. This could be explained by an inefficient assembly of filamentous actin from G-

actin, fused with split YFP, and the endogenous actin monomers. Moreover, the split-YFP 

domains, fused to the C-terminus of the investigated proteins, could hinder interactions 

between them. Additionally, if GapC binds to F-actin and not to G-actin, lack of positive 

fluorescent signals could be also explained by the fact that the YFP-fused actin monomers 

are not able to polymerize. The positive control (Fig. 3-35) and oligomerization of the 

GapC:YFPC with GapC:YFPC were successful, proving the functionality of these con-

structs (Chap. 3.2.2.2). 

 

Tab. 3-9 Construct combinations applied in the BiFC experiment to investigate the protein-
protein interactions between glyceraldehyde-3-phosphate dehydrogenase and actin iso-
forms. The crosses refer to the number of trials. Successful visualization of GapC homo- or hete-
rooligomers was performed previously (“+”) and is presented in Chap. 3.2.2.2. Interactions that 
were not investigated are marked with “-“. 

 
pUC-SPYNE 

GapC1 GapC2 ACT2/7 ACT8 

pUC- 

SPYCE 

GapC1 + - XX XXX 

GapC2 + + XX XX 

ACT2/7 XX XX - - 

ACT8 XXX XX - - 

 

3.2.4.2 Colocalization analysis with GapC:GFP and stained actin cytoskele-

ton in vivo 

As an alternative for the split-YFP method, further investigation of possible association of 

GapC with filamentous actin was planned. For this purpose double transformation of 

Arabidopsis protoplasts with the construct encoding GapC:GFP and a vector expressing 

tdTomato:AtFim1 ABD2 (RFP fused with the N-terminus of the Actin Binding Domain of 

fimbrin-like protein from A. thaliana) was performed. The latter construct is an example of 

an actin-binding domain, fused with a fluorescent protein and used for labelling the plant 

actin cytoskeleton in vivo (Kost et al., 1998; Sano et al., 2005). These experiments were 

performed with Jan Peter Heinen, a diploma student (Univ. of Osnabrück). 

The first results gave an impression of positive binding of GapC:GFP to the stained F-

actin in some of the observed Arabidopsis cells (Fig. 3-44). Interestingly, a fibrous pattern 

appearing in the green channel (GapC2:GFP) was observed more often in these cells, 

when compared to the protoplasts expressing GapC:GFP only (Chap. 3.1.3). By superim-

posing the fluorescent signals in Fig. 3-44, it was possible to distinguish filamentous struc-

tures in an orange shade, therefore at least partial association of GapC:GFP with F-actin 

could be taken into account. 



134 | R e s u l t s  

 

By means of the fluorescence-intensity profiles, taken from the observed ROIs, it was 

possible to analyze putative binding of GapC:GFP with the actin cytoskeleton. The fluo-

rescence profiles of both investigated structures were analyzed across the magnified ROI 

(Fig. 3-45), which is depicted with white arrows starting with 0 on the X-axis (Fig. 3-46). 

The red peaks in the diagram show higher fluorescence intensity and, therefore, a 

stronger accumulation of the stained actin in the investigated area. The green 

GapC2:GFP signal covers the observed region, with some slightly more distinguished 

peaks, overlapping with those of F-actin (Fig. 3-46, grey shaded rectangles). This overlap 

could demonstrate association of the glycolytic enzyme with actin filaments in the plant 

cell. 

 
Fig. 3-44 Colocalization study of glyceraldehyde-3-phosphate dehydrogenase with the 
actin cytoskeleton (part I). The GFP fusion of GapC2 was transiently expressed in protoplasts, 
isolated from leaves of A. thaliana plants, in parallel with tdTomato:AtFim1 ABD2, which binds to 
the actin cytoskeleton and therefore labels it. F-actin is false coloured in red, while GapC2:GFP 
is displayed in green. A section of the observed protoplast, depicted with a white frame, was 
magnified to show GapC2:GFP in relation to the actin cables (Fig. 3-45). Scale bar: 10 µm. 
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Fig. 3-45 Colocalization study of glyceraldehyde-3-phosphate dehydrogenase with the 
actin cytoskeleton (part II). The ROI from Fig. 3-44 was magnified, in order to demonstrate in a 
more detailed way the putative colocalization of GapC2:GFP with F-actin, stained with 
tdTomato:AtFim1 ABD2. F-actin is false coloured in red, whereas GapC2:GFP is displayed in 
green. An overlay of both fluorescent signals is given in the last image on the right. 

 

 

 

 

Fig. 3-46 Analysis of possible association of glyceraldehyde-3-phosphate dehydrogenase 
to actin cytoskeleton. Fluorescent signals of GapC2:GFP and F-actin, stained with 
tdTomato:AtFim1 ABD2 (Fig. 3-45), were analyzed with the fluorescence-intensity profile. The 
GapC2:GFP protein seems to bind the stained actin filaments in the plant cell, since the plotted 
fluorescent signals partially cover the same regions along a distance of app. 12 µm. The diagram 
was performed with the Zeiss LSM 5 software. 
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Accurate colocalization analysis is possible only, if the fluorescence emission spectra are 

sufficiently well separated between fluorophores, and the correct filter sets (or spectral slit 

widths) are used during the acquisition sequence (http://www.olympusfluo-view.com/appli-

cations/co-localization.html). Therefore, it was meaningful to perform a thorough analysis 

of fluorescence emission of both investigated fluorophores, upon excitation with appropri-

ate laser lines. According to Shaner et al. (2004) and the data regarding emission and 

excitation spectra of the “fruit” fluorescent proteins (http://www.tsienlab.ucsd.edu/Docu-

ments.htm), the most efficient excitation wavelength for tdTomato is 554 nm, whereas the 

maximum of its emission lies at 581 nm. The emission spectrum of tdTomato:AtFim1 

ABD2 expressed in protoplasts was analyzed in this study upon excitation with HeNe la-

ser line 543 nm and with the Arg laser line 488 nm (Fig. 3-47). The first laser is the closest 

one to the maximum of tdTomato excitation in the Zeiss cLSM 510 META equipment. 

Analysis of the reference emission spectrum for tdTomato:AtFim1 ABD2 protein, upon 

excitation with 488 nm, revealed its additional peak within the GFP-emission range (Fig. 

3-47, A). This phenomenon might cause a crosstalk of this unspecific emission signal with 

this of GFP-fusion protein. If excited with 543 nm, tdTomato emits fluorescence in the 

awaited range of approximately 560-630 nm (the exact wavelength is 563-629 nm, ac-

cording to Shaner et al. (2004)), with maximum at 581 nm, while the fluorescence intensity 

equals 1 (Fig. 3-47, B). 

  A                                                         B 
 

 
Fig. 3-47 Cross-excitation of tdTomato:AtFim1 ABD2 protein along with the GFP excita-
tion. Reference emission spectra were taken from GFP, tdTomato:AtFim1 ABD2 and chlorophyll 
fluorescence emitted in the Arabidopsis protoplasts. In order to analyze the emission spectrum of 
tdTomato in the plant cell upon different excitation lines, all observed molecules, i.e. GFP, chlo-
rophyll, and tdTomato were excited with Arg 488 nm, as well as with HeNe 543 nm laser line. An 
additional emission peak for tdTomato was detected exactly within the GFP-emission range (A). 
When excited with 543 nm, the tdTomato gives no crosstalk with GFP in the emission spectrum 
(B). Caption regarding colours for certain emission plots is given below every panel. Excitation 
laser lines are listed together with the name of the appropriate fluorophore. 
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Interestingly, observation of the aggregate-like GapC:GFP with respect to the stained ac-

tin filaments was still possible, because the fluorescence intensity of the punctuate foci 

was far exceeding the bleeding-through tdTomato signals. Therefore, by downregulation 

of the green channel detector, the crosstalk of tdTomato could be omitted in this certain 

case. An example is given in Fig. 3-48, demonstrating at first the whole pool of 

GapC2:GFP, also with the bleeding-through fluorescence of tdTomato depicted with white 

arrows (Fig. 3-48, A). In the next panel the green channel detector was turned down, ena-

bling visualization of the GapC2:GFP clusters exclusively, in the whole cell or in the se-

lected magnified ROI (Fig. 3-48, B). This approach allowed the investigation of move-

ments of the GapC2:GFP foci with respect to actin fibres, over a time period of 330 sec 

within a ROI (Fig. 3-49). 

Time-lapse series demonstrates possible movements of GapC2:GFP foci towards actin 

fibres, which could be considered in context of association of glycolytic enzymes with actin 

cytoskeleton. This event was proposed to regulate the metabolism through changes in 

enzymatic activity and facilitate localized enrichment of enzymes, for special requirements 

of the cell (Knull and Walsh, 1992). On the other hand, if the GapC:GFP protein associ-

ates with the surface of an organelle, such as mitochondrion, the observed motion could 

be discussed in terms of mitochondrial transition via cytoskeleton. As already described in 

Chap. 3.2.3, velocity of the mitochondrial movements is high – 1.73±0.73 µm s-1 in vitro 

(according to Romagnoli et al. (2007)) and 1.44±0.89 µm s-1 in vivo (according to Doniwa 

et al. (2007)). In comparison to these data, the GapC2:GFP aggregates (Fig. 3-49) shifted 

with much lower velocity than the given above, namely along a distance of approximately 

2.5 µm during 5 min 30 sec. In comparison with the microtubules-dependent movements 

(0.17±0.02 µm s-1, according to Romagnoli et al. (2007)), the observed motion of 

GapC2:GFP clusters in mesophyll protoplasts seemed to be delayed, presumably de-

pending on other driving forces. Doniwa et al. (2007) proposed that the mitochondria mo-

tility might also occur due to the cytoplasmic streaming in vivo, although Romagnoli et al. 

(2007) showed that isolated mitochondria moved along actin filaments in vitro, in the ab-

sence of the cytoplasmic streaming. Without simultaneous differential staining of the cellu-

lar structures, such as actin cytoskeleton or microtubules with mitochondria, Golgi stacks 

or other organelles, it is not possible to envisage what happens with the observed 

GapC2:GFP clusters in a transiently transformed protoplast. 
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Fig. 3-48 Elimination of the tdTomato-emission crosstalk in the GFP channel. The whole 
pool of GapC2:GFP, along with the bleeding-through fluorescence of tdTomato, was visualized 
in the transformed protoplast from A. thaliana plants. Superimposition of both fluorophores is 
depicted with a white frame and arrow in the right image (A). In order to suppress the bleeding-
through fluorescence emission of tdTomato protein in the green channel, the GFP detector was 
turned down. This procedure enabled visualization of the GapC2:GFP foci only, with respect to 
the stained actin filaments without the crosstalk of tdTomato (B). A section of the observed pro-
toplast, depicted with a white frame, was magnified to demonstrate GapC2:GFP foci only in rela-
tion to actin fibres (B, lower panel). F-actin is false coloured in red, while GapC2:GFP is dis-
played in green. Scale bar in A: 10 µm, in B: 5 µm in the upper and 2 µm in the lower panel. 
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Fig. 3-49 Time-lapse images of GapC2:GFP aggregates with respect to the plant actin 
cytoskeleton. Time-lapse images of the glyceraldehyde-3-phosphate dehydrogenase aggregates 
in relation to the actin cytoskeleton show GapC2:GFP aggregates moving along actin fibres 
(depicted with white frames). Images were taken during 5:30 min. Actin filaments are stained with 
tdTomato:AtFim1 ABD2 (false coloured in red). The GapC2:GFP foci are displayed in green. 
Scale bar: 10 µm. 

3.2.4.3 Application of the “one-on-one” yeast two-hybrid assay to test inter-

action between GapC and plant actin 

Holtgräwe et al. (2005) identified three isoforms of cytosolic GAPDH from Zea mays as 

interaction partners of actin, using the yeast two-hybrid screen of the cDNA library pre-

pared from maize seedlings, subjected to hypoxic conditions. Since this study compre-

hends the model plant A. thaliana, interactions between GapC and actin isoforms from 

this plant were investigated in the following experiments. 
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For this purpose bait and prey constructs, encoding Arabidopsis actin isoforms, were sub-

cloned – ACT2/7 into pGBKT7 and pGADT7 (Fig. 7-36 and Fig. 7-38, respectively), and 

ACT8 in pGADT7 (Fig. 7-40). Cotransformation of the yeast strain AH109 with these vec-

tors and GapC-encoding constructs was accomplished. Autoactivation of reporter genes 

(HIS3, ADE2, and MEL1) by GapC-AD or GapC-BD was tested before (Fig. 3-34). Func-

tionality of the pGBKT7-ACT2/7 was verified by Hans-Martin Leffers, who applied this 

construct in the yeast two-hybrid screen. The successfully transformed yeast colonies, 

growing on SD/Leu-, Trp- were confirmed to carry appropriate combinations of prey and 

bait constructs by restriction digestion of the isolated plasmids or by colony PCR (Fig. 

7-60). 

In all tested combinations of the investigated proteins, no positive interaction could be 

detected between GapC and ACT2/7 or ACT8 (Fig. 3-50), which overlaps with the missing 

signals in the BiFC assay (Chap. 3.2.4.1). Undetectable interaction of GapC with the actin 

isoforms could be explained by lack of some crucial posttranslational modifications in their 

sequence (e.g. most tyrosine-phosphorylation events), that are responsible for protein-

protein interactions in higher eukaryotes (Colas and Brent, 1998). 

 
Fig. 3-50 Analysis of protein-protein interaction between glyceraldehyde-3-phosphate 
dehydrogenase and two isoforms of actin from A. thaliana. The haploid yeast strain AH109 
was cotransformed with constructs, expressing bait or prey GapC isoforms (GapC-BD or GapC-
AD, respectively) and actin isoforms (ACT2/7-BD or ACT2/7-AD, and ACT8-AD). Serial dilution 
of an overnight yeast culture was dropped onto selective media, to demonstrate the stringency of 
binding between proteins. Colonies growing on SD/Leu

-
, Trp

-
 are successfully transformed with 

both vectors encoding the investigated proteins. 

3.2.5 In vitro binding of the recombinant GapC to F-actin 

An in vitro cosedimentation assay serves as a convenient, simplified system, which may 

reflect possible interactions between the investigated glycolytic enzyme and filamentous 

actin occurring under unknown conditions in the plant cell. The principal of this technique 

is explained in Chap. 2.2.5.7. 

In the following chapters, the experimental steps will be demonstrated, starting with the 

heterologous overexpression of the investigated glyceraldehyde-3-phosphate dehydro-

genase from A. thaliana (His-tagged GapC). Afterwards, in vitro cosedimentation assay, 
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including the rabbit skeletal muscle actin and the recombinant GapC2, will be described. 

Finally, purification of soluble His-tagged actin from A. thaliana, expressed as a GFP fu-

sion (His-tagged ACT2/7:GFP), and its polymerization will be followed by the in vitro bind-

ing assay with the His-tagged GapC2. 

3.2.5.1 Heterologous overexpression of the recombinant glyceraldehyde-3-

phosphate dehydrogenase from A. thaliana 

Heterologous overexpression of the His-tagged GapC2 isoform from A. thaliana took 

place in E. coli BL21(DE3)pLysS cells, under conditions described in Chap. 2.2.5.5.1. Dur-

ing the overexpression procedure, 1-ml portions of bacterial suspension were taken from 

the batch, sonicated and analyzed via SDS-PAGE. Comparison of the protein crude ex-

tracts from these cells, before addition of 300 µM IPTG (Fig. 3-51, A “0h”), and after 4h of 

the overexpression phase (Fig. 3-51, A “4h”), showed an increase of a soluble, 39.5 kDa 

large protein. The bacterial batch, harvested after 4h, was used for purification of the His-

tagged GapC2 via IMAC-chromatography with the Protino® Protein Purification System 

(Macherey-Nagel, Düren, Germany). Following analysis of the protein fractions, eluted 

from the IMAC column, was performed on 12% SDS PA-gel (Fig. 3-51, B), which demon-

strated that the 39-kDa protein was observed in the first elution fraction containing imida-

zole (E1). This argues for presence of the most of the target GapC2 content in the first 

eluate. In order to keep the enzyme in its active, tetrameric state, the eluted protein was 

desalted (dE1) and stored in the 2x buffer D, containing NAD+ (GAPDH cofactor), and a 

reducing agent, β-mercaptoethanol. Protein concentration of the desalted His-tagged 

GapC2 (with 50% glycerol) was 1.6-2.5 mg/ml, while its activity, determined according to 

Chap. 2.2.5.5.2, was at 64-79 U/mg. That corresponded to Gohlke (2007) – 65.8 U/mg 

and Holtgrefe et al. (2008) – 60 U/mg. 

Similar experiment was performed with E. coli BL21(DE3)pLysS cells, transformed with 

pET-16b encoding GapC1 (data not shown). In that case, less recombinant protein was 

expressed in the bacterial cells (0.61 mg/ml in the first elution fraction with 50% glycerol), 

with much lower enzyme activity – 34 U/mg. The latter value corresponded to Gohlke 

(2007), who purified GapC1 at 0.24 mg/ml (protein concentration with 50% glycerol), with 

activity at 30.4 U/mg. 

Since the following in vitro cosedimentation assays were not carried out in the GapC stor-

age buffer (2x buffer D, Tab. 2-29), but in 1x LSB (Tab. 2-32), activity of this enzyme was 

compared in both buffers, upon preactivation with DTT and NAD, or without it (Fig. 3-52). 

Additionally, enzyme was centrifuged at 115.000 xg (HS), and assayed for the specific 

activity per mg of protein, which increased after centrifugation, probably due to removal of 

the denatured subunits. 
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A                                                        B 

Fig. 3-51 Heterologous overexpression of the His-tagged glyceraldehyde-3-phosphate 
dehydrogenase (GapC2), and its purification by means of IMAC-chromatography. A. IPTG 
induction of the GapC2-gene expression from the pET-16b; samples were taken before bacterial 
cells were induced with 300 µM IPTG (0h) and in the end of the overexpression phase (4h). B. 
Purification of the soluble His-tagged GapC2 via IMAC using Protino® Protein Purification Sys-
tem (Macherey-Nagel, Düren, Germany). Samples of 10 µl were loaded onto 12% PA-gel, while 
E1 contained ≈3.65 mg/ml of protein. Arrows indicate the expected size of the recombinant 
GapC2 (39.5 kDa). M – PageRuler™ Prestained Protein Ladder (MBI Fermentas, St. Leon-Rot, 
Germany), CE – crude extract, S – soluble protein fraction, P – insoluble protein fraction, FT – 
flow-through, W – wash, E – eluate, dE – desalted eluate. 

 

 

Fig. 3-52 Determination of enzyme activity with the recombinant GapC2 in different buff-
ers. The recombinant protein was preserved in the storage buffer (2x buffer D) with 50% glyc-
erol, at -20°C. For the control activity test the GapC2 protein was pre-incubated for 15 min at RT, 
with 20 mM DTT and 140 µM NAD (Control +NAD/DTT). Afterwards, it was desalted in the stor-
age buffer (100 mM Tris-HCl, pH 7.8). Activity of the His-tagged GapC2 was also determined in 
one-fold Low Salt Buffer, supplemented with 140 µM NAD and upon preceding preactivation of 
the enzyme (LSB +NAD/DTT), as well as without the preactivation step and addition of NAD in 
the test (LSB). Both samples were additionally centrifuged at high speed (115.000 xg) and then 
applied in the activity test (HS). 
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3.2.5.2 In vitro cosedimentation assay with the recombinant GapC2 from 

A. thaliana and rabbit F-actin  

Rabbit skeletal muscle actin is commonly applied in the cosedimentation assay, even in 

combination with plant actin-binding proteins (Duncan and Huber, 2007;Winter et al., 

1998), due to its conserved sequence among species. ACT2/7 from A. thaliana is identical 

with the rabbit actin to 87%, whereas Act1 isoform from Z. mays to 82% (see the align-

ment in Chap. 7.3.2, Fig. 7-6). Therefore, in the first part of this study, binding of the plant 

GapC with F-actin was performed with the animal counterpart. 

Holtgräwe et al. (2005) succeeded to demonstrate the association of a recombinant 

GAPDH from A. thaliana with rabbit F-actin in vitro, as well as of recombinant ALD and 

ENO (enolase) from maize, using one-step cosedimentation at 100.000 xg. However, two-

step sedimentation, with relatively low speeds at first allows discriminating between long 

polymers and larger aggregates, e.g. bundles (Somers et al., 1990). The experiment per-

formed by Holtgräwe et al. (2005) followed therefore the binding of the glycolytic enzymes 

as well to the net- or bundle-like F-actin structures as to the single filaments, because all 

these actin scaffolds precipitated together with the bound proteins at the high speed. In 

this thesis a two-step centrifugation (Fig. 3-53) enabled to investigate the nature of plant 

GapC2 association with F-actin. 

No pre-incubation of the recombinant GapC2 with DTT and NAD+ and lack of the cofactor 

in the cosedimentation assay, caused, similarly to Holtgräwe et al. (2005), precipitation of 

the enzyme with actin filaments at the high speed (Fig. 3-54, A). Interestingly, a small frac-

tion of GapC2 in the control (lane G2) aggregated already during the low-speed centrifu-

gation, as if the enzyme partially lost on solubility. When pre-incubated with DTT and 

NAD+ and desalted with 1x LSB including 140 µM NAD+, the glycolytic enzyme precipi-

tated with the F-actin already at the low speed (Fig. 3-54, B). In this experiment, the con-

trol with GapC2 only remained in the high-speed supernatant, proving its full solubility. 

This could argue for the stabilizing role of NAD+ on the tetrameric state of GapC2. Ab-

sence of NAD+ and DTT might therefore influence dissociation of the tetrameric GapC to 

dimers or monomers that bind to F-actin without bundling it. If so, the tetrameric enzyme 

could expose more actin-binding sites and therefore cause the actin bundling. BSA was 

applied as a negative control in the cosedimentation assay, and indeed, it did not bind to 

F-actin and remained in the high-speed supernatant (Fig. 3-54, C). 
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Fig. 3-53 Cosedimentation assay using rabbit actin and the His-tagged GapC2 from 
A. thaliana. Monomeric rabbit G-actin was supplemented with 1x polymerization inducer (PI) 
and pre-polymerize for 30 min at room temperature (RT). The resulting F-actin was gently 
mixed with appropriate amounts of the recombinant GapC2 and incubated for another 30 min 
at RT, to enable the glycolytic enzyme to bind to the filamentous actin. Separation of the bun-
dled F-actin and possibly actin-bound enzyme took place during the centrifugation at a low 
speed (10.000 xg), for 30 min at RT. The resulting supernatant, containing monomeric proteins, 
as well as single actin filaments with possibly bound GapC2, was transferred to a new tube and 
centrifuged at a high speed (100.000 xg), for 1h at RT. The remaining low-speed pellet (B) was 
resuspended with cold water. The high-speed supernatant (S) comprised monomeric, exces-
sive GapC2 subunits or slight amounts of not polymerized G-actin, whereas the resulting pellet 
(P) contained long actin filaments that were decorated with the glycolytic enzyme, in the case 
of positive protein-protein interactions. The high-speed pellet was resuspended with cold water 
as well. All fractions were analyzed via SDS-PAGE. 

 

Manifold repetitions of these tests showed two alternating patterns. Cosedimentation as-

says, performed with the rabbit actin and the recombinant GapC2 upon its pre-incubation  

with DTT and NAD+ and addition of its cofactor to the test, gave once the same results as 

described above, whereas sometimes all GapC2 and actin fractions remained in the high-

speed pellet. Purification of a new batch of the His-tagged GapC2 was followed by a 

modification of the binding assay. Introduction of different temperatures in the experiment, 

as a destabilizing factor should help to elucidate the phenomenon. Exposure of the 

cosedimentation assays to three temperature variants (8°C, 23°C, and 30°C) and two in-

cubation durations (30 and 60 min) were applied. Moreover, the pre-incubation of GapC2 

with DTT and NAD+ and the presence of NAD+ in the test, or absence of such pre-

treatment, were included as well. 
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Fig. 3-54 Bundling of F-actin by glyceraldehyde-3-phosphate dehydrogenase. Cosedimenta-
tion assay, using rabbit muscle actin and the His-tagged GapC2 from A. thaliana, was carried out 
upon pre-incubation  of the glycolytic enzyme with 20 mM DTT and 140 µM NAD

+
 and addition of 

its cofactor, 140 µM NAD
+
, to the reaction mixture (B). Another variant was performed without 

these conditions, i.e. upon no pre-incubation  of the His-tagged GapC2 with 20 mM DTT and 
140 µM NAD

+
 (A). In the control experiment BSA was applied, to prove the specificity of the bind-

ing between GapC2 and F-actin (C). Samples (33% of the volume) were loaded onto a 10% SDS 
PA-gel. M – PageRuler™ Prestained Protein Ladder (MBI Fermentas, St. Leon-Rot, Germany), 
ACT – rabbit actin, B – low-speed pellet, P – high-speed pellet, S – high-speed supernatant. Ar-
rows indicate the expected size of the rabbit actin (42 kDa), the recombinant GapC2 (39.5 kDa) or 
BSA (66 kDa). 
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Fig. 3-55 Temperature influence on the association of glyceraldehyde-3-phosphate dehy-
drogenase with F-actin. Cosedimentation assay, using rabbit muscle actin and the His-tagged 
GapC2 from A. thaliana, was exposed to three temperature conditions: A. 30°C, B. 22°C, C. 8°C, 
and the incubation of both proteins was performed for 30 min or 1 h. The glycolytic enzyme was 
pre-incubated with 20 mM DTT and 140 µM NAD, and desalted in 1x LSB (+NAD) or it was not 
pre-treated (-NAD). GapC2 was applied in the test at 2 µM and 4 µM, while the rabbit actin con-
centration was 10 µM. Samples of 33% of the volume were loaded onto a 10% SDS PA-gel. Ar-
rows indicate the expected size of the rabbit actin (42 kDa) or recombinant GapC2 (39.5 kDa). 
M – PageRuler™ Prestained Protein Ladder (MBI Fermentas, St. Leon-Rot, Germany), B – low-
speed pellet, P – high-speed pellet, S – high-speed supernatant. 

 

Differential centrifugation of all samples resulted in nearly no difference in sedimentation 

of F-actin and the bound GapC2. Nearly every actin sample associated with the glycolytic 

enzyme and precipitated at the low speed (Fig. 3-55). Therefore, the newly isolated en-

zyme, stored for few days in glycerol at -20°C upon reducing (-mercaptoethanol) and 

stabilizing conditions (280 µM NAD+), pre-incubated with 20 mM DTT and 140 µM NAD or 

even not pre-treated, seemed to exhibit a predominant actin-bundling activity. Interest-
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ingly, only in the case of 2 µM GapC2 that was not pre-treated with DTT or NAD+, and 

incubated with pre-polymerized actin at 30°C, a time-dependent precipitation took place at 

100.000 xg (Fig. 3-55, A). When the protein was stored longer at -80°C in glycerol, it 

seemed to react in the cosedimentation assay in a more sensitive way to destabilizing 

conditions. This was reflected in the varying GapC2 precipitation with F-actin during the 

two-step centrifugation. The increasing relocation from the low-speed to the high-speed 

fraction over the time could be explained by a decreasing stability of the tetrameric en-

zyme, upon lack of its cofactor in the test, no pre-treatment with a reducing agent, and a 

higher temperature during the experiment. This is not in agreement with Hoagland, Jr. and 

Teller (1969), who showed reversible dimer/tetramer equilibrium at pH 7 in low ionic 

strength at 5°C.  

By application of native gel electrophoresis, Gohlke (2007) investigated the oligomeriza-

tion of the recombinant GapC, upon addition of NAD+ as a GapC-stabilizing factor and 

treating the protein with GSNO, GSSG, or 50 mM citrate buffer (pH 3.0). Only in the case 

of the latter buffer, he could show that GapC changes its state from tetrameric to dimeric, 

although these conditions should evoke monomerization of the enzyme, as reported be-

fore (Niepmann and Zheng, 2006). The cosedimentation experiment should be therefore 

performed with different oligomeric states of GapC, to confirm that its actin-bundling activ-

ity could be an effect of the tetramer formation and therefore exposure of at least four ac-

tin binding sites towards actin filaments. 

3.2.5.3 Heterologous overexpression of the recombinant plant actin fused to 

GFP, its purification and polymerization 

Due to the presence of cell walls and high proteolytic activity, it is not easy to efficiently 

purify actin from plant material (Diaz-Camino and Villanueva, 1999). Moreover, concentra-

tion of actin in any given vegetative plant tissue is significantly lower than in animal cyto-

plasmic tissues (Meagher and Mclean, 1990). Purification of actin from maize pollen was 

reported as successful by a series of methods, comprising acetone powder preparation, 

ammonium sulphate fractionation, DEAE-cellulose chromatography, and gel filtration, re-

sulting in an average yield of 19 mg of actin per 100 g of pollen (Liu and Yen, 1992). The 

DNase I affinity chromatography, used to purify functional actin from pea roots (Ander-

sland et al., 1992), or from zucchini hypocotyl tissue (Hu et al., 2000), was carried out 

successfully, with a yield of 14 µg G-actin per g fresh weight of roots and 11.7 µg per g 

fresh weight of zucchini tissue, respectively. Profilin-affinity chromatography with maize 

pollen resulted in 6 mg of actin from 10 g of pollen (Ren et al., 1997). 

Plant actin is characterized by the so-called isovariant dynamics, which is reflected in a 

simultaneous coexpression of actin isovariants in the same cell and functional difference 

in at least one activity (Meagher et al., 1999). This leads to the fact that the isolated actin 

from plant tissues comprises different isoforms. Therefore, methods mentioned above 

resulted in purification of plentiful actin variants from different plant organs, according to 

the tissue-specific expression (McDowell et al., 1996). The need for a more detailed char-

acterization of single actin isoforms evoked further efforts to efficiently overexpress actin 

variants in bacterial cells. Heterologous expression of the functional eukaryotic actin was 

claimed to be problematic, due to synthesis of inclusion bodies, which the non-native spe-

cies of mouse β-actin aggregated into (Stemp et al., 2005). The authors overcame this 

obstacle by employing bacterial in vitro translation lysates, supplemented with purified 
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chaperonin of the eukaryotic cytosol TRiC. A successful purification of pea tendril actin 

isoform PEAc1, fused with GFP, was performed using the heterologous overexpression 

system (BL21 cells) and the pET30a+ vector (Liu et al., 2004). The biochemically and 

physically functional GFP-fusion actin protein was purified at a yield of more than 1 mg 

from 1 l of bacterial culture. 

The gene PEAc1 coding for the pea actin is identical with the ACT7 gene (At5g09810) 

from A. thaliana in 97.3% (Liu et al., 2004). Soluble expression and rapid purification of 

the functional pea protein enforced attempts, to perform a heterologous overexpression of 

Arabidopsis actin at an efficient level in this study. Additionally, actin was expressed as a 

GFP fusion, in order to obtain a protein, able to polymerize on one hand, and capable to 

undergo visualization under a fluorescence microscope on the other. Application of the 

GFP-fusion actin from A. thaliana could enable observation of possible alterations in the 

actin polymerization, upon addition of the glycolytic enzymes. 

The cDNA encoding ACT2/7 (At5g09810) was amplified with ACT2/7-GFPas and ACT2/7-

GFPs primers (Tab. 2-7) and cloned into pJET1. Subsequently, the insert encoding actin 

isoform was subcloned into pGFP-2 over XbaI and XhoI restriction sites. The resulting 

construct (pGFP-ACT2/7) was used as a template for a PCR with ACT7gfp_for and 

ACT7gfp_rev primers (Tab. 2-7). This following product was first subcloned into pJET1 

and finally over BamHI and Bpu1102I into pET-16b (Fig. 7-54). After control sequencing, 

the latter construct (pET-16b-ACT2/7:GFP) was transformed into E. coli strain 

BL21(DE3)pLysS. Cloning of the pGFP-ACT2/7 construct was carried out by a diploma 

student, Anja Dreimann (Univ. of Osnabrück). Cloning of the pET-16b-ACT2/7:GFP and 

expression of the His-tagged ACT2/7:GFP was performed with a bachelor student, Martin 

Gent (Univ. of Osnabrück), and in cooperation with a PhD student, Hans-Martin Leffers 

(Univ. of Osnabrück). Purification of the soluble GFP-fusion actin was performed by a di-

ploma student, Thomas Albers (Univ. of Osnabrück). Molecular weight of the deca-His 

tagged ACT2/7, fused C-terminally to GFP, was calculated using ExPASy 

(http://www.expasy.org) and comprises 72.21 kDa. 

Aerobic incubation of bacterial culture carrying the construct pET-16b-ACT2/7:GFP, up to 

OD600 0.4-0.6, with agitation at 200 rpm, 37°C, was followed by induction with different 

IPTG concentrations (100, 300 and 1000 µM). The recombinant plant actin was synthe-

sized for 4h at 30°C, or for 20h at 22°C. Growth at 22°C, until bacteria reached OD600 

~0.4-0.6 (introduced by Hans-Martin Leffers, Univ. of Osnabrück), was followed with the 

overexpression induction for 20h at 22°C, upon addition of 1000 µM IPTG. Thorough 

analysis of these bacterial suspensions was performed via SDS-PAGE (Fig. 3-56) and 

microscopic observation at different stages of the IPTG induction (Fig. 3-57). 

Application of different temperature conditions and IPTG concentrations, described above, 

demonstrated that the His-tagged ACT2/7:GFP was synthesized in bacterial cells at a low 

level, because the expected band (~72 kDa in size) was not pronounced on the demon-

strated SDS PA-gels (Fig. 3-56). No differences in the synthesis level of the recombinant 

protein could be noticed, by comparison of the crude extracts from bacterial cells upon 

induction with 100 or 300 µM IPTG at 30°C (Fig. 3-56, A and B). A slightly stronger signal 

appeared, when cells were induced with 1000 µM IPTG, but even after 4h of the actin 

synthesis at 30°C, it was not very pronounced (Fig. 3-56, C). When bacterial cells were 

agitated for 20h at a lower temperature (22°C) and induced with 1000 µM IPTG, the ex-

pected signal on the SDS PA-gel was also very faint (Fig. 3-56, E). 

http://www.expasy.org/
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Fig. 3-56 Heterologous overexpression of the His-tagged ACT2/7:GFP in E. coli 
BL21(DE3)pLysS. A., B., C. Crude protein extracts from bacteria, grown at 37°C up to OD600 
0.4-0.6 and incubated for 4h at 30°C, upon addition of different IPTG concentrations (100, 300 
and 1000 µM). D., E. Crude protein extracts from bacteria, grown at 37°C, up to OD600 0.4-0.6 
and incubated for 20h at 22°C, with different IPTG concentrations (100, 300 and 1000 µM). 
Negative controls were not supplemented with IPTG. Aliquots of 1 ml from these tested bacteria 
underwent centrifugation and the resulting pellets were resuspended with 100 µl H2O, supple-
mented with 20 µl SDS-loading dye and heated. Portions of 24 µl were loaded onto 12% SDS 
PA-gels and stained with Coomassie dye. Arrows indicate the expected size of the recombinant 
ACT2/7:GFP (~72 kDa). M – PageRuler™ Prestained Protein Ladder (MBI Fermentas, St. Leon-
Rot, Germany). 

 

Parallel microscopic observation of the different bacterial cultures, expressing the GFP-

fusion actin, was performed with the cLSM 510 META (Zeiss, Göttingen, Germany), which 

is shown in Fig. 3-57. According to the increasing IPTG concentration (from 100 to 

1000 µM), the intensity of GFP fluorescence in the observed E. coli cells, grown at 37°C 

and induced at 30°C, rose within time. In the case of cells induced with 100 and 300 µM 

IPTG (data not shown), as well as with 1000 µM IPTG (Fig. 3-57, A), the green emission 

light was still visible after 3h of IPTG induction (data not shown), but it vanished after 4h of 

the GFP-fusion actin overexpression (Fig. 3-57, B). From the beginning of microscopic 

analysis (data not shown), until the third hour of observation, the GFP-fusion actin local-
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ized in a punctuate form, at poles of the observed rod cells (Fig. 3-57, A). Interestingly, 

similar distribution of a YFP-fusion IbpA (a heat-shock protein, binding to inclusion bodies 

in E. coli) was observed in cells exposed to various aggregating conditions (Lindner et al., 

2008). The sudden lack of GFP fluorescence in the IPTG-induced cells after 4h could 

happen due to aggregation of the newly synthesized recombinant actin. This could be due 

to a rapid growth phase at 37°C, applied before IPTG was added, and could therefore 

lead to misfolding of GFP protein. The bacterial culture, grown at 37°C and then trans-

ferred to 22°C for the overexpression step, was observed to exhibit rather homogenously-

distributed GFP signals, in comparison with these cells showing the punctuate GFP foci. 

This uniform GFP emission remained visible even after 20h of further incubation (Fig. 

3-57, C). Moreover, the fluorescence signal in the E. coli cells grown at 22°C, induced with 

1000 µM IPTG at OD600 ~0.4-0.6, and further agitated for 20h at 22°C, displayed also no 

inclusion bodies formation (Fig. 3-57, D). 

Accessibility of the soluble His-tagged ACT2/7:GFP for purification was tested via West-

ern blot analysis (Fig. 3-58). Portions of bacterial suspension were taken at certain points 

of time, corresponding to the microscopic analysis, described above. Separation of solu-

ble and insoluble protein fractions was followed with SDS-PAGE and immunodetection of 

GFP within the recombinant actin. In all analyzed samples, prepared from bacteria grown 

at 37°C and induced with various concentrations of IPTG at 30°C, the recombinant protein 

was predominant in the insoluble fraction (data not shown, Fig. 3-58, B and C). Decreas-

ing the overexpression temperature from 30°C to 22°C, with a simultaneous prolongation 

of this step up to 20h, shifted the band representing the His-tagged ACT2/7:GFP some-

what towards soluble protein fraction (Fig. 3-58, E). Additionally, decreasing the growth 

temperature from 37°C to 22°C, demonstrated that the GFP-fusion actin remained rather 

in the soluble protein fraction (Fig. 3-58, F), which corresponded to the microscopic ob-

servations (Fig. 3-57, D). This analysis enabled to choose the most proper overexpression 

conditions for further purification experiments. 
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Fig. 3-57 IPTG-induced overexpression of His-tagged ACT2/7:GFP in E. coli 
BL21(DE3)pLysS. Bacterial cells were observed during the IPTG-induced overexpression of the 
recombinant GFP-fusion actin, on microscope slides using cLSM 510 META (Zeiss) with estab-
lished settings for GFP (Tab. 2-37). A. Conditions applied: growth at 37°C up to OD600 ~0.4-0.6, 
induction upon addition of 1000 µM IPTG, for 3h at 30°C; the arrow indicates an inclusion body at 
the bacteria pole. B. Growth at 37°C up to OD600 ~0.4-0.6, induction upon addition of 1000 µM 
IPTG, for 4h at 30°C; loss of GFP fluorescence could be observed. C. Growth at 37°C up to OD600 
~0.4-0.6, induction upon addition of 1000 µM IPTG, for 20h at 22°C. D. Growth at 22°C, up to 
OD600 ~0.4-0.6, induction upon addition of 1000 µM IPTG, for 20h at 22°C. The arrow indicates a 
homogenous distribution of the GFP signal in the bacterial cell. Negative controls were not in-
duced with IPTG, which was reflected in no GFP fluorescence in these samples (data not shown). 
The image in D was provided by H.-P. Leffers. 
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Fig. 3-58 Western blot analysis of the recombinant plant actin solubility. Growth of all 
E. coli BL21(DE3)pLysS cultures, expressing the His-tagged ACT2/7:GFP at the appropriate 
temperature (see below), up to OD600 ~0.4-0.6, was followed with IPTG induction. A. Bacterial 
culture was grown at 37°C, supplemented with no (negative control) or with 1000 µM IPTG, at 
the induction start (0h). B. Bacterial culture was grown at 37°C, supplemented with 1000 µM 
IPTG and harvested after 3h of induction with IPTG at 30°C. The negative control, harvested 
after 4h of incubation at 30°C, is shown as well. C. Bacterial culture was grown at 37°C, har-
vested after 4h of induction with 1000 µM IPTG at 30°C. D. Bacterial culture was grown at 37°C, 
harvested after 4h of induction with 1000 µM IPTG at 22°C. The negative control, harvested after 
20h of incubation at 22°C, is shown as well. E. Bacterial culture was grown at 37°C, harvested 
after 20h of induction with 1000 µM IPTG at 22°C. F. Bacterial culture was grown at 22°C, har-
vested after 20h of induction with 1000 µM IPTG, at 22°C. Portions of bacterial suspension 
(1 ml) were harvested by centrifugation. The resulting pellet was treated as described in Chap. 
2.2.5.5.3. The prepared protein samples (app. 10 µg) were run on a 10% SDS PA-gel. Subse-
quent Western blot was followed with an immunodetection of the recombinant actin with the pri-
mary mouse anti-GFP antiserum (1:16.000), and with the secondary anti-mouse antiserum 
(1:2000). In the case of the Western blot in A, anti-GFP antiserum was diluted 1:8000. Arrows 
indicate the expected size of the His-tagged ACT2/7:GFP (~72 kDa). M – PageRuler™ 
Prestained Protein Ladder (MBI Fermentas, St. Leon-Rot, Germany), CE – crude protein extract, 
S – soluble protein fraction, P – insoluble protein fraction. The image in F was provided by H.-P. 
Leffers. 

 

Conditions in the experiment aiming in purification of the overexpressed His-tagged 

ACT2/7:GFP are described in Chap. 2.2.5.5.3. IMAC-approach enabled purification of 

app. 1 mg of the recombinant actin from 500 ml, which gives double yield of that, reported 

by Liu et al. (2004). SDS-PAGE analysis of the purified GFP-fused actin (~72 kDa in size) 

demonstrates additional signals in the elution fraction (Fig. 3-59, A – E1), thus the given 

protein yield could be excessive. These proteins were detected nor by the anti-His tag 
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antibody (Fig. 3-60, D) neither by the antibody against plant actin (data not shown). The 

additional bands running at app. 26-30 kDa, noticeable in the Western blots probed with 

the anti-GFP antibody (Fig. 3-58 and Fig. 3-59, B) may belong to GFP-degradation prod-

ucts occurring in bacteria, during the overexpression phase. These unknown polypeptides 

seem not to be affine to the Ni2+-charged resin, thus they are removed from the IMAC-

column in the last washing steps and do not occur in the first elution fraction (Fig. 3-59, B - 

“E1” and “dE1”). 

 

Fig. 3-59 Purification of the soluble His-tagged ACT2/7:GFP from E. coli BL21(DE3)pLysS. 
His-tagged ACT2/7, fused to GFP, was purified from E. coli cells, according to the method de-
scribed in Chap. 2.2.5.5.3. Samples of about 10 µg for the SDS-PAGE (A) or 5 µg for the West-
ern blot (B) were loaded onto a 12% SDS PA-gel. The primary anti-GFP antibody applied for the 
Western blot analysis, was diluted 1:8000, whereas the secondary AP-conjugated anti-mouse 
antibody was supplemented at 1:2000. Arrows indicate the expected size of the recombinant 
ACT2/:GFP (~72 kDa). M – PageRuler™ Prestained Protein Ladder (MBI Fermentas, St. Leon-
Rot, Germany), P – insoluble protein fraction, S – soluble protein fraction, FT – flow-through 
from the IMAC column, W1 – first wash, E1 – first elution fraction, dE1 – desalted first elution 
fraction.  

 

The purified His-tagged ACT2/7:GFP was desalted using illustra NAP-25 columns, pre-

packed with Sephadex G-25 medium, which resulted in a protein concentration of app. 

0.3 mg/ml. Application of Amicon Ultra-15 centrifugal filter devices with the 30-kDa mo-

lecular weight cut-off (Millipore, Schwalbach, Germany) enabled to concentrate the re-

combinant actin to 0.5-0.7 mg/ml. The freshly prepared actin was tested for functional 

polymerization, by supplementing the reaction mixture with the so-called polymerization 

inducer (PI). Addition of the 1x PI, used for polymerization assay of the rabbit muscle actin 

by Holtgräwe (2005) (1x PIrab, see table in Fig. 3-60), did not cause a predominant forma-

tion of filamentous actin that can be distinguished from actin bundles by two-step centrifu-

gation approach (Chap. 2.2.5.7.3). Slight amount of F-actin precipitated as well at a low 

(B) as at a high speed (P), while the prevalent amount of the recombinant protein re-

mained soluble (Fig. 3-60, B). Alteration of the PI composition by increasing Tris buffer 

concentration from 0.4 mM to 25 mM, and slight increase of KCl concentration (1x PIA), 

did not change the ratio of G- to F-actin (Fig. 3-60, A). Interestingly, among many variants 

of PI (data not shown), the so-called 5x PI with five-fold concentration of KCl, MgCl2 and 

ATP, but the lower Tris concentration (see table in Fig. 3-60), caused a shift of the G- to 

the F-actin pool, which precipitated at the low speed. The Western blot in Fig. 3-60 (D), 

which was probed with anti-His tag antibody, demonstrated distribution of the 

ACT2/7:GFP protein among three fractions, when polymerized with the 5x PI. At 5 µM 
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concentration of His-tagged ACT2/7:GFP, the predominant polymerized fraction located at 

the low speed, possibly due to formation of bundle- or network-like structures, which can 

be seen very clearly in Fig. 3-61 (“rare fraction”). A part of the recombinant actin remained 

in the monomeric, soluble form (Fig. 3-60, C and D), which could correspond to the fluo-

rescing foci (1 µm) in microscopic images (Fig. 3-61, “predominant fraction”). The soluble 

fraction might contain monomeric actin as well as actin dimers, which kinetically unfavour-

able formation is a first critical step for nucleation, i.e. initiation of actin polymerization 

from monomers (Welch and Mullins, 2002). In addition, the observed pool of actin could 

also contain trimers that are supposed to be the critical nuclei, or actin filaments com-

posed of four subunits which are assumed to be already stable and not easily dissociable 

structures (Sept et al., 1999). 

 

 

 

 
1x PIrab 

[mM] 
1x PIA 

[mM] 
5x PI 
[mM] 

KCl 40 50 250 

MgCl2 2 2 10 

ATP 1 1 5 

Tris-HCl 
(pH 7.4) 

0.4 25 25 

Fig. 3-60 Polymerization assay with the His-tagged ACT2/7:GFP upon addition of different 
polymerization inducers (PI). G-actin at a concentration of 2.3 µM (A, C) or 1.4 µM (B) was po-
lymerized in a volume of 100 µl 1x LSB buffer (pH 7.4) without addition of PI (A, -PI), with 1x PI 
supplemented with an increased Tris concentration (A, +1x PIA), with 1x PI used for rabbit actin 
polymerization according to Holtgräwe (2005) (B, +1x PIrab), or with 5x PI (C). The recombinant 
plant G-actin was first spun down for 1 h at 100.000 xg, 4°C, in order to sediment the aggregated 
proteins. In the following, actin polymerization took place for 1h at 23°C (A, C) or 30°C (B); after-
wards all samples were centrifuged for 30 min at 10.000 xg, RT (23°C). The resulting pellet was 
designated as a bundle fraction (B), whereas the supernatant was centrifuged for 30 min at 
100.000 xg, RT. The resulting supernatant (S) was aspirated from the high-speed pellet (P). Each 
sample was loaded onto 12% SDS PA-gel in 33% of the volume. An additional Western blot with 
different concentrations of the His-tagged ACT2/7:GFP, polymerized in 1x LSB (pH 7.4) with 5x PI 
and centrifuged as described above, is shown in D. In this case each sample was loaded onto 
12% SDS PA-gel in 45% of the volume, then the final Western-blot membrane was probed with 
the anti-His tag antibody (1:2000) and with the secondary, AP-conjugated anti-mouse antibody 
(1:2000). Arrows indicate the expected size of the recombinant ACT2/:GFP (~72 kDa). The table 
in the figure presents composition of the applied PIs. M – PageRuler™ Prestained Protein Ladder 
(MBI Fermentas, St. Leon-Rot, Germany). 
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Fig. 3-61 Imaging of the polymerized His-tagged ACT2/7:GFP. Polymerized sample of the 
His-tagged ACT2/7:GFP, as described in Fig. 3-60 (C), was transferred onto a glass bottom cul-
ture dish and were observed using Fluorescence Microscope Eclipse TE 2000-U (Nikon). 

3.2.5.4 Binding of the recombinant GapC2 from A. thaliana to ACT2/7:GFP in 

vitro 

In order to exchange the animal (rabbit) actin in the in vitro cosedimentation experiments 

(Chap. 3.2.5.2), the plant GFP-fusion actin was used upon addition of the recombinant 

GapC2. Due to fluorescing ability of the GFP-fusion protein, possible alterations of F-actin 

formation, upon binding with the glycolytic enzyme, were planned to be followed by means 

of the fluorescence microscopy. 

In the first cosedimentation tests, performed as described in Fig. 3-53, the recombinant 

GapC2 seemed to bind to the pre-polymerized His-tagged ACT2/7 and precipitated to-

gether with the bundle-like actin during the low-speed centrifugation (data not shown). 

Additional tests for precipitation of GapC2 on its own, upon the same polymerization con-

ditions, showed that the glycolytic enzyme did not remain stably soluble in the reaction 

mixture without actin filaments. Therefore, the observed cosedimentation of GapC2 with 

bundled actin was considered as artifactual. Apparently, presence of a higher concentra-

tion of MgCl2, ATP and KCl in the cosedimentation assay (+5x PI, see table in Fig. 3-60) 

evoked an alteration of the GapC2 conformation, probably leading to its partial denatura-

tion. This effect could be demonstrated by an enhanced precipitation during both centrifu-

gation steps (Fig. 3-62, +5x PI). Control conditions without addition of the five-fold PI (-PI) 

did not enhance the precipitation of GapC2. Faint bands of GapC2 in the lanes represent-

ing the low- (B) and high-speed pellet (P), might reflect a common, partial denaturation of 

sensitive, soluble proteins (Fig. 3-62). Moreover, this experiment was performed without 

addition of stabilizing NAD to the polymerization mixture. 

 



156 | R e s u l t s  

 

 

Fig. 3-62 Influence of the polymerization conditions on GapC2 stability. The recombinant, 
pre-incubated GapC2 (4 µg) was desalted in 1x LSB, centrifuged for 1h at 4°C, 100.000 xg, and 
then it was made up to 100 µl with 1x LSB and 5x PI (+5x PI). Control sample was not supple-
mented with PI (-PI). Incubation of all samples for 1h at RT was followed by their centrifugation 
for 30 min at RT, 10.000 xg. The resulting supernatant was aspirated from the pellet (B), and 
taken for another centrifugation for 1h at 100.000 xg, RT. The resulting high-speed supernatant 
(S) was aspirated from the high-speed pellet (P). All samples (45% of the volume) were analyzed 
via SDS-PAGE on 12% SDS PA-gel. An arrow indicates the expected size of the recombinant 
GapC2 (39.5 kDa). M – PageRuler™ Prestained Protein Ladder (MBI Fermentas, St. Leon-Rot, 
Germany), PI – polymerization inducer. 

 

To overcome the artifactual precipitation of GapC2 with actin bundles, resulting from too 

high salt concentrations in the polymerization inducer, the cosedimentation assay was 

modified as shown in Fig. 3-63. The His-tagged AT2/7:GFP was first pre-polymerized, as 

described in Chap. 3.2.5.3, in a reaction mixture supplemented with 5x PI. After that, a 

low-speed centrifugation step was performed to separate the pellet containing the bundled 

actin, from the remaining monomeric actin. The resulting pellet was covered with 1x LSB 

buffer supplemented with 1x PI, then it was gently resuspended and mixed with the pre-

incubated (DTT and NAD+) GapC2 in 1x LSB, so the glycolytic enzyme was exposed only 

to 50 mM KCl, 2 mM MgCl2 and 1 mM ATP. This mixture was treated as described in Fig. 

3-63, in order to investigate the association of GapC2 with the bundle-like scaffold of His-

tagged ACT2/7:GFP. 

Modification of the cosedimentation experiment showed, that addition of 1x LSB, supple-

mented with 1x PI, in the second step of the experiment did not disrupt the bundle-like 

structure, which was formed in advance by the His-tagged ACT2/7:GFP upon polymeriza-

tion with 5x PI (Fig. 3-64, +5x PI/+1x PI, lane B). In the negative control, where the re-

combinant actin was polymerized with 1x PI only (-5x PI/+1x PI), a slight signal in the size 

of the His-tagged ACT2/7:GFP can also be noticed in the low-speed fraction (B), probably 

due to some denaturation of the recombinant actin during the experiment. This can be 

concluded from the sample that was not supplemented with any of the listed PIs 

(-5x PI/-1x PI), the signal of which can be noticed at similar intensity in lane B. 
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Fig. 3-63 Modified cosedimentation assay with the His-tagged ACT2/7:GFP and recom-
binant GapC2. The cosedimentation assay, using the His-tagged ACT2/7:GFP and pre-
incubated GapC2 from A. thaliana, was modified as follows. Samples containing GFP-fusion 
actin were first supplemented with 5x PI, then incubated for 1h at RT, in order to pre-
polymerize it. Afterwards, it was centrifuged for 30 min at 10.000 xg, RT. The resulting low-
speed pellet (B) was incubated for 30 min with 1x LSB, supplemented with 1x PI, and finally, 
with different concentrations of GapC2 (A+G2) for 30 min at RT. Following low-speed centrifu-
gation step resulted in precipitating of the bundled actin, with possibly bound glycolytic enzyme. 
The resulting supernatant, containing monomeric proteins and single actin filaments with pos-
sibly bound GapC2 protein, was transferred to a new tube and centrifuged at a high speed 
(100.000 xg) for 1h, at RT. The high-speed supernatant (S) comprised monomeric, excessive 
GapC2 subunits or slight amounts of G-actin, whereas the resulting pellet (P) should consist of 
long actin filaments that might be decorated with the glycolytic enzyme. All fractions were ana-
lyzed via SDS-PAGE. 
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Fig. 3-64 Control experiment for the modified cosedimentation assay with the His-tagged 
ACT2/7:GFP and GapC2. Description of the modified variant of the cosedimentation assay is 
given in Fig. 3-63. Positive control was prepared as follows: the recombinant plant actin was sup-
plemented with 5x PI, incubated and centrifuged, then the low-speed pellet was incubated with 
1x LSB supplemented with 1x PI and treated as described in Fig. 3-53. The negative control was 
not supplemented with 5x PI (-5x PI/+1x PI), or neither with 5x PI nor with 1x PI (-5x PI/-1x PI). 
Each sample was loaded onto a 12% SDS PA-gel (45% of the volume), then the final Western-
blot membrane was probed with the anti-His tag antibody (1:2000) and with the secondary, AP-
conjugated anti-mouse antibody (1:2000). An arrow indicates the expected size of the recombi-
nant ACT2/:GFP (~72 kDa). M – PageRuler™ Prestained Protein Ladder (MBI Fermentas, St. 
Leon-Rot, Germany), B – low-speed pellet, P – high-speed pellet, S – high-speed supernatant, 
PI – polymerization inducer.  

 

After testing the stability of the bundle-like actin structure, increasing concentrations of the 

His-tagged GapC2 were added to the modified cosedimentation assay (Fig. 3-65). Partial 

precipitation of the glycolytic enzyme in the control samples without F-actin (G2) is clearly 

visible in the low-, as well as in the high-speed fraction, probably due to missing NAD+ in 

the test. Interestingly, slightly enhanced GapC2 signals in the lanes with both proteins 

(A+G2) can be distinguished in the low-speed fraction. This could be a hint for presence of 

positive protein-protein interactions between the glycolytic enzyme and the bundled 

ACT2/7:GFP. As expected, neither in the high-speed pellet nor in the supernatant, F-actin 

signals could be detected, whereas in the high-speed supernatant excessive GapC2 is 

seen in every lane, with increasing intensity according to the rising concentration. Due to 

formation of bundle-like structures by the His-tagged ACT2/7:GFP, a similar comparison 

of the low- and high-speed fractions upon addition of GapC2 was not performed using 

Epi-Fluorescence microscopy. 

No evidence for binding between GapC and actin was obtained in vivo, using the “one-on-

one” yeast two-hybrid assay or the BiFC approach. By contrast, the in vitro cosedimenta-

tion assay, including the recombinant GapC2 and the rabbit actin or the recombinant 

Arabidopsis ACT2/7, argues for presence of the protein-protein interaction between the 

glycolytic enzyme and the filamentous, but not monomeric actin. 
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Fig. 3-65 Modified cosedimentation assay with the His-tagged ACT2/7:GFP and GapC2. 
The cosedimentation assay using the His-tagged ACT2/7:GFP and pre-incubated GapC2 from 
A. thaliana, was modified as shown in Fig. 3-63. Samples containing actin in 1x LSB were first 
supplemented with 5x PI, then incubated and centrifuged at RT, 10.000 xg. The resulting pellet 
was incubated with 1x LSB supplemented with 1x PI, and finally, with different concentrations of 
GapC2 (A+G2). Following low- and high-speed centrifugation steps resulted in the low-speed 
pellet (B), the high-speed pellet (P) and the high-speed supernatant (S). The negative control for 
precipitation of GapC2 on its own (G2) was neither supplemented with actin nor with 5x PI, but it 
was mixed with 1x LSB supplemented with 1x PI. Each sample was loaded onto a 12% SDS 
PA-gel in 45% of the volume, then the final Western-blot membrane was probed with the anti-
His tag antibody (1:2000) and with the secondary, AP-conjugated anti-mouse antibody (1:2000). 
Arrows indicate the expected size of the recombinant ACT2/7:GFP (~72 kDa) or GapC2 
(39.5 kDa). M – PageRuler™ Prestained Protein Ladder (MBI Fermentas, St. Leon-Rot, Ger-
many), A – His-tagged ACT2/7:GFP, G2 – His-tagged GapC2. 
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4 Discussion 

The classical idea of glycolysis as a set of soluble components, which was valid in the 

early decades of the 20th century, resulted from methodical approaches. Since the cytoso-

lic fraction of proteins obtained from homogenized and differentially centrifuged tissues 

displayed glycolytic activity, it was thought that this pathway occurs only in a soluble form. 

This has changed upon arising evidences for variable properties of the glycolytic en-

zymes, since during development and maturation of mammalian tissues they were shown 

to interact with subcellular structures, such as the cytoskeleton (Masters et al., 1987). 

Moreover, the soluble glycolytic system was reconsidered to occur as a composite of par-

tial sequences consisting of enzymes that are at equilibrium with the enzymes in solution 

(Masters, 1991). This segmentation with additional cytoskeletal compartmentation was 

thought to reversibly meet energy requirements of the divergent cell types in animals 

(Masters et al., 1987). Alternatively, it could regulate the metabolism through changes in 

enzymatic activity and localized enrichment of enzymes for special requirements of the 

cell (Knull and Walsh, 1992). Model of a partitioned glycolytic pathway, proposed by Mas-

ters et al. (1987), consists of energy-consuming and -producing segments. The third seg-

ment is supposed to contain aldolase (ALD), triosephosphate isomerase (TPI), glyceral-

dehyde-3-phosphate dehydrogenase (GAPDH) and phosphoglycerate kinase (PGK). Due 

to the yield of two reducing equivalents (NADH) and two molecules of ATP, this part of 

glycolysis is considered as the most important anaerobic energy source in animal cells 

and tissues (Masters et al., 1987). 

A set of coimmobilized glycolytic enzymes from yeast and rabbit muscle, comprising the 

fermentative pathway that converts glucose 1-phosphate to 1,3-diphosphoglycerate, was 

shown to be more effective than the soluble counterparts. The activity of these immobi-

lized enzymes was determined with two bacterial enzymes, NADH:FMN oxidoreductase 

and luciferase, which were used to monitor the fermentative NADH production by light 

emission (De and Kricka, 1983) (De Luca and Kricka, 1983). Recently, by screening ~800 

yeast strains that were expressing metabolic enzymes fused to GFP, dynamic cycling 

between punctuate foci (or granules) and diffuse phenotypes could be observed for some 

GFP-fusion proteins (Narayanaswamy et al., 2009). Therefore, it was considered to be 

very likely that upon demands of the cell, a spatial or functional organization of metabolic 

pathways into complexes could flexibly assemble or disassemble (Narayanaswamy et al., 

2009). These findings argue for the concept of dynamic compartmentation of metabolons 

upon certain cellular requirements. 

In this context, localization of the two NAD-dependent glyceraldehyde-3-phosphate dehy-

drogenase isoforms from Arabidopsis thaliana, GapC1 and GapC2, was brought into fo-

cus in this thesis. First, using bioinformatical prediction programmes for their localization, 

the outcome demonstrated variety of possible subcellular compartments occupied by this 

glycolytic enzyme (Chap. 3.1.1). This was further verified in vivo by transient transforma-

tion of plant protoplasts with appropriate plasmids, encoding both Arabidopsis GapC iso-

forms fused to Fluorescent Proteins (CFP and GFP; Chap. 3.1.3). Application of the yeast 

two-hybrid system was aimed to find novel protein-protein interaction partners of GapC1 

and GapC2, and to reveal their unknown functions or subcellular distribution by correlation 

with the detected proteins in the cDNA library (Chap. 3.2.1). Verification of putative pro-

tein-protein interactions was carried out utilizing Arabidopsis protoplasts for the Bimolecu-
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lar Fluorescence Complementation approach (Chap. 3.2.2.2, 3.2.3, 3.2.4.1) and the “one-

on-one” yeast two-hybrid assays (Chap. 3.2.2.1, 3.2.3, 3.2.4.3) with GapC, VDAC3, Ald2 

and actin isoforms. In addition, cytoskeletal association of GapC:GFP was tested in vivo 

by imaging plant cells, the actin cytoskeleton of which was stained with the second actin-

binding domain (ABD2) of the fimbrin-like protein (AtFim1) from A. thaliana (Chap. 

3.2.4.2). In vitro approaches using the recombinant GapC, as well as plant and rabbit F-

actin were finally performed, to reveal the nature of GapC binding to actin filaments 

(Chap. 3.2.5). 

4.1 Presence of Arabidopsis GapC isoforms in the cytosol 

The two isoforms of cytosolic GAPDH from A. thaliana, GapC1 and GapC2, differ in eight 

amino acids, which results in 97% identity of their sequences (Fig. 7-5). Interestingly, their 

specific activities, determined in this thesis, varied significantly (Chap. 3.2.5.1) – activity of 

GapC2 was at 64-79 U/mg, corresponding to Gohlke (2007) – 66 U/mg, and Holtgrefe et 

al. (2008) – 60 U/mg. GapC1, on the contrary, had much lower enzyme activity – 

34.3 U/mg, which corresponds also to Gohlke (2007) and Holtgrefe et al. (2008) – 

30 U/mg. Holtgrefe et al. showed (2008) that both forms were inactivated by the addition 

of 10 mM GSSG in the absence of NAD+, while GapC2 appeared to be less affected than 

GapC1. Moreover, activity of the GapC2 isoform was more stable towards increasing 

GSNO than GapC1, thus demonstrating different response to glutathionylation, as well as 

nitrosylation of both Arabidopsis GapC isoforms (Holtgrefe et al., 2008). However, no sig-

nificant differences in the subcellular location could be observed for fluorescently labelled 

GapC1 and GapC2. 

4.1.1 Classical cytosolic distribution of GapC 

An even, cytosolic distribution of both, GapC1 and GapC2, fused to GFP or CFP could 

often be seen in plant cells, incubated overnight after PEG transformation with appropriate 

vectors (Fig. 3-7 and Fig. 3-8). Moreover, the BiFC assay enabled visualization of evenly 

distributed GapC oligomers in the cytosol (Fig. 3-36), due to reconstitution of a functional 

YFP protein (Bhat et al., 2006) by the interacting GapC subunits. This result corresponds 

to predictions given by PSORT II (Tab. 3-1), which estimated that over 50% of both GapC 

forms should localize in the cytoplasm. Another version of this program, WoLF PSORT 

results in a clearly cytosolic compartmentation of GapC as well. TargetP predicted also 

the cytosolic site, with possible localization in mitochondria and secretory pathway.  

4.1.2 Local accumulation of GapC in the cytosol 

Apart from the even cytosolic distribution of the GFP- or CFP-fused GapC1 and GapC2, 

fluorescent signals appeared in the cytosol of the transformed protoplasts as locally ac-

cumulated aggregates (Chap. 3.1.3.3). The labelled GapC1 or GapC2 were present in 

form as bigger structures of variable shape, as well as manifold punctuate foci, spread in 

the cytosol. An identical localization pattern was observed also in the Arabidopsis cells 

expressing a split YFP-fusion GapC2 and GapC1/GapC2 that, due to the BiFC, reflected 

the homo- and heterooligomerization of GapC subunits, respectively (Chap.3.2.2.2). The 
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GapC-containing structures emitted intense fluorescence that in many cases was much 

stronger than the cytosolically distributed FP-fused enzyme. The latter signal was there-

fore not imaged, due to down-regulation of the detector in the cLSM 510 META. The ag-

gregate-like structures were further tested for colocalization with different organelles, such 

as mitochondria, the Golgi apparatus or peroxisomes, which will be discussed in the fol-

lowing chapters. 

First possible explanation for this aggregate-like association could be sought in observa-

tions made on yeast expressing GFP-fused Ade4. This purine biosynthetic enzyme 

formed foci in the absence of adenine and occurred in a diffused form when adenine was 

added (Narayanaswamy et al., 2009). The authors reported also on glutamine synthetase 

(Gln1) foci that cycled reversibly in the absence and presence of glucose. It is therefore 

likely that functional foci formation enhances substrate channelling and metabolite flux 

control during cellular nutrient stress. It could be a general phenomenon for cytoplasmic 

metabolic proteins that organize into extensive physical structures upon nutrient depletion 

(Narayanaswamy et al., 2009). 

On the other hand, nutritional conditions in the Arabidopsis protoplast suspension (glu-

cose-containing W5 solution, see Tab. 2-11), seem not to be extremely depleted, to cause 

cellular starvation during an overnight incubation. With respect to a differential nuclear 

accumulation of chloroplast and cytosolic isozymes of several glycolytic enzymes in 

leaves from basal or apical parts of pea plants (Anderson et al., 2005; Anderson and Gib-

bons, 2007; see Chap. 4.4), one has to consider that mesophyll protoplasts were isolated 

from leaves from 5-6 week old Arabidopsis plants that still differ in development in the 

rosette. Some leaves act as a sink and some as a source tissue, therefore age or physio-

logical state of the isolated cells is not easily to be recognized in a suspension. In situ mi-

croscopic analysis of stably transformed plants, expressing fluorescently labelled GapC 

would reveal more tissue- and age-dependent differences in its microcompartmentation. 

4.1.3 Aggregation of GapC upon oxidative stress 

Human HeLa cells overexpressing GAPDH were exposed to NOC18, a continuous NO 

donor, that caused oxidative stress with formation of ß-sheet-rich and amyloid-like 

GAPDH aggregates in the nucleus, as well as in the cytosol (Nakajima et al., 2007). In 

vitro application of oxidants by Nakajima et al. (2007) induced oligomerization and insolu-

ble aggregation of GAPDH via the formation of intermolecular disulphide bonds between 

Cys residues. Using in vitro and in vivo studies with mutants of the regulatory Cys149 and 

another Cys at position 281, Nakajima et al. (2007) showed that the disulphide bridges in 

aggregates formed by mutated human GAPDH occurred apparently between cysteines in 

the active centre – Cys149 (rabbit GAPDH) or Cys151 (human GAPDH). Interestingly, 

these residues cannot form an intermolecular disulphide bond in the native enzyme be-

cause of distance constraints between Cys149. Therefore, Nakajima et al. (2007) pro-

posed a more complex mechanism for the appearance of GAPDH aggregates, where oxi-

dative stress causes a conformational change of GAPDH that allows disulphide-bond for-

mation between Cys149 residues of different subunits. Subsequently, the Cys149–

Cys149 disulphide bond induces further conformational changes, resulting in exposure of 

other cysteines, which form the next disulphide bond, and the chain reaction accelerates 

formation of further multimeric oligomers (aggregates). 
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The essential Cys in the catalytic domain in lobster GAPDH is Cys149 (Buehner et al., 

1974;Buehner et al., 1973), while in human GAPDH Cys152 plays the key role (Jenkins 

and Tanner, 2006). This crucial cysteine functions as a nucleophilic acyl group acceptor, 

whereas His176 acts as a general base that accepts a proton upon substrate oxidation, 

and Asn313 forms a hydrogen bond with the carboxyamide group of the nicotinamide ring 

(Nagradova, 2001). The Arabidopsis GapC and the yeast enzyme possess only two cys-

teines in the catalytic domain, whereas the rabbit-muscle enzyme contains two additional 

cysteines (Cys245 and Cys282), apart from the two conserved ones in the active site in all 

organisms. Two cysteines in the catalytic domain of GapC from A. thaliana are located at 

position 156 and 160 (Fig. 7-3, Fig. 7-4). Holtgrefe et al. (2008) demonstrated for the 

Arabidopsis GapC that only Cys156 underwent glutathionylation, whereas upon nitrosyla-

tion both cysteines (Cys156 and Cys160) were modified. Analysis of the catalytic activity 

of GapC with mutant GapC2 C160S indicated a less important role of the Cys160 than 

that of the Cys156 (Holtgrefe et al., 2008). Disulphide bridge formation between the cru-

cial Cys residues of GapC subunits could be likely, leading therefore to its aggregation 

upon certain oxidative conditions. The bigger clusters, formed by FP-fused GapC isoforms 

in some of the overnight-incubated plant cells (Fig. 3-13), might fit this concept. 

In another study with human enzyme, profuse GAPDH granular deposits were found in 

neuronal nuclei of the post-mortem brain of patients with spinocerebellar ataxia type-3 

(Machado-Joseph disease), whereas in neurons of control brain GAPDH presence was 

reflected by a weak and diffuse signal (Chuang et al., 2005). Pathological features of Alz-

heimer’s disease (AD) include senile plaques, neurofibrillary tangles and neuronal loss in 

brain regions involved in learning and memory. Accumulation of -amyloid (A) peptides 

in fibrillar deposits, a component of senile plaques in AD, induces neuronal cell death 

(Kadowaki et al., 2005). Presence of GAPDH in such amyloid plaques was demonstrated 

as well. Moreover, an in vitro study supported GAPDH binding to the cytoplasmic carboxyl 

terminal of β-amyloid precursor protein (-APP; Chuang et al., 2005), but the role of 

GAPDH in these protein interactions is still unclear. Kadowaki et al. (2005) speculated that 

ROS and NO may be important mediators of A-induced neuronal cell death, through ac-

cumulation of unfolded proteins within the lumen of the endoplasmatic reticulum (ER). ER 

stress plays therefore crucial role in neurodegenerative disorders including AD, Parkin-

son's disease (PD) and polyglutamine diseases. GAPDH involvement in PD is also in-

tensely discussed. Recently, rotenone, a common mitochondrial complex I inhibitor, used 

to produce experimental parkinsonism, not only induced GAPDH nuclear translocation, 

but also triggered intermolecular disulphide bonding and resulted in the formation of intra-

cytoplasmic aggregates of GAPDH (Huang et al., 2009). This effect suggests a link be-

tween mitochondrial dysfunction and protein misfolding in the pathology of human brain. 

To sum up, possibility of a cellular response to oxidative stress in some of the observed 

Arabidopsis cells, expressing CFP-, GFP- or split YFP-fused GapC isoforms, could ex-

plain the formation of amyloid-like aggregates. Nevertheless, to elucidate this phenome-

non, a more extensive investigation on whole tissues from stably transformed plants, ex-

posed to stress conditions, could be helpful. Additional application of constructs express-

ing Arabidopsis GapC isoforms under its native promoter might be a good alternative to 

expression of FP-fused GapC under the control of the strong, constitutive CaMV 35S 

promoter (Kost et al., 1998). Due to its high expression levels, an artifactual localization of 

the ubiquitous glycolytic enzyme might also occur in the observed plant cells. 
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4.2 Localizations of GapC in the secretory pathways 

4.2.1 Plasma membrane as a possible target site of GapC 

Components of the secretory pathways, such as ER, the Golgi apparatus, vacuole or 

plasma membrane (Brandizzi et al., 2004), were predicted by PSORT II and ARAMEM-

NON programs as possible subcellular sites occupied by the At1g13440- and At3g04120-

encoded GapC. Using two-dimensional gel electrophoresis, among several glycolytic en-

zymes Santoni et al. (1998) detected two GAPDH isoforms in the plasma membrane pro-

teome from leaves of Arabidopsis plants. More sophisticated approaches, including chlo-

roform/methanol extraction and alkaline treatment with following mass spectrometry 

analyses, such as matrix-assisted laser desorption/ionization (MALDI) time-of-flight (TOF), 

electrospray ionization (ESI) tandem mass spectrometry (MS/MS), and nano-liquid chro-

matography (LC)-MS/MS), were used to find plasma-membrane localized proteins from 

A. thaliana cell suspensions (Marmagne et al., 2004). Only the At1g13440-encoded iso-

form of GapC was identified among 102 proteins. 

Presence of GFP- or CFP-fusions with GapC1 or GapC2 at the plasma membrane of the 

transformed protoplasts was not specifically tested in my thesis, but some of the images 

obtained from cLSM could give an impression of such association (Fig. 3-7 and Fig. 3-8). 

Nevertheless, the presence of plant GapC in the plasma-membrane fraction is surprising, 

since this enzyme is not a membrane-targeted protein of hydrophobic nature. Therefore, 

regulation of its association with the plasma membrane remains to be fully elucidated in 

planta. 

Some of the glycolytic enzymes, including GAPDH, aldolase, phosphofructokinase, and 

pyruvate kinase were found in human erythrocytes to be organized into complexes on the 

membrane (Campanella et al., 2005). Their assembly was suggested to be regulated by 

oxygenation and phosphorylation, because deoxygenating of RBCs (red blood cells) dis-

lodged all the glycolytic enzymes from the membrane. Interestingly, in another publication 

the S-nitrosylation of GAPDH by sodium nitroprusside (SNP) not only strongly inactivated 

the enzyme, but also decreased the binding affinity of GAPDH for the RBC membrane 

(Galli et al., 1998). A membrane fusogenic activity, which is the ability to merge phospho-

lipid bilayers, is proposed for GAPDH bound with erythrocyte membranes (Sirover, 1999). 

In plants, phosphorylation of the key enzyme in the carbohydrate metabolism, sucrose 

synthase (SUS), and presence of sucrose were speculated to cause its association with 

plasma membrane. SUS was found in hypophosphorylated form in the basal 4 cm of the 

maize leaf elongation zone, but hyperphosphorylated in apical segments, whereas soluble 

SUS content was highest in the 12- to 16-cm segments (Hardin et al., 2004). Therefore, 

membrane anchoring of GapC could also take place upon certain posttranslational modifi-

cations, such as the above speculated phosphorylation or nitrosylation. Other modifica-

tions, such as prenylation, palmitoylation, or myristoylation and/or interaction with certain 

effector proteins could also play a membrane-anchoring function (Marmagne et al., 2004). 

Developmental state of the plant organ, certain cell type, or response to a particular stress 

might evoke appropriate conditions for the membrane association as well (Komatsu et al., 

2007). 
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4.2.2 Endoplasmatic reticulum as a possible target site of GapC 

Presence of the fluorescently labelled GapC in the ER is also likely, since GapC2:CFP 

was observed in form of tubular structures (Fig. 3-10) that were similar to the locally re-

modelling polygonal tubular network with accompanying nodules described by Brandizzi 

et al. (2004) and Nelson et al. (2007). Hawes et al. (2001) reported on the plant ER as a 

structure varying from perforated sheets in expanding root cells, to a tubular network in 

hypocotyls, in the mature root epidermis and similarly in leaves. Moreover, in the images 

presenting nuclear localization of GapC:GFP or GaPC:CFP, the fluorescent signals might 

be seen in form of a fine reticular network around the nucleus (Fig. 3-23), which could 

belong to the ER that is continuous with the nuclear envelope (Brandizzi et al., 2004; Nel-

son et al., 2007). 

More details about presence of GAPDH in the secretory pathways originate mainly from 

animal systems. Mammalian GAPDH was found to be a substrate for atypical protein 

kinase C (aPKC), undergoing phosphorylation, which promoted its association with ve-

sicular tubular clusters (VTCs) that are pre-Golgi intermediates (Tisdale, 2001). Moreover, 

it was shown that phospho-GAPDH evoked binding of microtubules (MTs) with mem-

branes of these VTCs, which serve as transport intermediates between ER and the Golgi 

complex (Tisdale, 2001). Further investigation of GAPDH function in the early secretory 

pathway demonstrated that this enzyme was tetrameric when bound to VTCs, and there-

fore potentially active (Tisdale et al., 2004). Mutation of Cys149 in the active centre 

against Gly, resulted in inactivation of GAPDH catalytic activity, but the enzyme was still 

able to interact with the aPKC. When purified GAPDH C149G was added to GAPDH-

depleted cytosol, it rescued VSV-G (vesicular stomatitis virus G protein) transport be-

tween ER and Golgi complex. GAPDH was therefore suggested to provide a specific func-

tion, essential for membrane trafficking from VTCs that does not require its glycolytic ac-

tivity (Tisdale, 2001;Tisdale et al., 2004). 

4.2.3 The Golgi apparatus as a possible target site of GapC 

Plant GapC2:GFP was observed in a form of manifold fluorescent foci that were investi-

gated for colocalization with the Golgi apparatus, by labelling the cells with a sialyltrans-

ferase from rat, fused to mCherry (Ma and Colley, 1996). Apparently, the punctuate 

GapC2:GFP foci were not located with these organelles (Fig. 3-19), but the single aggre-

gate-like structures of GapC2:GFP, when magnified, were very close to the stained Golgi 

stacks (Fig. 3-20). It remains unclear, whether certain transport processes were observed 

at that time point in the tested Arabidopsis cells. Early secretory pathway relies on a se-

ries of control quality steps, including folding of protein cargo and posttranslational modifi-

cations, taking place when the protein enters the ER lumen, before it is translocated to the 

Golgi stacks (Sanderfoot and Raikhel, 1999). Such dynamic alteration of compartments 

could be the case in the observed plant cells upon certain metabolic demands. An inter-

esting mechanism of GAPDH translocation from cytosol to nucleus in human dopaminer-

gic neuroblastoma SH-SY5Y cells, undergoing induced apoptosis, was proposed by Ma-

ruyama et al. (2002). GAPDH was immunochemically detected in the Golgi apparatus 

prior to its nuclear translocation, suggesting the glycolytic enzyme might undergo a spe-

cific modification in order to enter the nucleus. 
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4.3 Mitochondrial association of Arabidopsis GapC 

Proteomic analysis of the mitochondrial fraction from Arabidopsis cells by Giegé et al. 

(2003) unexpectedly demonstrated the presence of seven of the ten glycolytic enzymes. 

With respect to these findings, the mitochondrial association of GFP-fusion GapC and 

GapC fused to split YFP (Chap. 3.1.3.3 and Chap. 3.2.2.2, respectively) seems to be 

likely. This localization was tested by simultaneous staining of the Arabidopsis cells, tran-

siently expressing GapC:GFP, with a mitochondrial dye MitoTracker® Orange CMTMRos 

(Fig. 3-15 and Fig. 3-17). Fluorescence-intensity profiles of the signals emitted by both 

GFP-fusion GapC and MitoTracker® Orange CMTMRos dye, enabled a colocalization 

analysis, which indicated that some of the smaller punctuate foci of GapC:GFP were as-

sociated with the tested organelles. The bigger amyloid-like structures were never close to 

the stained mitochondria (data not shown), which was the same in the BiFC experiment 

(Chap. 3.2.2.2). 

4.3.1 Presence of glycolytic enzymes at the outer mitochondrial membrane  

In the proteomic study on mitochondria, Giegé et al. (2003) found two isoforms of pyru-

vate kinase (PK, At5g52920 and At3g55650), two isoforms of hexokinase (HXK, 

At1g50460 and At2g19860), and two isoforms of cytosolic aldolase (Ald, At2g36460 and 

At3g52930), whereas two peptides matching GAPDH could not be distinguished for the 

products of genes At3g04120 and At1g13440. For triosephosphate isomerise (TPI), 

phosphoglycerate mutase (PGM), and enolase (ENO), only single gene products were 

identified. In further analysis by Giegé et al. (2003), the isolated mitochondria were tested 

for glycolytic activity that could be detected for all enzymes between 3 and 5% of the total 

cellular activity, except for HXK and GAPDH that were associated with the mitochondrion 

at a markedly higher proportion (12 and 10%, respectively). Interestingly, a subcellular 

localization analysis by means of PSORT II predicted a mitochondrial localization for the 

At1g13440- and At3g04120-encoded GAPDH isoforms at 8.7% (Tab. 3-1), which corre-

sponds to the results by Giegé et al. (2003) for mitochondria-associated GAPDH, men-

tioned above. 

Functionality of the mitochondria-associated glycolytic metabolon was further investigated 

by Giegé et al. (2003), who, using gas-chromatography combined with mass spectroscopy 

(GC-MS), detected a number of [13C]-isotopomers of glycolytic metabolism downstream of 

aldolase. Moreover, the labelled TCA-cycle acids citric, succinic, fumaric, and malic acid 

were also identified, indicating that the supplied label had been metabolized to pyruvate, 

which then was taken up by the mitochondria. Furthermore, presence of labelled glucose- 

and fructose-6-phosphates suggested that gluconeogenic metabolism of fructose-1,6-

bisphosphate also had occurred. These fascinating results were then supported by Gra-

ham et al. (2007), who continued with a functional characterization of the glycolytic path-

way associated with mitochondria. A nuclear magnetic resonance (NMR)–based approach 

enabled a direct monitoring of accumulation of labelled products in isolated mitochondria. 

This experiment facilitated to detect a rapid metabolism of the [1-13C]glucose and the ap-

pearance of a label in the downstream metabolites glucose 6-phosphate, fructose 6-

phosphate, fructose 1,6-bisphosphate, and dihydroxyacetone phosphate (Graham et al., 

2007). Moreover, the authors demonstrated an evidence for physiological dependency for 

mitochondrial association of the glycolytic pathway. With the exception of hexokinase, the 
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partitioning of all the glycolytic enzymes to the isolated Arabidopsis and potato tuber mito-

chondria decreased upon KCN treatment, which inhibits complex IV of the mitochondrial 

respiratory chain. Stimulation of respiration with CCCP (carbonyl cyanide m-

chlorophenylhydrazone), which uncouples the mitochondrial electron transport from ATP 

synthesis, led to an increase in the association of glycolytic enzymes with these organ-

elles. Taken together, these results seem to be the very first evidence for formation of a 

functional glycolytic metabolon in plant cells, and for metabolic channelling between glyco-

lytic enzymes. Furthermore, Giegé et al. (2003) proposed that attachment of the glycolytic 

sequence to the outside of mitochondria may function to ensure the provision of a local-

ized supply of pyruvate, in order to directly support mitochondrial respiration. 

4.3.2 Interaction of plant glycolytic enzymes with the OMM porin, VDAC 

Initial results from the yeast two-hybrid screen of the Arabidopsis cDNA library from 

Arabidopsis suspension cell cultures, which were performed using GapC1 and GapC2 as 

baits (Chap. 3.2.1), gave hints for a direct association of these enzymes with the outer 

mitochondrial membrane (OMM) via VDAC3 (At5g15090). This result is in a good agree-

ment with Graham et al. (2007), who recently succeeded in copurifying GAPDH 

(At1g13440) and in addition At5g15090-encoded VDAC as ALD interaction partners in a 

coimmunopurification assay with the aldolase antibody. This suggested that GAPDH can 

attach at the surface of mitochondria directly via VDAC or indirectly through interaction 

with ALD, which is the enzyme adjacent to GAPDH in the glycolytic pathway. Interestingly, 

Holtgräwe et al. (2005) screened the cDNA library from hypoxic seedlings of Zea mays 

with the cytosolic isoform of ALD and isolated the mitochondrial porin VDAC1a. A dot-blot 

overlay assay supported these findings, suggesting interactions of glycolytic enzymes with 

mitochondria via membrane porins. Another direct evidence for colocalization of glycolytic 

enzymes with mitochondria provides fluorescence microscopy. By transient transformation 

of heterotrophic Arabidopsis suspension cells, Giegé et al. (2003) demonstrated that 

along with YFP-fused enolase, the cytosolic isoform of aldolase from A. thaliana 

(At3g52930) was not only distributed in the cytosol, but also colocalized with stained mito-

chondria. Furthermore, HXK from spinach (SoHXK1) was found to be mitochondria-

associated in tobacco protoplasts (Damari-Weissler et al., 2007). Similar results were pub-

lished by Balasubramanian et al. (2007) for Arabidopsis HXK (AtHXK1), which was found 

to be continuously bound to these organelles, and in addition, to interact with the two mi-

tochondrial At5g515090- and At3g01280-encoded porins (VDAC). Both were previously 

shown to be the most prominent isoforms in both, leaves and roots of the four VDACs 

expressed in Arabidopsis (Clausen et al., 2004). 

Voltage-dependent anion channel (VDAC) is a porin-type -barrel diffusion pore, located 

in the outer mitochondrial membrane (Clausen et al., 2004). This channel is highly func-

tionally conserved among vertebrates, invertebrates, fungi, and plants, but the conserva-

tion is not as evident in the primary sequence, as it is in the secondary structure deduced 

from that sequence (Song and Colombini, 1996;Colombini, 2004). VDAC facilitates me-

tabolite exchange between the organelle and the cytosol, with higher affinity to organic 

anions, due to its highly conducting state, referred to as the open state (Colombini, 2004). 

It also plays an active role in apoptosis by release of apoptogenic factors into the cytosol, 

such as cytochrome c (Blachly-Dyson and Forte, 2001). Recently, it was shown that not 

abiotic stress, such as drought, cold, high salinity, but only bacterial pathogen infection 
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leads to up-regulation of the expression level of four Arabidopsis VDACs (Lee et al., 

2009). VDAC is permeable to Ca2+ and regulated by different ligands, such as glutamate, 

ATP or NADH (Yehezkel et al., 2006), or by interaction with proteins, such as actin (Xu et 

al., 2001), tubulin (Rostovtseva et al., 2008), or HXK. 

Association of HXK with the OMM is thought to play a role in coupling glucose metabolism 

to oxidative phosphorylation (Blachly-Dyson and Forte, 2001), or to prevent opening of the 

porin and to suppress the release of cytochrome c, thus inhibiting the mitochondrial phase 

of apoptosis (Arzoine et al., 2009). In Arabidopsis plants, interruption of hexokinase func-

tion activated programmed cell death (PCD), whereas overexpression of predominantly 

mitochondria-associated HXK1 and HXK2 conferred enhanced resistance against H2O2 

and -picolinic acid (Kim et al., 2006). Moreover, the recombinant HXK1 protein prevented 

an induced cytochrome c release from the mitochondria and the disruption of the mito-

chondrial membrane potential (Kim et al., 2006). 

Further verification of the binding between GapC and VDAC3, detected with the yeast 

two-hybrid screen, relied on the “one-on-one” version of the yeast two-hybrid assay. It was 

based on a cotransformation of a single yeast strain (AH109) with two constructs encod-

ing bait (GapC) and prey proteins (VDAC3), and further analysis of the transformed yeast 

cells on selective media (Chap. 3.2.2.1). Surprisingly, due to the auto-activation of all re-

porter genes by the prey, VDAC3, the interaction between GapC isoforms and the OMM 

porin emerged as a so-called false-positive result (Fig. 3-33). Additional BiFC assay with 

GapC and VDAC3, fused to split-YFP domains, did not yield fluorescent signals in any of 

the trials (Chap. 3.2.2.2). Therefore, mitochondrial association of GapC, observed with 

transiently expressed GFP-fusion enzyme in Arabidopsis cells, could occur indirectly 

through another protein, such as neighbouring ALD, which would then correlate with the 

findings by Graham et al. (2007). 

4.3.3 A model of indirect mitochondrial association of GapC via Ald, inter-

acting with VDAC 

In order to verify the idea of indirect interaction of GapC with the outer mitochondrial 

membrane via ALD bound to VDAC, two approaches were carried out in this thesis. The 

“one-on-one” yeast two-hybrid assay enabled to test the protein-protein interaction of Ald2 

isoform (At2g36460) with VDAC3 and Ald2 with GapC isoforms (Chap. 3.2.3). Only the 

oligomerization of Ald2 was detected in a rather weak manner, whereas protein-protein 

interactions between Ald2 and GapC isoforms or Ald2 and VDAC3 did not occur at all 

(Fig. 3-43). The latter result disagrees with the findings from the yeast two-hybrid screen 

by Holtgräwe et al. (2005), who found maize VDAC1a as an interaction partner of the cy-

tosolic aldolase. On the other hand, among six glycolytic enzymes found in sarcomeres of 

Drosophila flight muscles (Sullivan et al., 2003), further tested for interactions with the 

yeast two-hybrid system, positive interactions were detected only between ALD subunits, 

along with pairwise interaction of glycerol-3-phosphate dehydrogenase (GPDH) with 

GAPDH, and GPDH with phosphoglycerol mutase (PGLYM). 

A test for interactions between Ald2, VDAC3, and GapC isoforms, fused to split-YFP do-

mains was performed with the BiFC. Direct binding Ald2 to porin could be demonstrated in 

the wild-type Arabidopsis cells (Fig. 3-40), as well as in protoplasts isolated from Fd2-KO 

plants (Fig. 3-41), which show symptoms of permanent cellular oxidative stress (Voss et 
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al., 2008). Binding between Ald2 and GapC1 or GapC2 took place as well, occurring in 

the cytosol in a diffuse, as well as punctuate foci-like form (Fig. 3-38). Mitochondria 

seemed to occasionally approach the fluorescent clusters, formed by interacting Ald2 and 

GapC isoforms, giving an impression that this phenomenon was transient and the en-

zymes serve certain demands of these organelles. This could correspond to the idea by 

Giegé et al. (2003) that glycolytic enzymes might bind to organelles or might be concen-

trated in regions of high demand for ATP or pyruvate. 

Interactions between subunits of GapC or Ald2 were the only positive result in the “one-

on-one” yeast two-hybrid assay, which together with the BiFC support the oligomerization 

concept of the glycolytic enzymes. Moreover, Giegé et al. (2003) showed that the entire 

glycolytic pathway is functional, when bound to plant mitochondria, what could indicate 

that the mitochondria-associated enzymes are present in their active form. The NADP-

dependent GAPDH of the Calvin cycle in higher-plant chloroplasts occurs as an A2B2 het-

erotetramer (Scheibe et al., 2002), but it was also found as a highly active homotetrameric 

form from spinach, A4 and B4, when overexpressed and purified from E. coli (Baalmann et 

al., 1996). The active A4 form occurs also in Chlamydomonas reinhardtii (Graciet et al., 

2003), whereas swine muscle GAPDH was shown to be active as tetramer, as well as 

dimer (Ovadi et al., 1971).  

Since the BiFC method strongly favours the detection of direct protein-protein interactions 

as opposed to those that occur through complexes (Hu et al., 2002), the mitochondrial 

association of Arabidopsis GapC seems to be very likely, but rather in an indirect fashion. 

Formation of complexes with the adjacent enzyme, such as Ald2 that binds directly with 

mitochondria via OMM-porins is speculated in this study (Fig. 4-1). Alternatively, GapC 

could bind to VDAC3 only upon certain cellular conditions, posttranslational modifications 

of the glycolytic enzyme, redox signalling that comes from mitochondria in form of abun-

dant ROS molecules (Moller, 2001;Buchanan and Balmer, 2005;Van and Dat, 2006) or 

from the cytosol. Deletion of both VDAC isoforms was shown to influence redox states in 

S. cerevisiae cells, but the mitochondrial redox status did not play an important role in 

regulation of the expression levels of some mitochondrial proteins (Galganska et al., 

2008). Therefore, the cytosolic redox state might influence VDAC and, in turn, its affinity to 

glycolytic enzymes. If another protein plays a role in the mitochondrial association of 

GapC, no interaction detected in the yeast cells in my thesis would be explanatory. On the 

other hand, lack of signals in the BiFC experiment, which provides native cellular condi-

tions, argues against this concept. So-called scaffold proteins that bind multiple signalling 

components (at least two signalling enzymes, e.g. kinases or phosphatases, receptors or 

ion channels) and promote their interaction with each other could be taken into account 

(Zeke et al., 2009). 
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Fig. 4-1 Model of an indirect mitochondrial association of glyceraldehyde-3-phosphate 
dehydrogenase via interaction with the adjacent glycolytic enzyme, ALD, binding to the 
voltage-dependent anion channel. ALD – aldolase, GAPDH – glyceraldehyde-3-phosphate 
dehydrogenase, IMM – inner mitochondrial membrane, OMM – outer mitochondrial membrane, 
VDAC – voltage-dependent anion channel. 

4.4 Role of the cytosolic GapC in the nucleus 

Presence of the GapC isoforms in the nucleus was predicted by PSORT II at ~22%. In-

deed, this microcompartmentation of GapC isoforms fused to GFP or CFP was also ob-

served in the same population of transiently transformed Arabidopsis protoplasts (Fig. 

3-26; Holtgrefe et al., 2008), that displayed cytosolic distribution of the enzyme, its local 

aggregation, or possible mitochondrial association as well. The nuclear localization was 

confirmed by staining this compartment in vivo. The basic leucine-zipper transcription fac-

tor (bZip63; Siberil et al., 2001), dimerization of which enables reconstitution of YFP 

halves in the nucleus (Walter et al., 2004), was used to visualize this subcellular com-

partment. For this study, bZip63 as a mCherry-fusion was constructed that, by virtue of its 

nuclear-targeted compartmentalization and clearly separated emission spectrum from the 

GFP, helped to investigate colocalization of the GFP-fusion GapC. Three-dimensional 

imaging of the plant cells coexpressing both fusion proteins revealed their nuclear colocal-

ization, but in separate microcompartments of the organelle (Fig. 3-27). 

Interestingly, cytosolic GAPDH, together with ALD, was detected by Becker (2005), who 

used the yeast one-hybrid system to identify DNA-binding proteins of the gene coding for 

the NADP-dependent malate dehydrogenase (NADP-MDH) from A. thaliana (Hameister et 

al., 2007). Occupation of this specific subcellular site by FP-fusions with GapC1 and 

GapC2 from A. thaliana, observed in my thesis, could therefore reflect its multi-faceted 

nature of GAPDH in plant cells, too, as reviewed thoroughly by Sirover (1999) for the 

mammalian enzyme. The burning question, how the Arabidopsis glycolytic enzyme can be 

transferred into the nucleus and what could be its function in there, will be discussed in 

the following paragraphs. 
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4.4.1 Transport of GapC into the nucleus 

Free diffusion of proteins from the cytosol into the nucleus takes place through the double 

nuclear membrane spanned by large channels, called Nuclear Pore Complex (NPC; 

Forbes, 1992). The NPC is 120-125 MDa in size and consists of 30-50 different proteins 

called nucleoporins, which function as highly selective gates and allow passage of mate-

rial in two modes: passive diffusion and facilitated translocation (Ribbeck and Gorlich, 

2002). The last one is often coupled to an input of metabolic energy, which allows trans-

port against a gradient of chemical activity (Wang and Brattain, 2007). According to 

Forbes (1992), the size of molecules freely diffusing through the NPC is <20-40 kDa, 

whereas Merkle (2003) gives about 40 kDa as limiting size for the nucleo-cytoplasmic 

diffusion. Interesting results, recently published by Wang and Brattain (2007), suggest that 

even larger proteins (90-110 kDa) can freely diffuse through the NPC. Since it is known 

that GFP does not contain any NLS (Nuclear Localization Signal), the authors constructed 

plasmids expressing single (28 kDa) and multiple GFP (GFP2, GFP3, GFP4, and GFP5), 

in order to transiently transfect the HeLa cells and to observe the free diffusion into the 

nuclear compartment. Apart from GFP5 (140 kDa), all GFP proteins located to the nu-

cleus, as well as to the cytoplasm of the transfected HeLa cells, indicating therefore the 

limiting size for a free nuclear diffusion at about 90-110 kDa. Interestingly, fusion of GFP5 

with a classical NLS was observed by the authors to exclusively localize to the nucleus, 

supporting the role of active transport through the nuclear envelope. 

Plant GAPDH exists in its active form as a tetramer of about 140 kDa (McGowan and 

Gibbs, 1974), what according to Wang and Brattain (2007) disables free diffusion of this 

enzyme through the nuclear envelope. An active transport of Arabidopsis GapC tetramers 

into the nucleus is therefore likely, but to undergo the facilitated translocation GapC needs 

to bear a specific NLS or a nuclear export signal (NES) (Ribbeck and Gorlich, 2002; Wang 

and Brattain, 2007). NLS/NES within the potentially nucleus-targeted proteins can be rec-

ognized by specific transport receptors that mediate interactions with nucleoporins and 

allow the channel to open wider, from 90 Å up to 260 Å. This event enables a specific 

passage of these molecules (Forbes, 1992;Merkle, 2003). The transport receptors recog-

nizing the NLS/NES are described as importins or exportins and enable facilitated translo-

cation of proteins into or out of the nucleus, respectively (Wang and Brattain, 

2007;Ribbeck and Gorlich, 2002). NLSs can be classified into three categories, identified 

in plants as well. The SV40 large T-antigen NLS typifies a class possessing a single short 

region enriched in basic amino acids. Another class of NLSs, known as bipartite signals, is 

composed of two basic regions separated by a spacer. The third, yeast Mat α2 NLS, is 

unusual in possessing hydrophobic and basic amino acids (Hicks et al., 1995). Some hid-

den targeting signals, contributing to the nuclear compartmentalization of proteins, can 

also be detected within the amino acid sequence. Active NLS needs to be exposed to the 

protein surface, so the cell has invented mechanisms to expose a hidden or cryptic NLS, 

e.g. by protein phosphorylation, dephosphorylation, dissociation of an inhibitory subunit 

that masks the NLS, or binding of a hormone, in order to regulate the nuclear import of a 

transcription factor at a certain stage of development or cell cycle (Boulikas, 1993). Due to 

the enrichment of basic residues (Lys, K and Arg, R) within the N-terminus of the cytosolic 

GapC isoform from A. thaliana, Becker (2005) proposed a cryptic NLS that could play a 

role in the nuclear translocation (Fig. 4-2). 
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Fig. 4-2 Putative cryptic NLS at the N-terminus of the cytosolic glyceraldehyde-3-
phosphate dehydrogenase. Alignment of the amino acid sequence of GapC1 and GapC2 was 
performed by means of the Clone Manager software. The putative NLS is highlighted in red. 

 

Interestingly, Sirover (1999) analyzed the mammalian GAPDH sequence and speculated 

on appearance of several regions, which might include potential NLS – KKVVK (amino 

acids 259-263), or NES (Nuclear Export Signal) – ALQNIIP (amino acids 202-208). En-

richment in K within Arabidopsis GapC1 or GapC2 sequence (KKAIKK), and therefore its 

potential NLS is found at a similar position (amino acids 263-267; Fig. 7-5), as given by 

Sirover (1999). With respect to NES, contrary results were published by Brown et al. 

(2004), who identified such NES within the human GAPDH sequence, starting exactly 

from the lysine in the NLS proposed by Sirover (1999), namely at position 259 

(KKVVKQASEGPLK). Removal of the NES and site-directed mutagenesis of K259 caused 

accumulation of the enzyme in the nucleus (Brown et al., 2004).  

On the other hand, the Arabidopsis enzyme could passively enter the nucleus in another 

oligomeric form, such as a monomer (~37 kDa) or dimer. In this study the monomeric 

GapC1 or GapC2 protein fused to GFP or CFP is about 65 kDa in size, what is still ac-

ceptable for free-diffusion limits according to Wang and Brattain (2007). Interestingly, the 

presence of tetrameric, as well as dimeric and monomeric forms of GAPDH, along with 

high molecular-weight complexes was detected in the nuclear fraction of acute lym-

phoblastic cells (Brown et al., 2004). Moreover, the intranuclear GAPDH exhibited de-

creased glycolytic activity when compared with the cytosolic GAPDH. These findings cor-

respond to Mazzola and Sirover (2003), who demonstrated that the nuclear fraction of 

GAPDH displayed also much lower glycolytic activity than the cytosolic pool in human 

cells. If the enzyme reaches the nucleus only in its tetrameric form, active transport is 

definitely the only solution. 

The oligomeric state of Arabidopsis GapC was demonstrated in the yeast two-hybrid 

screen, where using GapC1 as bait protein, both At1g13440- and At3g04120-encoded 

isoforms of GAPDH were identified as interaction partners (Chap. 3.2.1). Moreover, appli-

cation of GapC1 and GapC2 in the BiFC experiments supported the heterooligomerization 

between subunits of different GapC forms, taking place mainly in the cytosol and forming 

there aggregate-like structures as well (Chap. 3.2.2.2). Nuclear localization of homooli-

gomers of GapC2 or GapC1/GapC2 heterooligomers was never detected, whereas a 

slight signal formed by GapC1 oligomers, fused with YFP halves, was observed in this 

organelle only once (Fig. 3-36), what could be also an artefact. It is therefore likely, that 

the nuclear GapC pool, demonstrated with GapC1 and GapC2 fused to FPs, but not de-

tected with the BiFC, might reflect the presence of monomeric GapC in this organelle ex-

clusively. 

4.4.2 Nuclear translocation of GapC upon its posttranslational modification 

Recognition of a NLS within the GAPDH sequence by a receptor at the NPC or delivery of 

GAPDH to the receptor in the cytosol and, in the following, to the nuclear envelope are 

GapC1 aa       1 madkkirigingfgrigrlvarvvlqrddvelvavndpfitteymtymfk 

GapC2 aa       1 madkkirigingfgrigrlvarvvlqrddvelvavndpfitteymtymfk 
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possible (Wagner et al., 1990). Furthermore, translocation of the NLS-free GAPDH into 

the nucleus might be caused by its certain posttranslational modifications or/and protein-

protein interaction with a NLS-bearing partner that could shuttle the enzyme between cy-

toplasm and nucleoplasm. Unfortunately, the yeast two-hybrid screen of the Arabidopsis 

cDNA library failed to identify any nuclear proteins as potential GapC1- or GapC2-binding 

targets. Interestingly, a similar approach enabled Hara et al. (2005) to find as an interac-

tion partner of GAPDH – Siah1 that is an E3-ubiquitin ligase protein, involved in protea-

some-dependent protein degradation. Due to an internal NLS, Siah1 is present in the nu-

cleus, thus facilitating GAPDH to undergo nuclear translocation from the cytosol. More-

over, authors demonstrated that before GAPDH bound to Siah1, it underwent S-

nitrosylation at Cys150 in the catalytic site, and only then interacted with Siah1 that en-

abled the nuclear translocation of GAPDH. This study is strongly connected to apoptosis, 

since GAPDH seemed to stabilize the rapidly turning-over Siah1, augmenting its nuclear 

levels, facilitating degradation of nuclear targets and eliciting cell death (Hara et al., 2005). 

A similar cascade with GAPDH undergoing posttranslational modifications, becoming able 

to interact with NLS-bearing proteins, and undergoing a nuclear translocation, is conceiv-

able for the plant enzyme, upon certain environmental and, in turn, cellular alterations 

(Fig. 4-3). 

 

 

Fig. 4-3 Schematic diagram of NO-
GAPDH-Siah cell death cascade. 
Nitric oxide (NO) causes S-
nitrosylation of GAPDH at residue 
Cys150 (-SH). This GAPDH S-
nitrosylation (–SNO) augments its 
binding to Siah, the nuclear localiza-
tion signal of which mediates the 
nuclear translocation of GAPDH. 
GAPDH stabilizes the Siah protein, 
facilitating therefore degradation of 
nuclear substrates, which leads in 
turn to cell death (from Hara and 
Snyder, 2006). 

4.4.3 Non-glycolytic functions of GapC in the nucleus 

With respect to the physiological changes in the mammalian cells, reported by Hara et al. 

(2005), the non-glycolytic function of the nuclear GAPDH appears as a fascinating topic, 

which remains controversial, due to manifold and distinct observations made mainly on 

animal GAPDH. Although the nuclear localization was shown with the cytosolic and 
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chloroplast GAPDH (only B subunit) in mesophyll cells from pea (Anderson et al., 2004b), 

as well as in this study, the nuclear role of plant GAPDH remains to be elucidated. 

Nuclear tRNA export activity was ascribed to human GAPDH, while its binding to RNA 

was inhibited by NAD+ (Singh and Green, 1993). The human glycolytic enzyme was re-

ported also in another study to be involved in the mechanisms of action of a post-

transcriptional regulatory cis-element (PRE) in the hepatitis B virus infection (Zang et al., 

1998). PRE appears to be necessary for the increase in viral transcripts in the cell cyto-

plasm, and it was found in a complex with GAPDH in the nucleus of infected human cells. 

Therefore, the glycolytic enzyme may serve a transport function in that case as well. In-

teraction of GAPDH with DNA could be also described in vertebrate cells. The human 

placental GAPDH was shown to act in DNA repair as an uracil DNA glycosylase (UDG) 

that removes uracil, as the free base, resulting in the formation of an apyrimidinic site in 

DNA, which is a mutagenic event (Meyer-Siegler et al., 1991). 

Interestingly, the identical function was demonstrated for the native chloroplast and re-

combinant subunit B of pea GAPDH (Wang et al., 1999). The authors suggested signifi-

cance of the enzyme in DNA repair upon generation of reactive oxygen species (ROS) 

during photosynthesis, which might cause damage of chloroplast DNA. The previously 

mentioned presence of both GAPDH isozymes in the pea leaf nucleus (Anderson et al., 

2004b) could support the DNA-repair role, as one of the non-glycolytic functions of 

GAPDH. The authors proposed that isozymes in the pea nucleus may interact with nu-

cleotides and be involved in the regulation of gene expression. Other glycolytic enzymes 

from chloroplasts, as well as their cytosolic isoforms were found in the nucleus in a DNA-

bound form. Nuclear levels of the pea leaf cytosolic fructose bisphosphatase were higher 

in leaves located near the base of the plant, and lower in expanded leaves at the apex 

(Anderson and Gibbons, 2007). It was therefore proposed that the cytosolic isozyme in 

the nucleus has a role in tissue aging. No such effect of leaf position or tissue age on lev-

els of the chloroplastic enzyme in the nucleus could be shown in the same study. Interest-

ingly the density of the chloroplast fructose bisphosphatase was higher in the nucleolus, 

than in the nucleoplasm, where the density of the cytosolic isozyme was slightly higher. A 

similar investigation was performed on fructose bisphosphate aldolase, both forms 

(chloroplast and cytosolic) of which were also detected in the pea nucleus (Anderson et 

al., 2005). Moreover, the nuclear levels of the cytosolic aldolase isozyme were higher in 

leaves located near the base of the plant and lower in leaves at the apex, whereas nu-

clear levels of the chloroplastic isozyme were highest in the apical leaf. Distribution of both 

isozymes was nonrandomly with respect to DNA in the nucleus, while the isozyme in the 

chloroplast was also colocalized with plastid DNA. 

GAPDH was surprisingly found as a transcriptional cofactor component, playing a crucial 

role in histone transcription in human cells (Zheng et al., 2003). An Oct-1 CoActivator in S 

phase (OCA-S) that is a complex of proteins, conferring high-levels of promoter activation 

of the histone H2B gene, was purified and characterized. Among its multiple components 

a p38 subunit was identified as GAPDH, indicating therefore its possible function in medi-

ating S phase-inducible H2B-promoter activation. In that context, the role as a transcrip-

tional factor is likely for plant GAPDH as well, since, along with cytosolic ALD, it was de-

tected in the yeast one-hybrid system to directly interact with the gene coding for the 

NADP-dependent malate dehydrogenase (NADP-MDH) from A. thaliana (Hameister et al., 

2007). Transcriptional regulation of the named gene by the glycolytic enzymes was pro-
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posed by Holtgrefe et al. (2008) to enable plants coping with increased electron pressure 

in the chloroplast. 

Transcriptional cofactors facilitate the functional communication between sequence-

specific transcriptional activators, bound to distal regulatory elements, and the basal tran-

scription machinery assembled on proximal core promoter elements (Zheng et al., 2003). 

The existence of a new class of transcription regulators draws increasing attention, be-

cause it seems to include either metabolic enzymes or homologs, which use NAD+, FAD+, 

and CoA as cofactors (Shi and Shi, 2004). These metabolism-related transcription factors 

(MTFs) may function as direct sensors of the metabolic state in the cell and can directly 

link the cellular metabolism to transcriptional regulation (Fig. 4-4). Moreover, Shi and Shi 

(2004) suggest that binding of metabolic cofactors in their reduced or oxidized forms ap-

pear to differentially regulate the activities of some MTFs, either through impacting DNA-

binding, interactions with other transcription factors, or the intrinsic enzymatic activities of 

chromatin modifiers. Inhibition of binding between GAPDH and human parainfluenza virus 

RNA could be shown with the GAPDH cofactor, NAD+ (De et al., 1996). Binding competi-

tion of NAD+ with polynucleotides was broadly discussed by Sirover (1999), and such ef-

fect was demonstrated in human monocytes to be NAD+ concentration dependent. The 

co-factor NAD+ competed with TAAAT-containing antisense oligonucleotides (ODNs) di-

rected against cytosolic phospholipase A2 (cPLA2) for the binding to GAPDH (Griffoni et 

al., 2001). This competition suggests that the dinucleotide-binding site, the so-called 

Rossman fold, may be involved in the interaction, which was speculated by Zheng et al. 

(2003), who found that OCA-S (including GAPDH) activity is modulated by the cellular 

NADH:NAD+ ratio. Binding of the OCA-S complex to the H2B promoter was enhanced by 

NAD+, but inhibited by NADH. 

4.4.4 Pro-apoptotic activity of GapC 

GAPDH might act as an intracellular sensor of oxidative stress during early apoptosis, 

which is characterized by chromatin condensation, nuclear fragmentation, and decrease 

in mitochondrial membrane proteins in animal cells (Brown et al., 2004). GAPDH was ob-

served to accumulate in the nuclear compartment prior to apoptotic degradation (Carlile et 

al., 2000) and shortly after exposure of cells to apoptosis-stimulating agents (Maruyama et 

al., 2002;Ishitani et al., 1998). On the other hand, Kodama et al. (2005) questioned the 

role of GAPDH in the early apoptosis, since GAPDH carrying NLS and therefore ex-

pressed mainly in the nucleus, did not induce apoptosis. The authors demonstrated that in 

the cells expressing GAPDH without NLS, an inhibitor of complex I of the mitochondrial 

electron transfer system and apoptosis inducer, 1-methyl-4-phenyl-pyridium iodide 

(MPP+), did not cause visible translocation of GAPDH into nucleus before the onset of 

apoptosis. 

Apoptotic activity of GAPDH in vitro suggests significant roles in human pathophysiology 

(Chuang et al., 2005). Interactions with several proteins that are responsible for neurode-

generative diseases were detected, supporting this concept (Sirover, 1999). These in-

clude huntingtin for Huntington’s disease (HD), atrophin for dentatorubral-pallidoluysian 

atrophy (DRPLA), ataxin for spinocerebellar ataxia type-1 (SCA-1), and androgen receptor 

for spinobulbar muscular atrophy (Chuang et al., 2005). Presence of GAPDH in amyloid 

plaques from the brains of patients with Alzheimer’s disease (AD) was demonstrated by 



176 | D i s c u s s i o n  

 

monoclonal antibody. In addition, an in vitro study supported GAPDH binding to the cyto-

plasmic carboxy terminal of β-amyloid precursor protein (β-APP), but the role of GAPDH 

in these protein-protein interactions is still unclear. 

 

Fig. 4-4 Two possible pathways that connect the metabolic status of a cell to gene tran-
scription. A. Changes of cellular metabolic status can be translated by some metabolic sensors, 
which have the ability to change it into specific signals and transduce them to activate the metabo-
lite-responsive element binding transcription factors (TFs). The activated transcription factors co-
ordinately adjust the gene transcription program to meet new metabolic requirements upon cellular 
or its environmental changes. B. Alterations of the cellular metabolic status can also be coupled to 
gene transcription directly by a class of metabolism-related transcription factors (MTFs). Thus, the 
transcriptional activity of MTF can be directly regulated by the status of cellular metabolism, possi-
bly through availability and/or redox state of metabolic cofactors (from Shi and Shi, 2004). 

4.5 Protein-protein interactions between cytosolic GapC and the actin cy-

toskeleton 

Glycolytic enzymes associate also with cytoskeletal structures, which was reported first for 

the animal system, and only recently for higher plants. Direct evidence from electron mi-

croscopy demonstrated cross-linking between the rabbit F-actin-tropomyosin-troponin 

complex and aldolase (Walsh et al., 1980;Masters et al., 1981). Upon tetanic stimulation a 

sequence of glycolytic enzymes was tested in the muscle homogenates for their F-actin 

association, which showed appreciable binding of GAPDH and ALD, when compared with 

the other enzymes in the system (Masters, 1984). Co-precipitation with microtubules 

demonstrated for lactate dehydrogenase (LDH), pyruvate kinase (PK), GAPDH, and ALD 

was proposed to play a structural role in the formation of the microtrabecular lattice 

(Walsh et al., 1989). Distribution of ALD and GAPDH, investigated in different mammalian 

cell lines, was observed in two variants – a diffuse, cytosolic one and a concomitant, per-

meabilization-resistant fraction, which was associated with the actin cytoskeleton (Mi-

naschek et al., 1992). This phenomenon was also shown for invertebrates (Sullivan et al., 
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2003). In Drosophila flight muscles a set of six glycolytic enzymes was found in sar-

comeres in an identical pattern – ALD, glycerol-3-phosphate dehydrogenase (GPDH), 

GAPDH, TPI, PGK, and phosphoglycerol mutase (PGLYM). Interestingly, using the yeast 

two-hybrid system, authors succeeded to detect positive protein-protein interactions only 

between two pairs of glycolytic enzymes, GPDH/GAPDH and GPDH/PGLYM. 

The cytoskeleton association of glycolytic enzymes has only recently been reported to 

occur in higher plants. Azama et al. (2003) performed a comparable analysis of en-

dosperm tissue from different varieties of maize, in order to identify high-lysine containing 

proteins and therefore, the highest nutritional value of the cereals. In the pelleted fractions 

form developing maize endosperm consisting of cytoskeletal components (actin, tubulin, 

the translation elongation factor and an actin-bundling protein, eEF1), some of the en-

zymes of carbohydrate metabolism were detected (ALD, GAPDH, and SuSy-1 – an iso-

form of sucrose synthase). In another study, SuSy was found to associate with F-actin, 

purified from the elongation zone of maize leaves, whereas in a soluble phosphorylated 

form it also bound to G-actin, which was detected using a coimmunoprecipitation assay 

(Winter et al., 1998). The authors compared binding of SuSy and aldolase to F-actin in 

vitro, alone and in combination, which showed that when both enzymes were present, a 

five-fold excess of aldolase reduced SuSy association with F-actin by about 30%, while 

binding of aldolase was not affected, when compared with the test including ALD alone. 

Using the yeast two-hybrid system, Holtgräwe et al. (2005) found ENO, GAPDH and ALD 

as interaction partners of maize actin. Moreover, in a similar experiment actin-

depolymerising factor, myosin XI and α1-tubulin interacted with different SuSy isoforms 

from maize, supporting the general phenomenon of carbohydrate metabolism enzymes 

present in the cytoskeletal structures. In vitro cosedimentation assays enabled Holtgräwe 

et al. (2005) to estimate the binding ratio between plant GAPDH and rabbit F-actin by 

means of ELISA quantification, which showed a binding saturation of approximately 

0.13 mol GAPDH subunit/mol actin with a KD = 0.25 µM. Competition assays with GAPDH 

and SuSy, which were combined prior to addition of F-actin and initiation of actin polym-

erization, demonstrated that under these conditions, GAPDH-actin binding decreased by 

about 9% and was saturated at 0.12 mol/mol actin (Holtgräwe et al., 2005). 

4.5.1 Binding of GapC with the actin cytoskeleton in vivo 

With respect to the reported findings on plant glycolytic enzymes interacting with the actin 

cytoskeleton, the yeast two-hybrid screen of the Arabidopsis cDNA library was performed, 

using GapC1 and GapC2 as baits, but none of the putatively positive interaction partners 

was a cytoskeletal component. Further application of the “one-on-one” yeast two-hybrid 

assay, as well as the BiFC approach were therefore planned, to directly test binding be-

tween the glycolytic enzyme of interest and two actin isoforms (ACT2/7 and ACT8), cho-

sen a priori from the eight actin isoforms expressed in the Arabidopsis plant (McDowell et 

al., 1996). Due to the spatial and temporal expression, the eight isovariants of actin are 

divided in two classes: vegetative (ACT2, ACT8, ACT2/7) and reproductive (ACT1, ACT3, 

ACT4, ACT11, ACT12). The first class of actins, expressed mainly in vegetative tissues, 

splits additionally into two subclasses: subclass 1 including genes encoding for ACT2 and 

ACT8, showing a strong and constitutive expression pattern in vegetative tissues (An et 

al., 1996), and subclass 2 comprising ACT2/7, expression of which is strongest in young, 

rapidly developing vegetative tissues (Meagher et al., 1999). Interestingly, Balasubrama-
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nian et al. (2007) identified ACT2 and ACT8 in the coimmunoprecipitation approach to 

bind with the initial glycolytic enzyme HXK1, fused to FLAG tag and constitutively overex-

pressed in the Arabidopsis HXK1 null mutants. Neither the “one-on-one” yeast two-hybrid 

assay (Fig. 3-50) nor the BiFC approach resulted in positive interactions between GapC 

isoforms and ACT2/7 or ACT8 in this study. This was surprising, since Holtgräwe et al. 

(2005) reported on several glycolytic enzymes (GAPDH, ENO, and ALD), detected in the 

cDNA library from hypoxic maize seedlings, as actin-binding partners. Lack of positive 

interactions for Arabidopsis proteins could be explained by the idea that binding could rely 

on certain cellular conditions, absent during the BiFC assay or in the yeast cells applied in 

the two-hybrid system. Spatial hindrance of the split-YFP domains, fused with the investi-

gated proteins, might play a role as well. Furthermore, GapC might interact with other ac-

tin isoforms, the sequence of which was not present in the cDNA library prepared from 

mRNA that was isolated from Arabidopsis cell suspension (Nemeth et al., 1998). 

Another attempt to investigate the association of GapC:GFP with stained actin cytoskele-

ton was made in Arabidopsis protoplasts (Chap. 3.2.4.2). An actin-binding domain of a 

mouse Talin (mTalin), fused with to the C-terminus of GFP, was successfully used in 

transgenic A. thaliana plants (Kost et al., 1998), but some authors observed artifactual 

behaviour of this protein (Sheahan et al., 2004a; Sheahan et al., 2004b; see Chap. 1.5). 

Alternatively, application of the second actin-binding domain (ABD2) of the Arabidopsis 

fimbrin (AtFim1) revealed a highly dynamic and dense network (Sheahan et al., 2004b). 

Recently, the so-called “Lifeact” was demonstrated to effectively label the actin cytoskele-

ton in mammalian cells as a GFP fusion, without interfering with cellular processes (Riedl 

et al., 2008). It was also successfully applied in lower, as well as in higher plants (Era et 

al., 2009; Vidali et al., 2009). In this study, the fluorescent fusion of tdTomato with ABD2 

AtFim1 (tdTomato-ABD2 AtFim1; Sano et al., 2005) was applied, in order to stain actin 

filaments in plant cells that were transiently expressing GapC2:GFP. Unexpectedly, by 

virtue of the reference emission spectrum for tdTomato protein, generated upon excitation 

with 488 nm as a negative control, an additional peak for tdTomato was noticed that ap-

peared within the GFP-emission range (Fig. 3-47, A). This effect probably evoked some 

filamentous pattern formed by GapC2:GFP in the cells transformed with both constructs, 

which was not previously observed at such high frequency in protoplasts expressing 

GapC:GFP only. Therefore, the analysis of cytoskeletal association of GapC isoforms had 

to be modified. During microscopic imaging with cLSM 510 META it turned out that, by 

down-regulation of the detector, the bleeding-through artefacts could be removed, allow-

ing visualization of the stronger GapC2:GFP foci only, with respect to the stained actin 

cytoskeleton. This approach enabled the observation of the punctuate signals emitted by 

GFP-fusion GapC, and showed that the clusters might move between actin fibrils, but their 

direct association with stained actin filaments was not obvious (Fig. 3-49). Balasubrama-

nian et al. (2007) managed to simultaneously visualize association of the mitochondria-

localized HXK1 with F-actin, performing cryofixation and freeze substitution with leaf cells 

from young wild-type Arabidopsis plants. Their double labelling with anti-HXK1 and anti-

actin antibody was followed by application of fluorescently labelled, secondary antibodies. 

Although the experiment involved dead cells, this method resulted in images of high qual-

ity and gave interesting hints for possible functional interactions between mitochondria, 

HXK, and actin. This effect was proposed to fulfil cellular demands for ATP from mito-

chondrial oxidative phosphorylation, cytoplasmic streaming, and glucose metabolism 

(Balasubramanian et al., 2007). 
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Using different microscopic techniques, localization of GFP-tagged, human GAPDH in 

NIH 3T3 cells was observed to be homogeneously distributed in the cytosol of living cells, 

during normal culturing conditions (Schmitz and Bereiter-Hahn, 2002). When this cell line 

was serum-deprived for five days, the GAPDH protein was no longer homogeneously dis-

tributed in the cytoplasm, but it showed nuclear localisation and was associated with actin 

stress fibres within the cytoplasm as well. With respect to these observations, the subcel-

lular localization analysis performed by means of PSORT II (13% cytoskeleton-

associated; Tab. 3-1) could reflect such situation, when the enzyme pool is distributed at 

different locations upon certain cellular requirements. Observation of fluorescently labelled 

proteins of interest with respect to the actin cytoskeleton, in whole leaves or roots from 

stably transformed plants, might enable a better understanding of the investigated proc-

esses upon application of different stress conditions. 

4.5.2 Binding of GapC with the actin cytoskeleton in vitro 

Further experimental approaches were aimed at the in vitro study of the interaction be-

tween rabbit F-actin and the recombinant GapC from A. thaliana. Cosedimentation assays 

performed by Holtgräwe et al. (2005), involving rabbit actin, as well as recombinant plant 

GAPDH, SUS, ALD, and ENO, already demonstrated interactions between these en-

zymes and the animal F-actin. In the case of GAPDH, estimation of the binding ratio by 

quantitative densitometry measurements resulted in a binding saturation of approximately 

0.13 mol GAPDH subunit/mol actin with a KD = 0.25 µM. These cosedimentation tests 

involved only one-step centrifugation at high speed (100.000 xg), whereas in this study 

two-step sedimentation – at low (10.000 xg) and high speed (100.000 xg), was performed. 

This modification enabled to discriminate between larger aggregates, e.g. bundles that 

sediment at the lower speed (Somers et al., 1990), and long polymers, which may be 

found in the pellet after the second centrifugation step (Chap. 3.2.5.2). The experiment 

performed by Holtgräwe et al. (2005) followed therefore binding of the glycolytic enzymes 

with all F-actin structures that precipitated with the bound proteins in one step, at the high 

speed. 

In this study, His-tagged GapC2 from A. thaliana, added at different concentrations, inter-

acted with rabbit F-actin as well, but apparently in a more complex manner. When GapC2 

was pre-incubated with 20 mM DTT and 140 µM NAD+ and the test was carried out in the 

presence of GAPDH cofactor (140 µM NAD+), the plant enzyme precipitated with F-actin 

first at high speed. In a modified assay, when GapC2 was not pre-incubated with 20 mM 

DTT and 140 µM NAD+, and when the cosedimentation assay was performed in absence 

of the GAPDH cofactor, centrifugation at the low speed revealed the presence of both 

proteins in this fraction (Fig. 3-54). Interestingly, manifold repetitions of this experiment 

gave contradictory results. Although the interaction took always place (see application of 

BSA as a negative control, Fig. 3-54), the precipitation of GapC2 with actin filaments oc-

curred in a varying manner. Since a reversible dimer/tetramer equilibrium at pH 7, in low 

ionic strength at 5°C was found (Hoagland, Jr. and Teller, 1969), introduction of different 

temperatures in the experiment, as additional destabilizing factor should help to elucidate 

the phenomenon. Only in the case of higher temperature (30°C) it could be shown that 

2 µM His-tagged GapC2, which was pre-treated neither with DTT, nor with NAD+, precipi-

tated with the F-actin fraction at the high speed. Therefore, destabilizing conditions, such 

as lack of GAPDH cofactor (NAD+), reducing agent in the test, or higher temperature dur-
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ing the experiment seemed to alter His-tagged GapC2 conformation or its oligomerization 

state, which then changed the precipitation pattern of F-actin. 

Schmitz and Bereiter-Hahn (2002) showed that interaction between human GAPDH and 

rabbit F-actin was enhanced by the presence of enzyme’s substrate, glyceraldehyde-3-

phosphate (G3P), and NAD+. The addition of G3P and NADH or G3P without cofactor 

decreased or did not affect the cosedimentation pattern. Moreover, the authors tested 

influence of the products DHAP and NAD+, which did not promote the binding activity. 

These assays were performed by Schmitz and Bereiter-Hahn (2002) in one-step centrifu-

gation experiment, which gives no insight into the nature of the binding between the glyco-

lytic enzyme and the actin cytoskeleton. 

According to Somers et al. (1990), larger aggregates of microtubules formed upon addi-

tion of GAPDH and observed by electron microscopy in form of thick bundles, could be 

discriminated at a relatively low speed (12.000 xg). Sedimentation of F-actin with the re-

combinant GapC2 at 10.000 xg could therefore be a sign of actin bundle formation in this 

study. Microtubule (MT) bundling, influenced by GAPDH, was inhibited upon the addition 

of ATP to the assay (Huitorel and Pantaloni, 1985). Presence of ATP was proposed by 

these authors to induce dissociation of GAPDH tetramers to dimers, which could diminish 

bundle formation. On the other hand, Somers et al. (1990) speculated that addition of 

p[NH]ppA (an ATP analog) to GAPDH changes its conformation, and not the oligomeriza-

tion state, which in turn influences the bundling of MTs. Schindler et al. (2001) demon-

strated the role of aldolase as F- and G-actin binding protein, which associates with actin 

and modulates its polymerization, initiates bundling, and gives rise to supramolecular 

structures, which were adjacent to actin fibrils. Recently, a novel pollen-specific SB401 

protein from Solanum berthaultii was characterized, which not only interacted with MTs 

and actin filaments, but also preferentially bound to microtubules to form bundles (Huang 

et al., 2007). Moreover, using cross-linked proteins and native gels, SB401 was shown to 

bundle MTs as a dimer. Since proteins that bind and bundle both, F-actin and MTs, are 

known in plants, similar bundling activity is conceivable for Arabidopsis GapC as well. 

Tetrameric GAPDH from B. stearothermophilus has been described as a “dimer of dimers” 

(Roitel et al., 1999). Therefore, if the GapC subunit has at least one actin-binding site, it 

could be likely that upon certain conditions dissociation of this tetrameric enzyme occurs 

and bundling of F-actin by GapC switches to binding of GapC dimers (or monomers) to 

single actin filaments (Fig. 4-5). 

A similar investigation of cytoskeletal interactions of Arabidopsis His-tagged GapC2 was 

performed with recombinant plant actin (ACT2/7), which was fused to GFP, as well as to 

His tag (Chap. 3.2.5.3). GFP-fusion of an actin isoform from pea tendril (PEAc1), the gene 

of which is identical with the ACT7 (ACT2/7) gene from A. thaliana to 97.3%, was suc-

cessfully purified using the heterologous overexpression system (Liu et al., 2004). It was 

therefore tempting to apply similar conditions to obtain soluble and functional Arabidopsis 

actin. Additionally, expression of GFP-fusion actin should enable its visualization, when 

polymerized, which would be a feasible approach to follow possible cytoskeleton altera-

tions upon addition of glycolytic enzymes to the cosedimentation test in vitro. 
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Fig. 4-5 Model for bundling 
activity of tetrameric GapC 
(GapC4) that may cause 
formation of bigger struc-
tures from actin filaments 
(AFs). Upon certain cellular 
conditions, GapC tetramers 
dissociate to dimers (GapC2), 
which are still able to bind 
AFs, but without bundling 
them into bigger aggregates. 

 

Purified, soluble His-tagged ACT2/7 was tested for functional polymerization upon the 

addition of different Polymerization Inducers (PIs; see table in Fig. 3-60), which resulted in 

application of Tris, ATP and MgCl2 at concentrations that were much higher than these, 

applied in the experiments with rabbit actin by Holtgräwe et al. (2005). Only in the pres-

ence of the five-fold concentration of the PI, it was possible to obtain a stable fraction of 

polymerized His-tagged ACT2/7, fused to GFP. SDS-PAGE and Western blot analysis 

revealed that the most abundant polymerized GFP actin-fusion precipitated already at low 

speed (10.000 xg), while the remaining actin chains were found to pellet at high speed in 

a lower amount, which was comparable to soluble G-actin (Fig. 3-60, C and D). Using 

fluorescence microscopy, polymerized His-tagged ACT2/7:GFP was visualized, demon-

strating formation of rather network-like or bundled structures, which presumably reflected 

the low-speed fraction from the analysis, mentioned above. This result forced modification 

of further examination of interactions between recombinant GapC2 and the ACT2/7:GFP 

(Chap. 3.2.5.4). It was not possible to investigate the nature of binding between both pro-

teins, which was observed with the rabbit actin and GapC2. Bundling of actin filaments 

could not be followed, because the polymerized ACT2/7:GFP appeared already in a bun-

dled or cable-like form. Moreover, upon addition of a higher concentration of ATP (5 mM) 

and MgCl2 (10 mM), significant precipitation of GapC2 occurred in the samples without F-

actin, which also hindered the experiment (Fig. 3-62). Interestingly, Ovadi et al. (1971) 

calculated that two moles of ATP per mole of GAPDH were bound within a few minutes 

without loss of its activity, which was then followed by the dissociation of the tetramer into 

dimers. In the absence of the reducing agent, -mercaptoethanol, the dissociation was 

followed by a slow inactivation of GAPDH. Therefore, the unspecific precipitation event in 

my experiment could occur due to some impact of ATP in the five-fold concentrated PI on 

the GapC2 enzyme in the test, not including a reducing agent. Modification of the polym-

erization assay with addition of the five-fold PI first, to induce the polymerization of His-

tagged ACT2/7:GFP, and resuspension of the bundled actin fraction with the LSB buffer 

supplemented with one-fold PI should eliminate the potent GapC2 precipitation effect (Fig. 

3-65). The Western blotting results indicated that apart from a pool of aggregated GapC2, 

a small amount of the recombinant enzyme might have bound to the bundled 

ACT2/7:GFP (the low-speed fraction). Apparently, it occurred to a lesser extent than in the 

binding experiment with rabbit F-actin, because a comparatively high fraction of GapC2 
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remained soluble after the high-speed centrifugation. The comparison of samples includ-

ing plant actin and the glycolytic enzyme with the sample including GapC2 only, demon-

strates slight differences in intensity of the signals, supporting the putatively positive inter-

action between both proteins. If the investigated binding took place, this would argue for 

the idea that Arabidopsis GapC2 interacts only with the filamentous actin, because other 

tests, such as the “one-on-one” yeast two-hybrid assay and BiFC, failed in this study. 

Since Schindler et al. (2001) found aldolase as F- and G-actin binding protein, which 

modulated its polymerization and initiated bundling, interaction of GapC with monomeric 

actin cannot be fully excluded. 

4.5.3 Regulation of GapC binding with the actin cytoskeleton 

Schmitz and Bereiter-Hahn (2002) demonstrated binding of rabbit GAPDH to F-actin in 

vitro as well, which was enhanced upon the addition of GAPDH substrate and its cofactor, 

but incubation of the permeabilized cells with culture medium containing G3P and NAD+ 

did not change distribution of GAPDH in the observed human cells. With respect to the 

influence of substrate on cytoskeletal binding of GAPDH, interesting findings were re-

ported by Holtgräwe et al. (2005), who demonstrated that addition of 10 mM FBP (aldo-

lase substrate) decreased the amount of maize ALD bound to F-actin by 50% in vitro, 

while even 1 mM FBP abolished binding of animal aldolase completely (Arnold and Pette, 

1970). An interesting regulation of the interaction between plant SuSy and F-actin upon 

the addition of sucrose was observed in vitro as well (Duncan and Huber, 2007). SuSy 

association was optimal at 20-60 mM sucrose, while a strong inhibition of the binding oc-

curred above 60 mM, as well as upon phosphorylation of the enzyme, combined with the 

higher concentrations of sucrose. 

Posttranslational modifications (PTM) are of great interest for the protein-protein interac-

tion events. Hara et al. (2005), for instance, demonstrated that before human GAPDH 

reaches the nucleus, it undergoes S-nitrosylation, which triggers its interaction with Siah1 

and enables the nuclear translocation of GAPDH. In response to environmental fluctua-

tions and stressors, the complex regulation of metabolic enzymes may function through 

PTM that can affect enzymatic activity, intracellular localization, protein–protein interac-

tions, and stability (Huber and Hardin, 2004). Therefore, a new issue of stress-induced 

covalent modifications of the enzyme appear to be crucial for the microcompartmentation 

events. 

Plants generate a series of signalling molecules, that may act in controlling processes 

such as growth, development, response to biotic and abiotic environmental stimuli, and 

programmed cell death. These molecules are Reactive Oxygen Species (ROS), for in-

stance, which result from a turnover of oxygen by cells of aerobic organisms, but in ex-

cess may cause damage to membrane lipids, DNA and proteins (Klatt and Lamas, 2000). 

ROS include singlet oxygen, H2O2, superoxide and hydroxyl radicals that remain under 

control, as long as the cellular antioxidant mechanisms comprising the radical-scavenging 

enzymes or redox-active compounds, such as the cysteine-containing tripeptide glu-

tathione (GSH), are functional (Klatt and Lamas, 2000). The cellular redox status depends 

on the ratio of the oxidized and reduced forms of an intracellular pool of redox molecules, 

mainly GSH. Usually, GSH is present in millimolar concentrations and in <100-fold excess 

over GSSG. The oxidation of only a small amount of GSH to GSSG may dramatically 



D i s c u s s i o n  | 183 

 

change this ratio and, in consequence, the redox status of the cell. This, in turn, may 

evoke protein mixed disulphide formation or even protein degradation (Klatt and Lamas, 

2000). In the cytoplasm, there are many redox-sensitive proteins that form transient disul-

phide bonds while catalyzing the reduction of thiol groups (Cumming et al., 2004). These 

are glutaredoxin that uses the abundant GSH to reduce disulphide bonds via a thiol-

disulphide interchange. The reduced thioredoxins belong to the second group of antioxi-

dant enzymes that bind to substrate proteins containing a disulphide bond, while a dithiol-

disulphide exchange reaction occurs, in which the active-site cysteine residues of thiore-

doxin are oxidized, whereas the cysteine residues in the substrate protein are reduced 

(Cumming et al., 2004). In a situation, when the cellular redox homoeostasis, i.e. the bal-

ance between prooxidants and antioxidants, is altered because of excessive production of 

ROS and/or impairment of cellular antioxidant mechanisms, cytosolic cysteine residues 

may become susceptible to oxidation (Klatt and Lamas, 2000). Under non-stressed condi-

tions, disulphide bond formation occurs primarily in the oxidizing environment of the endo-

plasmic reticulum (ER) in eukaryotic cells (Cumming et. al., 2004). Along with ROS, Reac-

tive Nitrogen Species (RNS) are also produced in plant cells – peroxynitrite (ONOO-), dini-

trogen trioxide (N2O3), S-nitrosoglutathione (GSNO), nitrogen dioxide (NO2•), nitrosyl 

cation (NO+). While the role of NO as a signalling molecule is better understood, less in-

formation is available on the other RNS, but it is well known, that analogous damage due 

to RNS during the nitrosative stress may take place in the plant cell upon high salinity, for 

instance (Valderrama et al., 2007). 

Oxidative and nitrosative modifications of target proteins may reversibly regulate protein 

function or confer a permanent loss of function, due to the irreversible oxidation or nitra-

tion of functionally important amino-acid side chains, formation of protein-protein cross-

linkages, fragmentation of the polypeptide chain, and, finally, proteolytic degradation of 

the damaged protein (Klatt and Lamas, 2000). The mechanism of the protein reversible 

and irreversible modifications referring mainly to Cys residues, rely on the ROS/RNS-

induced formation of mixed disulphides between protein thiol groups and GSH, resulting in 

the formation of S-glutathionylated proteins (Giustarini et al., 2004). Exposure of cells to 

NO and other RNS leads to both the oxidation of GSH to GSSG and its conversion into 

GSNO that may be also a source of GSSG. Therefore, RNS are also likely to cause S-

glutathionylation in an indirect way by forming GSSG and, in turn, increase the intracellu-

lar pool of mixed disulphides (Fig. 4-6). Glutathionylation was originally considered to 

buffer the oxidative stress by preventing the irreversible oxidation of reactive Cys, but it is 

now recognized that thiolation can act as a redox-driven regulator of signal transduction 

cascades and metabolic pathways (Cumming et. al., 2004; Dixon et al., 2005). 

S-nitrosylation of plant proteins was demonstrated by treating extracts from Arabidopsis 

cell suspension cultures with the NO-donor S-nitrosoglutathione (GSNO) and by exposure 

of plants to gaseous NO (Lindermayr et al., 2005). Among over 50 S-nitrosylated proteins, 

stress-related, redox-related, signalling/regulating, cytoskeleton, as well as metabolic pro-

teins were detected in both approaches. With respect to this thesis, interesting S-

nitrothiols were tubulin  and , actin isoform ACT2/7, and glycolytic enzymes – GAPDH, 

ALD, TPI, PGK, and ENO. Moreover, reactive cysteine residues in the active site of both 

Arabidopsis GapC1 and GapC2 isoforms were shown by Holtgrefe et al. (2008) as sus-

ceptible to thiol modification and oxidation. The addition of oxidized glutathione (GSSG) 

and GSNO was shown to inactivate these enzymes, as well as GAPDH from spinach, 
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yeast and rabbit muscle, while the inactivation was fully or at least partially reversible 

upon addition of DTT. The incorporation of glutathione, as well as NO upon formation of a 

mixed disulphide could be shown as well (Holtgrefe et al., 2008). Interestingly, S-

glutathionylation of both At1g13440- and At3g04120 encoded GapC, as well as ALD, 

ENO, SUS, and cytoskeletal components – ACT2/7, tubulin  and  were also shown to 

occur in Arabidopsis suspension cultures upon treatment with the oxidant tert-butylhydro-

peroxide (Dixon et al., 2005). 

 
Fig. 4-6 Stress-induced redox modifications of cytosolic proteins. ROS and RNS may induce 
formation of mixed disulphides between protein thiol groups (PSH) to form S-glutathionylated pro-
teins (PSSG) by two distinct pathways. 1. The initial activation step may involve the oxidative or 
nitrosative modification of a protein thiol (PSH). Such activated protein species include a protein 
thiyl radical (PS·), sulphenic acid (PSOH), or S-nitrosothiol (PSNO). These modifications may be 
either stabilized or react with GSH to the mixed disulphide (PSSG). All these modifications are 
reversible and can be reduced back by increases in the GSH/GSSG ratio, reduced thiols, or enzy-
matic reactions. 2. Alternatively, PSSG may be generated by thiol/disulphide exchange reaction 
with GSSG or by reaction with other “reactive” intermediates of GSH, such as GSNO. PSOH may 
also be irreversibly oxidized by ROS/RNS to form sulphinic (PSO2H) and sulphonic (PSO3H) de-
rivatives, leading to irreversible loss of biological activity. PSH may also be oxidized to disulphide 
both within and between proteins (PSSP). PSSP can be reversed by enzymes or reducing agents 
(from Giustarini et al., 2004, modified). 

 

The correlation between PTM of GAPDH and its cytoskeletal association was investigated 

also in mammals. Schmitz and Bereiter-Hahn (2002) tested the influence of NO-signalling 

pathway on the induction of microfilament binding of human GAPDH upon serum deple-

tion, but inhibition of NO-synthase during serum deprivation, when putative NO production 

could take place, did not prevent stress-fibre attachment of the enzyme. Additionally, in-

duction of NO-synthase by Br-cAMP treatment of serum starved cells was not sufficient to 

induce association of GAPDH with microfilaments (Schmitz and Bereiter-Hahn, 2002). In 

contrast, the in vitro investigation by Wu et al. (1997) showed that NO-induced NAD+ in-

corporation into porcine muscle GAPDH enhanced binding of this glycolytic enzyme to F-

actin by three-fold as determined by densitometric scanning, whereas NAD+ or SNP alone 
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(sodium nitro-prusside, a NO source) had no enhancing effect. Moreover, another PTM, 

phosphorylation of GAPDH, elicited a four-fold increase in its binding to F-actin, whereas 

pre-treatment with phosphorylation buffer without ATP had no such effect (Wu et al., 

1997). The authors suggested therefore that the autophosphorylation of GAPDH in-

creases its binding to actin. 

Recently, the experimental increase of NO levels in cells of maize roots was shown to 

reversibly impact the actin cytoskeleton assembly and its organization (Kasprowicz et al., 

2009). The NO-induced changes were observed mainly in endodermal cells of the transi-

tion zone, where actin cables changed their orientation from longitudinal to oblique and 

cellular cross-wall domains became actin-depleted/depolymerized. NO is known as a 

multi-faceted signalling molecule that acts in many cellular processes, such as stomatal 

closure, seed germination, root development, senescence, flowering time, activation of 

defence-related genes, and hypersensitive cell death (Wang et al., 2006). NO might have 

also impact on the actin protein directly or on actin-binding proteins (Kasprowicz et al., 

2009). 

Since Schmitz and Bereiter-Hahn (2002) did not find any correlation in cytoskeletal asso-

ciation of human GAPDH in presence and absence of NO, they proposed that the asso-

ciation of GAPDH to stress fibres in human cells deprived of serum is unlikely to have a 

general function, such as to create a glycolytic microcompartment or to allow an enhanced 

glycolytic flux via metabolic channelling (Masters et al., 1987). Instead, Schmitz and Bere-

iter-Hahn (2002) suggested that the cytoskeletal association of GAPDH upon serum de-

pletion might serve initiating cytoskeletal rearrangements during apoptosis which is in-

duced by prolonged serum withdrawal. A similar function is conceivable for Arabidopsis 

GapC upon oxidizing conditions, occurring when plants are exposed to biotic or abiotic 

stress. Regulation of the cytoskeletal reorganization upon binding with the plant GapC 

remains to be elucidated in future investigations. 
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5 Summary 

Classically considered as a soluble system of enzymes, glycolysis does not conform to 

the known function and subcellular localization pattern. Observations made in animal 

cells, as well as in plants, reported only in the recent years, give indications for a multi-

faceted nature of this pathway. Certain glycolytic enzymes, such as glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) could be found at different locations in animal cells, 

where it exhibited its non-glycolytic activities. Although the well established role of cytoso-

lic GAPDH is to provide a high-energy compound (1,3-bisphosphoglycerate) in the re-

versible reaction of oxidation and phosphorylation of glyceraldehyde 3-phosphate (G3P, 

GAP), and additionally a reducing equivalent (NADH), the enzyme seems to act in other 

cellular processes as well. Presence of GAPDH in the nucleus, the early secretory path-

way, as well as interactions with the cytoskeleton is well documented for mammalian cells, 

but remains to be fully uncovered for the plant enzyme. 

Determination of the subcellular localization of two cytosolic GAPDH isoforms from 

A. thaliana, fused to Fluorescent Proteins (Cyan FP or Green FP), was the main goal in 

this study. Microcompartmentation analysis was investigated using Epi-fluorescence and 

confocal Laser Scanning Microscopy, as well as bioinformatical prediction programmes, to 

support further experimental work. Apart from the cytosolic distribution of GapC1 and 

GapC2 isoforms, which are to 99% identical with the At1g13440- and At3g04120-encoded 

proteins, respectively, their different compartmentation patterns were also observed in the 

transiently transformed protoplasts from leaf mesophyll. Punctuate foci or aggregate-like 

localization of GapC:FP was presumed to be organelle-associated. With respect to the 

recent findings on mitochondrial association of several glycolytic enzymes from Arabidop-

sis and potato, the fluorescent foci were tested with a mitochondrial dye, MitoTracker® 

Orange CMTMRos. Concluding from the overlapping fluorescence-intensity profiles of 

both fluorophores, the GFP-fusion of GapC isoforms was observed to colocalize with the 

stained organelles. Since not every punctuate signal was mitochondria-associated, other 

subcellular locations, such as the predicted Golgi apparatus or peroxisomes, were tested 

as well. No obvious colocalization of GapC with these organelles could be shown. For 

mammalian GAPDH, as well as for chloroplast isoform, nuclear, non-glycolytic activities 

had been reported, suggesting their role in DNA repair. The nuclear localization of 

GapC:GFP was observed in this study as well and it could be confirmed with mCherry-

fusion of a transcription factor, bZip63. Both chimeric proteins occupied the plant nucleus, 

but in different subcompartments, as if they interacted with distinct structures. 

Identification of novel protein-protein interaction partners was one of the scopes, because 

it might give hints for other, non-glycolytic functions of Arabidopsis GapC and elucidate its 

variable subcellular localization, as observed with the cLSM. For this aim, a yeast two-

hybrid screen of cDNA library from Arabidopsis suspension culture was performed, using 

both GapC isoforms as baits. The finding of GapC itself as interaction partner could be 

explained by formation of tetramers. In addition, a voltage-dependent anion channel from 

the outer mitochondrial membrane (VDAC3; At5g15090) was isolated in these experi-

ments. Interestingly, interaction of maize aldolase with VDAC was already shown with the 

yeast two-hybrid experiment in my department. My observations were therefore in a good 

agreement with these findings, but further tests with the “one-on-one” yeast two-hybrid 

and Bimolecular Fluorescence Complementation (BiFC) assays showed that the detected 
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binding between the plant VDAC3 and GapC in yeast cells was false positive. Apparently, 

it resulted from the autoactivation property of the porin, inducing reporter genes on its 

own. Aldolase interaction with VDAC3, as well as with GapC was tested in addition using 

the BiFC, which demonstrated positive signals in the plant protoplasts, due to reconstitu-

tion of the split YFP domains. On the other hand, no such interaction could be detected in 

the “one-on-one” yeast two-hybrid assay. Thus, a model of indirect mitochondrial associa-

tion of GapC via aldolase that binds directly to mitochondrial porin is proposed hereby, to 

occur only upon certain cellular conditions. 

Cytoskeletal binding of GAPDH and its ability to rearrange microtubules was reported for 

animals, but not for plants. Here, GapC:GFP was investigated in vivo for its association to 

actin filaments that were labelled by a fusion of tdTomato with the second Actin-Binding 

Domain from the Arabidopsis fimbrin-like protein (tdTomato-ABD2 AtFim1). In addition, 

the “one-on-one” yeast two-hybrid and BiFC approaches were applied to test interactions 

between GapC and actin isoforms (ACT2/7 and ACT8), but none of these experiments 

proved the cytoskeletal association of plant GapC. By contrast, in vitro cosedimentation 

assay demonstrated that the fully active, recombinant glycolytic enzyme binds to rabbit F-

actin. Moreover, upon the presence of GapC cofactor (NAD+) and a reducing agent (DTT), 

the enzyme might exhibit an actin-bundling activity. The actin-bundling conditions were 

not fully established, but it seemed that in the presence of the cofactor and reducing 

agent, the oligomerization state or conformation of the glycolytic enzyme initiates forma-

tion of more complex F-actin networks. Without the addition of NAD+ and DTT to the as-

say, another form of the enzyme binds to actin polymers as well, but without bundling 

them. Furthermore, to exchange the rabbit F-actin in cosedimentation experiments, het-

erologous expression of a sequence encoding His-tagged actin (ACT2/7) from A. thaliana, 

additionally fused to GFP, was performed. Purification of soluble and functional plant actin 

from E. coli cells using Ni2+-affinity chromatography was followed with cosedimentation 

assays, upon the addition of the recombinant GapC2. Due to the formation of extended 

network- and cable-like structures by the His-tagged ACT2/7:GFP, the previously ob-

served rabbit F-actin bundling by the glycolytic enzyme could not be investigated in more 

detail. Nevertheless, a positive interaction between the polymerized His-tagged 

ACT2/7:GFP and GapC2 was observed to occur in vitro, supporting the idea of associa-

tion of GapC to F-actin and, additionally, the interaction with a specific isoform of actin 

from A. thaliana. 
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7 Supplement 

7.1 Acronyms and abbreviations 

ADP adenosine diphosphate 

Amp ampicilline 

AP alkaline phosphatase 

APS ammonium persulphate 

ATP adenosine triphosphate 

BCIP 5-bromo-4-chloro-3-indolyl phosphate 

bidest double distilled  

β-ME β-mercaptoethanol 

bp nucleobase(s) 

BSA bovine serum albumin 

bZip63 basic leucine zipper 63 

CAT chloramphenicol acetyltransferase 

CaMV 35S Cauliflower Mosaic Virus 35S 

cDNA complementary DNA 

CFP cyan fluorescent protein 

Cm chloramphenicol 

DEPC diethyl pyrocarbonate 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

DNase deoxyribonuclease 

dNTP deoxynucleotide 

dsDNA double-stranded DNA 

DTT dithiothreitol 

E extinction, absorption 

EDTA ethylenediaminetetraacetate 

EtOH ethanol 

FP fluorescent protein 

GFP green fluorescent protein 

GUS ß-glucuronidase 

IPTG isopropyl-β-D-thiogalactoside 

Kan kanamycin 

kb kilobase (pairs) 

KD dissociation constant 

kDa kilodalton 

lacZ -galactosidase 

LB lysogeny broth 

LiCl lithium chloride 

LiOAc lithium acetate 

LUC luciferase 

MCS multiple cloning site 

MES 2-(N-morpholino)ethanesulphonic acid 

MDH malate dehydrogenase 

MOPS 3-(N-morpholino)propanesulphonic acid 
mRNA messenger RNA 

MW molecular weight 

NAD(H) (reduced) nicotinamide adenine dinucleotide 
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NADP(H) (reduced) nicotinamide adenine dinucleotide phosphate 

NBT nitroblue tetrazolium chloride 

OD optical density 

ORF open reading frame 

Ori origin of replication 

PA polyacrylamide 

PAGE polyacrylamide gel electrophoresis 

PCR polymerase chain reaction 

PEG polyethylene glycol 

Pi inorganic phosphate 

P(T7) T7 Promoter 
r 

resistance gene 

RFP red fluorescent protein 

RNA ribonucleic acid 

RNase ribonuclease 

rpm rotation per minute 

RT room temperature 

SD yeast nitrogen base without amino acids 

SDS sodium dodecyl sulphate 

SOC Super Optimal Broth with catabolite repression 

ssDNA single-stranded DNA 

TB Terrific Broth 

TBE Tris-borate-EDTA 

TBS Tris-buffered saline 

TCA mitochondrial tricarboxylic acid pathway or trichloroacetic acid 

T-DNA transfer-DNA 

TE Tris-EDTA 

TEMED tetramethylethylenediamine 

Tet tetracycline 

Tris Tris-hydroxymethylaminomethane 

U Unit 

V Volt 

W Watt 

WT wild type 

w/v weight per volume 

v/v volume per volume 

X--Gal 5-Bromo-4-chloro-3-indolyl N-acetyl-alpha-D-galactosaminide 

X--Gal 5-bromo-4-chloro-3-indolyl beta-galactoside 

YPD yeast medium with peptone, yeast extract and glucose 

YPDA YPD supplemented with 0.003% adenine hemisulfate 

YT yeast extract with tryptone 

 

Nucleobases 

A Adenine  

C Cytosine  

G Guanine  

T Thymine  

U Uracil  
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Amino acids code 

A Ala Alanine 

C Cys Cysteine 

D Asp Aspartic acid 

E Glu Glutamic acid 

F Phe Phenylalanine 

G Gly Glycine 

H His Histidine 

I Ile Isoleucine 

K Lys Lysine 

L Leu Leucine 

M Met Methionine 

N Asn Asparagine 

P Pro Proline 

Q Gln Glutamine 

R Arg Arginine 

S Ser Serine 

T Thr Threonine 

V Val Valine 

W Try Tryptophan 

Y Tyr Tyrosine 
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7.2 Developmental gene expression of the At1g13440- and At3g04120-

encoded glyceraldehyde-3-phosphate dehydrogenase isoforms from 

A. thaliana 

 

 

Fig. 7-1 A developmental gene expression map for At1g13440-encoded glyceralde-
hyde-3-phosphate dehydrogenase from A. thaliana. The analysis was performed using 
AtGenExpress (Schmid et al., 2005). 
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Fig. 7-2 A developmental gene expression map for At3g04120-encoded glyceralde-
hyde-3-phosphate dehydrogenase from A. thaliana. The analysis was performed using 
AtGenExpress (Schmid et al., 2005). 
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7.3 Comparison of amino acid sequences using alignments 

7.3.1 Comparison of the amino acid sequences of glyceraldehyde-3-

phosphate dehydrogenase isoforms from A. thaliana 

Sequence                Start      End      Match      NonMatch     %Match 

At1g13440 aa              1        338 

GAPDH1 aa                 1        338       336          2           99 

 

At1g13440 aa      1 madkkirigingfgrigrlvarvvlqrddvelvavndpfitteymtymfk 

GAPDH1 aa         1 madkkirigingfgrigrlvarvvlqrddvelvavndpfitteymtymfk 

 

At1g13440 aa     51 ydsvhgqwkhhelkvkddktllfgekpvtvfgirnpedipwgeagadfvv 

GAPDH1 aa        51 ydsvhgqwkhhelkvkddktllfgekpvtvfgirnpedipwgeagadfvv 

 

At1g13440 aa    101 estgvftdkdkaaahlkggakkvvisapskdapmfvvgvneheyksdldi 

GAPDH1 aa       101 estgvftdkdkaaahlkggakkvvisapskdapmfvvgvneheyksdlgi 

 

At1g13440 aa    151 vsnascttnclaplakvindrfgiveglmttvhsitatqktvdgpsmkdw 

GAPDH1 aa       151 vsnascttnclaplakvindrfgiveglmttvhsitatqktvdgpsmkdw 

 

At1g13440 aa    201 rggraasfniipsstgaakavgkvlpslngkltgmsfrvptvdvsvvdlt 

GAPDH1 aa       201 rggraasfniipsstgaakavgkvlpslngkltgmsfraptvdvsvvdlt 

 

At1g13440 aa    251 vrlekaatydeikkaikeesegkmkgilgyteddvvstdfvgdnrssifd 

GAPDH1 aa       251 vrlekaatydeikkaikeesegkmkgilgyteddvvstdfvgdnrssifd 

 

At1g13440 aa    301 akagialsdkfvklvswydnewgyssrvvdlivhmska 

GAPDH1 aa       301 akagialsdkfvklvswydnewgyssrvvdlivhmska 

Fig. 7-3 Amino acid sequence alignment of the glyceraldehyde-3-phosphate dehydro-
genase encoded by At1g13440 and GapC1 isoform from A. thaliana. Performed with the 
Clone Manager Suite 7. The non-matching amino acids are highlighted in orange. 

 

Sequence                Start      End      Match      NonMatch     %Match 

At3g04120 aa              1        338 

GAPDH2 aa                 1        338       335          3           99 

 

At3g04120 aa      1 madkkirigingfgrigrlvarvvlqrddvelvavndpfitteymtymfk 

GAPDH2 aa         1 madkkirigingfgrigrlvarvvlqrddvelvavndpfitteymtymfk 

 

At3g04120 aa     51 ydsvhgqwkhnelkikdektllfgekpvtvfgirnpedipwaeagadyvv 

GAPDH2 aa        51 ydsvhgqwkhnelkikdektllfgekpvtvfgirnpedipwaeagadyvv 

 

At3g04120 aa    101 estgvftdkdkaaahlkggakkvvisapskdapmfvvgvneheyksdldi 

GAPDH2 aa       101 estgvftdkdkaaahlrggakkvvisapskdapmfvvgvneheyksdldi 

 

At3g04120 aa    151 vsnascttnclaplakvindrfgiveglmttvhsitatqktvdgpsmkdw 

GAPDH2 aa       151 vsnascttnclaplakvindrfgiveglmttvhsitatqktvdgpsmkdw 

 

At3g04120 aa    201 rggraasfniipsstgaakavgkvlpalngkltgmsfrvptvdvsvvdlt 

GAPDH2 aa       201 rggraasfniipsstgaakavgkvlpslngkltgmsfrvptvdvsvvdlt 

 

At3g04120 aa    251 vrlekaatydeikkaikeesegklkgilgyteddvvstdfvgdnrssifd 

GAPDH2 aa       251 vrlekaatydeikkaikeesegkmkgilgyteddvvstdfvgdnrssifd 

 

At3g04120 aa    301 akagialsdkfvklvswydnewgyssrvvdlivhmska 

GAPDH2 aa       301 akagialsdkfvklvswydnewgyssrvvdlivhmska 

Fig. 7-4 Amino acid sequence alignment of the glyceraldehyde-3-phosphate dehydro-
genase encoded by At3g04120 and GapC2 isoform from A. thaliana. Description as in 
Fig. 7-3. 
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Sequence                Start      End      Match      NonMatch     %Match 

GAPDH1 aa                 1        338 

GAPDH2 aa                 1        338       330          8           97 

 
GAPDH1 aa         1 madkkirigingfgrigrlvarvvlqrddvelvavndpfitteymtymfk 

GAPDH2 aa         1 madkkirigingfgrigrlvarvvlqrddvelvavndpfitteymtymfk 

 

GAPDH1 aa        51 ydsvhgqwkhhelkvkddktllfgekpvtvfgirnpedipwgeagadfvv 

GAPDH2 aa        51 ydsvhgqwkhnelkikdektllfgekpvtvfgirnpedipwaeagadyvv 

 

GAPDH1 aa       101 estgvftdkdkaaahlkggakkvvisapskdapmfvvgvneheyksdlgi 

GAPDH2 aa       101 estgvftdkdkaaahlrggakkvvisapskdapmfvvgvneheyksdldi 

 

GAPDH1 aa       151 vsnascttnclaplakvindrfgiveglmttvhsitatqktvdgpsmkdw 

GAPDH2 aa       151 vsnascttnclaplakvindrfgiveglmttvhsitatqktvdgpsmkdw 

 

GAPDH1 aa       201 rggraasfniipsstgaakavgkvlpslngkltgmsfraptvdvsvvdlt 

GAPDH2 aa       201 rggraasfniipsstgaakavgkvlpslngkltgmsfrvptvdvsvvdlt 

 

GAPDH1 aa       251 vrlekaatydeikkaikeesegkmkgilgyteddvvstdfvgdnrssifd 

GAPDH2 aa       251 vrlekaatydeikkaikeesegkmkgilgyteddvvstdfvgdnrssifd 

 

GAPDH1 aa       301 akagialsdkfvklvswydnewgyssrvvdlivhmska 

GAPDH2 aa       301 akagialsdkfvklvswydnewgyssrvvdlivhmska 

 
Fig. 7-5 Amino acid sequence alignment of the GapC1 and GapC2 isoforms from 
A. thaliana. Description as in Fig. 7-3. 

7.3.2 Alignment of the amino acid sequences of actin from rabbit, 

A. thaliana and Zea mays 

Sequence                Start      End      Match     NonMatch     %Match 

ACT1_rabbit               1        377 

ACT2/7_A.thaliana         1        377       331         46          87 

ACT8_A.thaliana           1        377       323         54          85 

Act1_Zea mays             1        376       312         66          82 

 

 

 

 

ACT1_rabbit       1 mcdedettalvcdngsglvkagfagddapravfpsivgrprhqgvmvgmg 

ACT2/7_A.tha      1 madgediqplvcdngtgmvkagfagddapravfpsivgrprhtgvmvgmg 

ACT8_A.thali      1 madaddiqpivcdngtgmvkagfagddapravfpsvvgrprhhgvmvgmn 

Act1_Zea may      1 maded-iqpivcdngtgmvkagfagddapravfpsivgrprhtgvmvgmg 

 

ACT1_rabbit      51 qkdsyvgdeaqskrgiltlkypiehgiitnwddmekiwhhtfynelrvap 

ACT2/7_A.tha     51 qkdayvgdeaqskrgiltlkypiehgivsnwddmekiwhhtfynelrvap 

ACT8_A.thali     51 qkdayvgdeaqskrgiltlkypiehgvvsnwddmekiwhhtfynelriap 

Act1_Zea may     50 qkdayvgdeaqakrgiltlkypiehgivnnwddmen-whhtfynelrvsp 

 

ACT1_rabbit     101 eehptllteaplnpkanrekmtqimfetfnvpamyvaiqavlslyasgrt 

ACT2/7_A.tha    101 eehpvllteaplnpkanrekmtqimfetfnvpamyvaiqavlslyasgrt 

ACT8_A.thali    101 eehpvllteaplnpkanrekmtqimfetfnspamyvaiqavlslyasgrt 

Act1_Zea may     99 edhpvllteaplnpkanrekmtqimfetfecpamyvaieavlslyasgrt 

 

ACT1_rabbit     151 tgivldsgdgvthnvpiyegyalphaimrldlagrdltdylmkiltergy 

ACT2/7_A.tha    151 tgivldsgdgvshtvpiyegyalphailrldlagrdltdslmkiltergy 

ACT8_A.thali    151 tgivldsgdgvshtvpiyegfslphailrldlagrdltdylmkiltergy 

Act1_Zea may    149 tgivmdsgdgvshtvpiyegytlphailrldlagrdltdhlmkiltergy 

 

ACT1_rabbit     201 sfvttaereivrdikeklcyvaldfenemataassssleksyelpdgqvi 

ACT2/7_A.tha    201 mftttaereivrdikeklayvaldyeqeletakssssveknyelpdgqvi 

ACT8_A.thali    201 mftttaereivrdikeklsfvavdyeqemetsktsssieknyelpdgqvi 

Act1_Zea may    199 slttsaereivrdikeklayvaldyeqeletakssssveksyempdgqvi 
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ACT1_rabbit     251 tignerfrcpetlfqpsfigmesagihettynsimkcdidirkdlyannv 

ACT2/7_A.tha    251 tigaerfrcpevlfqpsligmeapgihettynsimkcdvdirkdlygniv 

ACT8_A.thali    251 tigaerfrcpevlfqpsfvgmeaagihettynsimkcdvdirkdlygniv 

Act1_Zea may    249 tigserfrcpevlfqpslvgmespsvheatynsimkcdvdirkdlygnvv 

 

ACT1_rabbit     301 msggttmypgiadrmqkeitalapstmkikiiapperkysvwiggsilas 

ACT2/7_A.tha    301 lsggstmfpgiadrmskeitalapssmkikvvapperkysvwiggsilas 

ACT8_A.thali    301 lsggttmfsgiadrmskeitalapssmkikvvapperkysvwiggsilas 

Act1_Zea may    299 lsggftmfpgiadrmskeitslvpssmkvkvvapprrkysvwiggsilas 

 

ACT1_rabbit     351 lstfqq-mwitkqeydeagpsivhrkcf 

ACT2/7_A.tha    351 lstfqq-mwiskseydesgpsivhrkcf 

ACT8_A.thali    351 lstfqq-mwiskaeydeagpgivhrkcf 

Act1_Zea may    349 lstfqqqmwiskgeydetgpgivhmkcf 

 
Fig. 7-6 Comparison between animal and plant amino acid sequence of actin. Rabbit 
actin sequence was applied as reference (ACT1_rabbit). Plant actin was compared to the 
animal one – actin isoform form A. thaliana (ACT2/7_A.thaliana and ACT8_A.thaliana) and 
from maize (Act1_Zea mays). Description as in Fig. 7-3. 

7.4 Detailed vector maps 

7.4.1 pGEM-T 

 

Fig. 7-7 Vector map and details of the pGEM
®
-T. The demonstrated vector (3000 bp) en-

ables cloning of any PCR-products with A-residues at the 3’-ends. It consists of the SP6 pro-
moter (124-143), T7 promoter (2984-3), β-lactamase gene for ampicilline resistance (1322-
2182), a multiple cloning site (10-113), lacZ start codon (165), lac operator (185-201) and lac 
operon sequences (2821-2981, 151-380). Insertional inactivation of the lacZ gene is the 
mechanism to obtain a positive selection using the plasmid pGEM

®
-T. Taken from Promega 

GmbH, Mannheim, Germany. 
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7.4.2 pJET1 

 

 
Fig. 7-8 Vector map and details 
of the pJET1. The demonstrated 
vector (3128 bp) enables cloning of 
any blunt PCR-product. It consists 
of the modified PlacUV5 (895-1018), 
β-lactamase gene for ampicilline 
resistance (2068-2928), and a mul-
tiple cloning site (545-470) within 
the eco47IR gene (187-879), en-
coding a restriction enzyme. Inser-
tional inactivation of the eco47IR 
gene is the mechanism to obtain a 
positive selection using the plasmid 
pJET1. Other features are included 
in the image. From MBI Fermentas, 
St. Leon-Rot, Germany. 

7.4.3 pBluescript 

 

Fig. 7-9 Vector map and details of the pBluescript. The demonstrated vector (2958 bp) en-
ables cloning of any blunt PCR-product when digested with EcoRV. It consists of the T7 pro-
moter (626-644), the LacA gene encoding the β-galactoside transacetylase (622-462), and β-
lactamase gene for ampicilline resistance (2833-1973). Other features are included in the im-
age. From https://www.lablife.org/ct?a=viewvecseq&soid=6610&view=Draw&f=v. 

https://www.lablife.org/ct?a=viewvecseq&soid=6610&view=Draw&f=v
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7.4.4 pET-16b 

 

Fig. 7-10 Vector map and details of the pET-16b. The demonstrated vector (5711 bp) allows 
for a heterologous expression of recombinant proteins fused N-terminally to 10 His-residues, 
under T7 promoter control. It consists of the T7 promoter (466-482), the deca-His tag (360-
389), multiple cloning site (MCS, 319-335), T7 terminator (213-259), and β-lactamase gene for 
ampicilline resistance (4646-5503). The vector map from Novagen, Heidelberg, Germany. 

7.4.5 pGFP-2 

 

 

Fig. 7-11 Vector map and details of the 
pGFP-2. The demonstrated vector pGFP-2 
(4488 bp) allows for expression of GFP-fusion 
proteins N-terminally to GFP, under CaMV 
35S promoter control. It consists of the CaMV 
35S promoter (13-866), Multi Cloning Site 
(MCS, 866-889), the GFP gene (891-1607), 
Nos terminator (1608-1879) and sequence 
encoding β-lactamase responsible for resis-
tance to ampicilline (Amp

r
, 3301-2444). 



216 | S u p p l e m e n t  

 

7.4.6 p-35S-CFP-NosT 

 

 

Fig. 7-12 Vector map and details 
of the p35S-CFP-NosT. The dem-
onstrated vector p35S-CFP-NosT 
(pCFP, 4457 bp) allows for expres-
sion of CFP-fusion proteins N-
terminally to CFP, under CaMV 35S 
promoter control. It consists of the 
CaMV 35S promoter (677-998), Multi 
Cloning Site (MCS, 1099-1117), the 
CFP gene (1130-1849), Nos termi-
nator (1851-2106) and sequence 
encoding β-lactamase responsible 
for resistance to ampicilline (Ampr, 
3516-2659). 

7.4.7 pGBKT7 

 

 

Fig. 7-13 Vector map and details of the 
pGBKT7. The demonstrated vector pGBKT7 
(7304 bp) allows for expression of proteins 
fused N-terminally to GAL4 DNA-binding do-
main (762-1202), under control of the ADH1 
promoter (30-736). It consists of the c-Myc tag 
for immunochemical detection (1248-1280), 
Multi Cloning Site (MCS, 1281-1326), a re-
porter gene TRP1 (6031-6705) and a gene 
coding for a kanamycin resistance (Kan

r
, 

4144-3222). The image taken from Clontech, 
Palo Alto, CA, USA. 
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7.4.8 pGADT7 

 

 

Fig. 7-14 Vector map and details of the 
pGADT7. The demonstrated vector pGADT7 
(7988 bp) allows for expression of proteins 
fused N-terminally to GAL4 DNA-activating 
domain (1561-1899), under control of the 
ADH1 promoter (7-1479). It consists of the 
Nuclear Localization Signal (NLS, 1501-
1557), HA-tag for immunochemical detection 
(1948-1968), Multi Cloning Site (MCS, 1969-
2030), reporter gene LEU2 (3814-2723), and 
gene coding for a ampicilline resistance 
(Amp

r
, 6432-5575). The image taken from 

Clontech, Palo Alto, CA, USA. 

7.4.9 pUC-SPYNE and pUC-SPYCE 

 

Fig. 7-15 Vector map and details 
of the pUC-SPYNE. The demon-
strated vector pUC-SPYNE 
(4832 bp) allows for expression of 
proteins fused C-terminally to the N-
terminal half of YFP (1216-1680), 
under CaMV 35S promoter control. It 
consists of the CaMV 35S promoter 
(677-998), Multi Cloning Site (1099-
1185), c-Myc tag for immunochemi-
cal detection (1186-1215), an intro-
duced YFP-stop codon (1681-1683), 
and a gene coding for an ampicilline 
resistance (Amp

r
, 3891-3034). 

 

 

Fig. 7-16 Vector map and details 
of the pUC-SPYCE. The vector 
pUC-SPYCE (4616 bp) allows for 
expression of proteins fused C-
terminally to the C-terminal half of 
YFP (1213-1467), under CaMV 35S 
promoter control. It consists of the 
CaMV 35S promoter (677-998), Multi 
Cloning Site (1099-1185), HA-tag for 
immunochemical detection (1192-
1212) for immunochemical detection 
(1186-1215), an introduced linker 
comprising Tyr and Pro (1186-1191), 
and a gene coding for a ampicilline 
resistance (Amp

r
, 3675-2818). 
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7.4.10 pACT2 

 

Fig. 7-17 Vector map and details of the pACT2. The vector pACT2 (8117 bp) allows for ex-
pression of proteins fused N-terminally to GAL4 DNA-activating domain (5081–5419), under 
control of the ADH1 promoter (5504–5901). It consists of the SV40 T-antigen nuclear localiza-
tion signal (5424–5478), HA-tag for immunochemical detection (5042–5068), Multi Cloning Site 
(MCS, 4927–5079), a reporter gene LEU2 (2474-3568), and a gene coding for an ampicilline 
resistance (Amp

r
, 7130–7918). The image taken from Clontech, Palo Alto, CA, USA. 

 

7.4.11 pUC-tdTomato:AtFim1 ABD2 

 

Fig. 7-18 The construct pUC-tdTomato:AtFim1 ABD2 used for F-actin visualization in 
plant cells. The cassette cloned in pUC vector, coding the fusion of tdTomato (RFP-version, 
Shaner et al., 2004) with the second actin-binding domain (ABD2) of fimbrin-like protein from 
A. thaliana (AtFim1) under constitutive promoter 35S from Cauliflower Mosaic Virus (Higaki et 
al., 2006). The tdTomato is a version of Red Fluorescence Protein created by cloning two cop-
ies of the modified gene encoding mutated DsRed (Shaner et al., 2004).  
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7.4.12 pYFP-2-PEROX 

 
Fig. 7-19 The construct pYFP-2-PEROX used for peroxisomes visualization in plant cells. 
The vector enables a transient expression of the YFP fused C-terminally to 50 amino acids, with 
the C-terminal peroxisomal targeting signal -SKL. Provided by T. Meyer and T. Engel (Univ. of 
Münster). 

 

7.4.13 Constructs encoding the recombinant GapC isoforms fused N-

terminally to deca-His tag 

A                                                              B 

Fig. 7-20 Vector map and details of the pET-16b-GapC1 (A) and pET-16b-GapC2 (B). The 
demonstrated constructs (6723 bp) allow for expression of both isoforms of GapC fused N-
terminally to 10 His-residues, under T7 promoter control. It consists of the T7 promoter (5230-
5246), the deca His-tag (5323-5352) fused to GapC (5383-6400) subcloned using NdeI and 
BamHI restriction sites, T7 terminator (6465-6511), and β-lactamase gene for ampicilline resis-
tance (209-1066). 
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7.4.14 Constructs encoding fructose 1, 6-bisphosphate aldolase (Ald2) fused 

C-terminally with GFP 

 

 
 
Fig. 7-21 Vector map and details of the pGFP-
Ald2. The demonstrated construct (5558 bp) allows 
for expression of Ald2 fused C-terminally to GFP, 
under CaMV 35S promoter control. It consists of 
the CaMV 35S promoter (13-866), the fusion pro-
tein GapC1:GFP (872-2677) subcloned using XbaI 
and XhoI restriction sites, and Nos terminator 
(2678-2949). This clone was provided by a master 
student, Karina van der Linde (Univ. of Osnabrück). 

7.5 Documentation on constructed vectors and restriction analysis or col-

ony PCR results regarding their application in the experiments 

7.5.1 GFP-fusion of GapC1 cloned in pGFP-2 

 
 

Fig. 7-22 Control restriction digestion of the vector 
pGFP-2 with a cDNA-insertion encoding GapC1 fused 
C-terminally with GFP (pGFP-2-GapC1). The samples 
were separated electrophoretically on 1% agarose gel. M 
stands for Lambda DNA/PstI Marker 24 (MBI Fermentas). 1: 
the positive pGFP-2-GapC1 digested with XbaI and XhoI 
endonucleases according to the manufacturer (MBI Fer-
mentas). The band depicted with an arrow includes cDNA 
for GapC1 (1024 bp). The vector pGFP-2 is 4488 bp in size. 
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Fig. 7-23 Vector map and details of the 
pGFP-GapC1. The demonstrated construct 
(5483 bp) allows for expression of GapC1 
fused C-terminally to GFP, under CaMV 35S 
promoter control. It consists of the CaMV 35S 
promoter (4630-5483), the fusion protein 
GapC1:GFP (6-1736) subcloned using XbaI 
and XhoI restriction sites, and Nos terminator 
(1737-2008). Cloning of GapC2 fused to GFP 
was identical. 

 

7.5.2 CFP-fusion of both GapC isoforms cloned in p-35S-CFP-NosT 

 

Fig. 7-24 Control restriction digestion 
of the vectors p-35S-CFP-NosT with a 
cDNA-insertion encoding GapC1 (A) or 
GapC2 (B) fused C-terminally with CFP 
(pCFP-GapC1 or pCFP-GapC2, respec-
tively). The samples were separated 
electrophoretically on a 1% agarose gel. 
M stands for Lambda DNA/PstI Marker 24 
(MBI Fermentas). A. 1, 2: the positive 
pCFP-GapC1 digested with XbaI and 
AgeI; B. 1: an empty p-35S-CFP-NosT; 2: 
the positive pCFP-GapC2 digested with 
XbaI and AgeI. The bands depicted with 
an arrow include cDNA for GapC1 (A) or 
GapC2 (B) 1022 bp in size. The vector p-
35S-CFP-NosT is 4457 bp in size. 

 

A                                                            B 

Fig. 7-25 Vector map and details of the pCFP-GapC1 (A) and pCFP-GapC2 (B). The dem-
onstrated constructs (5461 bp) allow for expression of both isoforms of GapC fused C-
terminally to CFP, under CaMV 35S promoter control. It consists of the CaMV 35S promoter 
(677-998), the fusion protein GapC:CFP (1105-2853) subcloned using XbaI and AgeI restric-
tion sites, and Nos terminator (2855-3110). 
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7.5.3 GAL4 DNA-BD fusion of both GapC isoforms in pGBKT7 

 

 

Fig. 7-26 Control restriction digestion of the 
vector pGBKT7 with a cDNA-insertion encoding 
GapC1 (A) or GapC2 (B) fused N-terminally with 
GAL4 DNA-binding domain (pGBKT7-GapC1 or 
pGBKT7-GapC2, respectively). The samples were 
separated electrophoretically on a 1% agarose gel. 
M stands for Lambda DNA/PstI Marker 24 (MBI 
Fermentas). 1 - 6: pGBKT7-GapC1 (A) or pGBKT7-
GapC2 (B) digested with NdeI and BamHI. The 
arrows depict a positive insertion of the cDNA for 
GapC1 (A) or GapC2 (B) 1019 bp in size. The vec-
tor pGBKT7 is 7304 bp in size. 

 

A                                                             B 

Fig. 7-27 Vector map and details of the pGBKT7-GapC1 (A) and pGBKT7-GapC2 (B). The 
demonstrated constructs (8296 bp) allow for expression of both isoforms of GapC fused N-
terminally to GAL4 DNA-binding domain (762-1202), under control of the ADH1 promoter (30-
736). It consists of the c-Myc tag for immunochemical detection (1248-1280), the fusion protein 
GapC-BD (762-2300) subcloned using NdeI and BamHI restriction sites, and reporter gene 
TRP1 (7023-7697). 
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7.5.4 GAL4 DNA-AD fusion of both GapC isoforms in pGADT7 

 

 
 
Fig. 7-28 Control restriction digestion of 
the vector pGADT7 with a cDNA-insertion 
encoding GapC1 (A) or GapC2 (B) fused 
N-terminally with GAL4 DNA-activating 
domain (pGADT7-GapC1 or pGADT7-
GapC2, respectively). The samples were 
separated electrophoretically on a 1% aga-
rose gel. M stands for Lambda DNA/PstI 
Marker 24 (MBI Fermentas). 1: the positive 
pGADT7-GapC1 (A) or pGADT7-GapC2 (B) 
digested with NdeI and BamHI. The bands 
depicted with arrows include cDNA for 
GapC1 (A) or GapC2 (B) 1019 bp in size. 
The vector pGADT7 is 7988 bp in size. 

 

A                                                             B  

Fig. 7-29 Vector map and details of the pGADT7-GapC1 (A) and pGADT7-GapC2 (B). The 
demonstrated constructs (8959 bp) allow for expression of both isoforms of GapC fused N-
terminally to GAL4 DNA-activating domain (1561-1899), under control of the ADH1 promoter 
(7-1479). It consists of the Nuclear Localization Signal (NLS, 1501-1557), HA-tag for immuno-
chemical detection (1948-1968), the fusion protein GapC-AD (1492-2988) subcloned using 
NdeI and BamHI restriction sites, and reporter gene LEU2 (4785-3694). 
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7.5.5 GAL4 DNA-BD and –AD fusion of VDAC3 in pGBKT7 and in pGADT7, 

respectively 

 

Fig. 7-30 Control restriction digestion of the vectors pGBKT7 (A) and pGADT7 (B) with a 
cDNA-insertion encoding VDAC3 fused N-terminally with GAL4 DNA-binding (pGBKT7-
VDAC3) or -activating domain (pGADT7-VDAC3), respectively. The samples were sepa-
rated electrophoretically on a 1% agarose gel. M stands for Lambda DNA/PstI Marker 24 (MBI 
Fermentas). A. 1, 2: pGBKT7-VDAC3 digested with NdeI and BamHI; 3: not digested pGBKT7-
VDAC3; B. 1: not digested pGADT7-VDAC3; 2: an empty pGADT7; 3: pGADT7-VDAC3 di-
gested with NdeI and BamHI. The bands depicted with arrows refer to VDAC3, 829 bp in size. 
The vector pGADT7 is 7988 bp, whereas pGBKT7 is 7304 bp in size. 

 

A                                                             B  

Fig. 7-31 Vector map and details of the pGADT7-VDAC3 (A) and pGBKT7-VDAC3 (B). A. 
The demonstrated construct pGADT7-VDAC3 (8769 bp) allows for expression of VDAC3 fused 
N-terminally to GAL4 DNA-activating domain (1561-1899), under control of the ADH1 promoter 
(7-1479). It consists of the Nuclear Localization Signal (NLS, 1501-1557), HA-tag for immuno-
chemical detection (1948-1968), the fusion protein VDAC3-AD (1492-2826) subcloned using 
NdeI and BamHI restriction sites, and reporter gene LEU2 (4595-3504). B. The pGBKT7-
VDAC3 (8106 bp) allows for expression of VDAC3 fused N-terminally to GAL4 DNA-binding 
domain (762-1202), under control of the ADH1 promoter (30-736). It consists of the c-Myc tag 
for immunochemical detection (1248-1280), the fusion protein VDAC3-BD (762-2165) sub-
cloned using NdeI and BamHI restriction sites, and reporter gene TRP1 (6833-7507). 
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7.5.6 GAL4 DNA-BD and –AD fusion of Ald2 in pGBKT7 and in pGADT7, re-

spectively 

 
Fig. 7-32 A screen of positive cDNA-insertion 
in pGBKT7 encoding Ald2 fused N-terminally 
with GAL4 DNA-binding domain (pGBKT7-
Ald2). The samples were separated electropho-
retically on a 1% agarose gel. Size of the ex-
pected PCR product is given in the brackets and 
is indicated in the image with an arrow. M stands 
for Lambda DNA/PstI Marker 24 (MBI Fermen-
tas). A combination of the primers T7 Promoter 
and 3’BD_seq_as was used in the colony PCR. 1: 
pGBKT7-Ald2 (Ald2 – 1329 bp). 

 

 

 

Fig. 7-33 Vector map and details of the 
pGBKT7-Ald2. The demonstrated construct 
(8356 bp) allows for expression of Ald2 fused N-
terminally to GAL4 DNA-binding domain (762-
1202), under control of the ADH1 promoter (30-
736). It consists of the c-Myc tag for immuno-
chemical detection (1248-1280), the fusion pro-
tein Ald2-BD (762-2360) subcloned using NdeI 
and BamHI restriction sites, and reporter gene 
TRP1 (7083-7757). 

 

 

Fig. 7-34 Control restriction digestion of the 
vector pGADT7 with a cDNA-insertion encod-
ing actin isoform, Ald2, fused N-terminally 
with GAL4 DNA-activating domain (pGADT7-
Ald2). The samples were separated electropho-
retically on a 1% agarose gel. M stands for 
Lambda DNA/PstI Marker 24 (MBI Fermentas). 1: 
a circular positive pGADT7-Ald2, 2: the positive 
pGADT7-Ald2 digested with NdeI and BamHI 
endonucleases according to the manufacturer 
(MBI Fermentas). The band depicted with an 
arrow includes cDNA for Ald2 (1079 bp). The 
vector pGADT7 is 7988 bp in size. 
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Fig. 7-35 Vector map and details of the 
pGADT7-Ald2. The demonstrated construct 
(9019 bp) allows for expression of Ald2 fused N-
terminally to GAL4 DNA-activating domain (1561-
1899), under control of the ADH1 promoter (7-
1479). It consists of the Nuclear Localization Sig-
nal (NLS, 1501-1557), HA-tag for immunochemi-
cal detection (1948-1968), the fusion protein 
Ald2-AD (1492-3048) subcloned using NdeI and 
BamHI restriction sites, and reporter gene LEU2 
(4845-3754). 

7.5.7 GAL4 DNA-BD and –AD fusion of ACT2/7 in pGBKT7 and in pGADT7, 

respectively 

 

Fig. 7-36 A screen of positive cDNA-insertion 
in pGBKT7 encoding actin isoform, ACT2/7, 
fused N-terminally with GAL4 DNA-binding 
domain (pGBKT7-ACT2/7). The samples were 
separated electrophoretically on a 1% agarose 
gel. Size of the expected PCR product is given in 
the brackets and is indicated in the image with an 
arrow. M stands for Lambda DNA/PstI Marker 24 
(MBI Fermentas). B stands for a control PCR 
reaction without DNA. A combination of the prim-
ers T7 Promoter and 3’BD_seq_as was used in 
the colony PCR. 1-5: tested bacterial colonies for 
a positive ACT2/7 cDNA-insertion. Despite the 2. 
sample (ACT2/7 – 1374 bp), all do not show a 
positive insertion which is depicted by a product 
282 bp in size. 

 

 

Fig. 7-37 Vector map and details of the 
pGBKT7-ACT2/7. The demonstrated construct 
(8413 bp) allows for expression of ACT2/7 fused 
N-terminally to GAL4 DNA-binding domain (762-
1202), under control of the ADH1 promoter (30-
736). It consists of the c-Myc tag for immuno-
chemical detection (1248-1280), the fusion pro-
tein ACT2/7-BD (762-2417) subcloned using NdeI 
and BamHI restriction sites, and reporter gene 
TRP1 (7140-7814). 
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Fig. 7-38 Control restriction digestion of the 
vector pGADT7 with a cDNA-insertion encoding 
actin isoform, ACT2/7, fused N-terminally with 
GAL4 DNA-activating domain (pGADT7-
ACT2/7). The samples were separated electropho-
retically on a 1% agarose gel. M stands for Lambda 
DNA/PstI Marker 24 (MBI Fermentas). 1: the posi-
tive pGADT7-ACT2/7 digested with NdeI and XhoI 
endonucleases according to the manufacturer (MBI 
Fermentas). The band depicted with an arrow in-
cludes cDNA for ACT2/7 (1142 bp). The vector 
pGADT7 is 7988 bp in size. 

 

 

Fig. 7-39 Vector map and details of the 
pGADT7-ACT2/7. The demonstrated construct 
(9070 bp) allows for expression of ACT2/7 fused N-
terminally to GAL4 DNA-activating domain (1561-
1899), under control of the ADH1 promoter (7-
1479). It consists of the Nuclear Localization Signal 
(NLS, 1501-1557), HA-tag for immunochemical 
detection (1948-1968), and the fusion protein 
ACT2/7-AD (1492-3105) subcloned using NdeI and 
XhoI restriction sites, and the reporter gene LEU2 
(4896-3805). 

7.5.8 GAL4 DNA-AD fusion of ACT8 in pGADT7 

 
Fig. 7-40 Control restriction digestion of the 
vector pGADT7 with a cDNA-insertion encoding 
actin isoform, ACT8, fused N-terminally with 
GAL4 DNA-activating domain (pGADT7-ACT8). 
The samples were separated electrophoretically on 
a 1% agarose gel. M stands for Lambda DNA/PstI 
Marker 24 (MBI Fermentas). 1: the positive 
pGADT7-ACT8 digested with NdeI and XhoI en-
donucleases according to the manufacturer (MBI 
Fermentas). The band depicted with an arrow in-
cludes cDNA for ACT2/7 (1137 bp). The vector 
pGADT7 is 7988 bp in size.  
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Fig. 7-41 Vector map and details of the 
pGADT7-ACT8. The demonstrated construct 
(9065 bp) allows for expression of ACT8 fused 
N-terminally to GAL4 DNA-activating domain 
(1561-1899), under control of the ADH1 pro-
moter (7-1479). It consists of the Nuclear Local-
ization Signal (NLS, 1501-1557), HA-tag for 
immunochemical detection (1948-1968), the 
fusion protein ACT8-AD (1492-3105) subcloned 
using NdeI and XhoI restriction sites, and re-
porter gene LEU2 (4891-3800). 

7.5.9 Split YFP constructs encoding GapC isoforms 

 

Fig. 7-42 A screen of positive cDNA-insertion in split YFP 
vectors pUC-SPYNE or pUC-SPYCE, encoding GapC iso-
forms (GapC1, GapC2) fused C-terminally with split YFP-
domains. The samples were separated electrophoretically on 
a 1% agarose gel. Sizes of the expected PCR products are 
given in the brackets and are indicated in the appropriate 
image with an arrow. M stands for Lambda DNA/PstI Marker 
24 (MBI Fermentas). A combination of the primers GAPDH-
YFPs and SPYNEas was used in the appropriate colony PCR 
with pUC-SPYNE as a template, whereas the primers 
GAPDH-YFPs and SPYCEas were used with pUC-SPYCE as 
a template. A. 1: no insertion in pUC-SPYNE, 2: pUC-
SPYNE-GapC1 (GapC1:YFP

N
 – 1132 bp); B. pUC-SPYCE-

GapC1 (GapC1:YFP
C
 – 1157 bp); C. pUC-SPYNE-GapC2 

(GapC2:YFP
N
 – 1132 bp); D. pUC-SPYCE-GapC2 

(GapC2:YFP
C 

– 1157 bp). 

A                                                             B 

Fig. 7-43 Vector map and details of the pUC-SPYNE encoding GapC1 (A) or GapC2 (B). 
The demonstrated constructs pUC-SPYNE encoding GapC1 or GapC2 (5828 bp) allow for 
expression of GapC isoforms fused C-terminally to the N-terminal half of YFP (2212-2676), 
under CaMV 35S promoter control. It consists of the CaMV 35S promoter (677-998), the fusion 
protein GapC:YFP

N
 (1147-2679) subcloned using BamHI and XhoI restriction sites and c-Myc 

tag for immunochemical detection (2182-2211). 



S u p p l e m e n t  | 229 

 

A                                                             B  

Fig. 7-44 Vector map and details of the pUC-SPYCE encoding GapC1 (A) or GapC2 (B). 
The demonstrated constructs pUC-SPYCE encoding GapC1 or GapC2 (5612 bp) allow for 
expression of GapC isoforms fused C-terminally to the C-terminal half of YFP (2209-2463), 
under CaMV 35S promoter control. It consists of the CaMV 35S promoter (677-998), the fusion 
protein GapC:YFP

C
 (1147-2463) subcloned using BamHI and XhoI restriction sites, a linker 

(Tyr-Pro, 2182-2187) and HA-tag for immunochemical detection (2188-2208). 

7.5.10 Constructs encoding actin isoforms fused C-terminally with split YFP-

domains. 

 

 

Fig. 7-45 A screen of positive cDNA-insertion in split 
YFP vectors pUC-SPYNE or pUC-SPYCE, encoding 
actin isoforms (ACT2/7, ACT8) fused C-terminally 
with split YFP-domains. The samples were separated 
electrophoretically on a 1% agarose gel. Sizes of the 
expected PCR products are given in the brackets below 
and are indicated in the appropriate image with an arrow. 
M stands for Lambda DNA/PstI Marker 24 (MBI Fermen-
tas). Primers used in the appropriate colony PCR are 
named below. A. 1, 2, 3: pUC-SPYNE-ACT2/7, ACT2/7-
YFPs and SPYNEas primers (ACT2/7:YFP

N
 – 1252 bp); 

B. 1, 2, 3: pUC-SPYCE-ACT2/7, ACT2/7-YFPs and 
SPYCEas primers (ACT2/7:YFP

C
 – 1278 bp); C 1, 2: 

pUC-SPYNE-ACT8, ACT8-YFPs and SPYNEas primers 
(ACT8:YFP

N
 – 1258 bp), 3: no insertion in pUC-SPYNE; 

D. 1, 2: no insertion in pUC-SPYCE, 3: pUC-SPYCE-
ACT8, ACT8-YFPs and SPYCEas primers 
(ACT8:YFP

C
 – 1284 bp).  
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A                                                             B   

Fig. 7-46 Vector map and details of the pUC-SPYNE encoding ACT2/7 (A) or pUC-SPYCE 
encoding ACT2/7 (B). A. The demonstrated construct pUC-SPYNE encoding ACT2/7 
(5909 bp) allows for expression of ACT2/7 isoform fused C-terminally to the N-terminal half of 
YFP (2293-2757), under CaMV 35S promoter control. It consists of the CaMV 35S promoter 
(677-998), the fusion protein ACT2/7:YFP

N
 (1111-2760) subcloned using XbaI and XhoI restric-

tion sites and c-Myc tag for immunochemical detection (2263-2292). B. The construct pUC-
SPYCE encoding ACT2/7 (5693 bp) allows for expression of ACT2/7 isoform fused C-
terminally to the C-terminal half of YFP (2290-2544), under CaMV 35S promoter control. It 
consists of the CaMV 35S promoter (677-998), the fusion protein ACT2/7:YFP

C
 (1111-2544) 

subcloned using BamHI and XhoI restriction sites, a linker (Tyr-Pro, 2263-2268) and HA-tag for 
immunochemical detection (2269-2289). 

A                                                             B  

Fig. 7-47 Vector map and details of the pUC-SPYNE encoding ACT8 (A) or pUC-SPYCE 
encoding ACT8 (B). A. The demonstrated construct pUC-SPYNE encoding ACT8 (5912 bp) 
allows for expression of ACT8 isoform fused C-terminally to the N-terminal half of YFP (2296-
2760), under CaMV 35S promoter control. It consists of the CaMV 35S promoter (677-998), the 
fusion protein ACT8:YFP

N
 (1114-2763) subcloned using XbaI and XhoI restriction sites and c-

Myc tag for immunochemical detection (2266-2295). B. The construct pUC-SPYCE encoding 
ACT8 (5696 bp) allows for expression of ACT8 isoform fused C-terminally to the C-terminal half 
of YFP (2293-2547), under CaMV 35S promoter control. It consists of the CaMV 35S promoter 
(677-998), the fusion protein ACT8:YFP

C
 (1114-2547) subcloned using XbaI and XhoI restric-

tion sites, a linker (Tyr-Pro, 2266-2271) and HA-tag for immunochemical detection (2272-
2292). 
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7.5.11 Constructs encoding voltage-dependent anion channel (VDAC3) fused 

C-terminally with split YFP-domains 

 

 
Fig. 7-48 A screen of positive cDNA-insertion in split YFP 
vectors pUC-SPYNE or pUC-SPYCE, encoding the voltage-
dependent anion channel (VDAC3) from A. thaliana fused 
C-terminally with split YFP-domains. The samples were 
separated electrophoretically on a 1% agarose gel. Sizes of the 
expected PCR products are given in the brackets and are indi-
cated in the appropriate image with an arrow. M stands for 
Lambda DNA/PstI Marker 24 (MBI Fermentas). A combination 
of the primers pUC-SPYs and SPYNEas was used in the ap-
propriate colony PCR with pUC-SPYNE as a template, 
whereas the primers pUC-SPYs and SPYCEas were used with 
pUC-SPYCE as a template. A. 1, 3: no insertion in pUC-
SPYNE (336 bp), 2: pUC-SPYNE-VDAC3 (VDAC3:YFP

N
 – 

1151 bp); B. 1, 2: pUC-SPYCE-VDAC3 (VDAC3:YFP
C 

– 
1161 bp), 3: no insertion in pUC-SPYCE (346 bp).  

A                                                             B  

 
Fig. 7-49 Vector map and details of the pUC-SPYNE encoding VDAC3 (A) or pUC-SPYCE 
encoding VDAC3 (B). The demonstrated construct pUC-SPYNE encoding VDAC3 (5666 bp) 
allows for expression of VDAC3 fused C-terminally to the N-terminal half of YFP (2050-2514), 
under CaMV 35S promoter control. It consists of the CaMV 35S promoter (677-998), the fusion 
protein VDAC3:YFP

N
 (1174-2517) subcloned using XhoI and KpnI restriction sites and c-Myc 

tag for immunochemical detection (2020-2049). The construct pUC-SPYCE encoding VDAC3 
(5450 bp) allows for expression of VDAC3 fused C-terminally to the C-terminal half of YFP 
(2047-2301), under CaMV 35S promoter control. It consists of the CaMV 35S promoter (677-
998), the fusion protein VDAC3:YFP

C
 (1174-2301) subcloned using XhoI and KpnI restriction 

sites, a linker (Tyr-Pro, 2020-2025) and HA-tag for immunochemical detection (2026-2046). 
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7.5.12 Constructs encoding fructose 1, 6-bisphosphate aldolase (Ald2) fused 

C-terminally with split YFP-domains  

 

 
 
Fig. 7-50 A control restriction digestion of a split YFP 
vector, pUC-SPYCE, encoding fructose 1, 6-
bisphosphate aldolase (Ald2) from A. thaliana fused C-
terminally with split YFP-domain. The samples were 
separated electrophoretically on a 1% agarose gel. M 
stands for Lambda DNA/PstI Marker 24 (MBI Fermentas). 1: 
the circular positive pUC-SPYCE-Ald2, 2: pUC-SPYCE-Ald2 
digested with XbaI and XhoI endonucleases according to 
the manufacturer (MBI Fermentas). The band depicted with 
an arrow includes cDNA for Ald2 (1080 bp). The vector 
pUC-SPYCE is 4616 bp in size. 

A                                                             B  

Fig. 7-51 Vector map and details of the pUC-SPYNE encoding Ald2 (a) or pUC-SPYCE 
encoding Ald2 (b). The demonstrated construct pUC-SPYNE encoding Ald2 (5849 bp) allows 
for expression of Ald2 fused C-terminally to the N-terminal half of YFP (1105-2700), under 
CaMV 35S promoter control. It consists of the CaMV 35S promoter (677-998), the fusion pro-
tein VDAC3:YFP

N
 (1174-2517) subcloned using XbaI and XhoI restriction sites and c-Myc tag 

for immunochemical detection (2203-2232). The construct pUC-SPYCE encoding Ald2 
(5633 bp) allows for expression of Ald2 fused C-terminally to the C-terminal half of YFP (2230-
2484), under CaMV 35S promoter control. It consists of the CaMV 35S promoter (677-998), the 
fusion protein Ald2:YFP

C
 (1105-2484) subcloned using XbaI and XhoI restriction sites, a linker 

(Tyr-Pro, 2203-2208) and HA-tag for immunochemical detection (2209-2229). The pUC-
SPYNE-Ald2 was provided by a diploma student, Nora Gutsche (Univ. of Osnabrück). 
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7.5.13 Constructs encoding actin isoform ACT2/7 fused C-terminally with 

GFP 

 
Fig. 7-52 A control restriction digestion of pGFP-2, 
encoding ACT2/7 from A. thaliana, fused C-
terminally with GFP. The samples were separated 
electrophoretically on a 1% agarose gel. M stands for 
Lambda DNA/PstI Marker 24 (MBI Fermentas). 1: the 
circular positive pGFP-ACT2/7, 2: pGFP-ACT2/7 di-
gested with XbaI and XhoI endonucleases according 
to the manufacturer (MBI Fermentas). The band de-
picted with an arrow includes cDNA for ACT2/7 
(1135 bp). The vector pGFP-2 is 4488 bp in size. 

 

 

Fig. 7-53 Vector map and details of the pGFP-
ACT2/7. The demonstrated construct (5613 bp) allows 
for expression of ACT2/7 fused C-terminally to GFP, 
under CaMV 35S promoter control. It consists of the 
CaMV 35S promoter (13-866), the fusion protein 
ACT2/7:GFP (873-2732) subcloned using XbaI and 
XhoI restriction sites, and Nos terminator (2733-3004). 

 

7.5.14 Construct encoding His-tagged actin isoform ACT2/7 fused C-

terminally with GFP 

 

Fig. 7-54 A control restriction digestion of pET-16b, 
encoding ACT2/7 from A. thaliana fused N-
terminally with deca-His tag and C-terminally with 
GFP. The samples were separated electrophoretically 
on a 1% agarose gel. M stands for GeneRuler™ 
100 bp DNA Ladder Plus (MBI Fermentas). 1: the cir-
cular positive pET-16b-ACT2/7:GFP, 2.: pET-16b-
ACT2/7:GFP digested with BamHI and Bpu1102I (BlpI) 
endonucleases according to the manufacturer (MBI 
Fermentas). The band depicted with an arrow includes 
cDNA for ACT2/7:GFP (1873 bp). The vector pET-16b 
is 5711 bp in size. 
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Fig. 7-55 Vector map and details of the 
pET-16b-ACT2/7:GFP. The demonstrated 
construct (7531 bp) allows for heterologous 
expression of ACT2/7 fused N-terminally to 
deca-His tag and C-terminally to GFP, under 
T7 promoter control. It consists of the T7 pro-
moter (2286-2302), the fusion protein His-
tag:ACT2/7:GFP (2215-275), whereas 
ACT2/7:GFP was subcloned into pET-16b 
using BamHI and Bpu1102I (BlpI) restriction 
sites, and T7 terminator (213-259). 

7.5.15 Control colony PCR or restriction digestion of the plasmids isolated 

from the yeast two-hybrid transformants tested for protein-protein in-

teractions between GapC isoforms and VDAC3 

 
Fig. 7-56 Control restriction digestion or control colony PCR as a test for presence of the 
constructs combination used for investigation of the protein-protein interactions between 
plant GapC isoforms and VDAC3 in the yeast two-hybrid assay (part I). All samples were 
separated electrophoretically on a 1% agarose gel. The underlined numbers in the upper line of 
every image refer to the appropriate plasmid combination used in the yeast transformation de-
scribed in Chap. 3.2.2.1. Sizes of the expected PCR products are given in the brackets, unless it is 
a product of a restriction digestion, which can be recognized by given restriction enzymes names. 
A. 1. yeast transformant – 1: pGADT7-VDAC3 (NdeI and BamHI, VDAC3 – 830 bp), 2: pGBKT7-
GapC1 (NdeI and BamHI, GapC1 – 1020 bp); B. 4. yeast transformant – 1: pGADT7-VDAC3 (col-
ony PCR with primers: VDAC_Nfor and AD-Insert-as, VDAC3 – 880 bp), 2: pGBKT7-GapC2 (col-
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ony PCR with primers: T7 Promoter Primer and 3’BD_seq_as, GapC2 – 1200 bp); C. 2. yeast 
transformant – 1: pGADT7 (HindIII,7.1 kb and 0.8 kb), 2: pGBKT7-GapC1 (NdeI and BamHI, 
GapC1 – 1017 bp); D. 5. yeast transformant – 1: pGADT7 (colony PCR with primers: T7 Promoter 
and AD-Insert-as, 198 bp), 2: pGBKT7-GapC2 (colony PCR with primers: T7 Promoter Primer and 
3’BD_seq_as, GapC2 – 1200 bp); E. 19. yeast transformant – 1: pACT2-VDAC3 (colony PCR with 
primers: AD Insert s and AD-Insert-as, VDAC3 – 1530 bp), 2: pGBKT7 (colony PCR with primers: 
T7 Promoter  and 3’BD_seq_as, 282 bp); F. 3. yeast transformant – 1: pGADT7-VDAC3 (NdeI and 
BamHI, VDAC3 – 830 bp), 2: pGBKT7 (HindIII, 4.9 kb, 1.5 kb and 0.9 kb); G. 8. yeast transfor-
mant: 1: pGADT7-VDAC3 (NdeI and BamHI, VDAC3 – 830 bp), 2: pGBKT7-LamC (BamHI and 
EcoRI, 7.3 kb and 0.57 kb). The vector pGADT7 is 7988 bp, whereas pGBKT7 is 7304 bp in size. 
M stands for Lambda DNA/PstI Marker 24 (MBI Fermentas). 

 

 

Fig. 7-57 Control restriction digestion or control colony PCR as a test for presence of the 
constructs combination used for investigation of the protein-protein interactions be-
tween plant GapC isoforms and VDAC3 in the yeast two-hybrid assay (part II). All samples 
were separated electrophoretically on a 1% agarose gel. The underlined numbers in the upper 
line of every image refer to the appropriate plasmid combination used in the yeast transforma-
tion described in Chap. 3.2.2.1. Sizes of the expected PCR products are given in the brackets, 
unless it is a product of a restriction digestion, which can be recognized by given restriction 
enzymes names. A. 16. yeast transformant – 1: pGBKT7 (colony PCR with primers: T7 Pro-
moter and 3’ DNA BD, 282 bp), 2: pACT2-VDAC3 (colony PCR with primers: AD Insert s and 
AD-Insert-as, VDAC3 – 830 bp); B. 17. yeast transformant – 1: pGADT7-GapC1 (colony PCR 
with primers: T7 Promoter and AD-Insert-as, GapC1 – 1200 bp), 2: pGBKT7-VDAC3 (colony 
PCR with primers: VDAC_Nfor and VDAC_Brev, VDAC3 – 830 bp); C. 18. yeast transformant – 
1: pGADT7-GapC2 (colony PCR with primers: T7 Promoter and AD-Insert-as, GapC2 – 
1200 bp), 2: pGBKT7-VDAC3 (colony PCR with primers: VDAC_Nfor and VDAC_Brev, 
VDAC3 – 830 bp). The vector pGADT7 is 7988 bp, whereas pGBKT7 is 7304 bp in size. M 
stands for Lambda DNA/PstI Marker 24 (MBI Fermentas). 
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7.5.16 Control colony PCR with the plasmids isolated from the yeast two-

hybrid transformants tested for protein-protein interactions between 

GapC subunits 

 

Fig. 7-58 Colony PCR as a test for presence of the constructs combination used for in-
vestigation of the protein-protein interactions between plant GapC isoforms in the yeast 
two-hybrid assay. The PCR samples were separated electrophoretically on a 1% agarose gel. 
The underlined numbers in the upper line of every image refer to the appropriate plasmid com-
bination used in the yeast transformation described in Chap. 3.2.2.1. All colony PCRs with 
pGADT7 vector as a template were performed with primers: T7 Promoter and AD-Insert-as 
primer, whereas in the reaction with pGBKT7 carrying a cDNA-insertion as a template the 
combination of T7 Promoter and 198 primers was used. For an empty pGBKT7 as a template 
the combination of following primers was used: T7 Promoter and 3’BD_seq_as primer. Sizes of 
the expected PCR products are given in the brackets. A. 24. yeast transformant – 1: pGADT7-
GapC1 (GapC1 – 1200 bp), 2: pGBKT7 (282 bp); B. 25. yeast transformant – 1: pGBKT7 
(282 bp), 2: pGADT7-GapC2 (GapC2 – 1200 bp); C. 20. yeast transformant – 1: pGADT7-
GapC1 (GapC1 – 1200 bp), 2: pGBKT7-GapC1 (GapC1 – 1090 bp); D. 23. yeast transformant 
– 1: pGBKT7-GapC2 (GapC2 – 1090 bp), 2: pGADT7-GapC2 (GapC1 – 1200 bp); E. 22. yeast 
transformant – 1: pGADT7-GapC2 (GapC2 – 1200 bp), 2: pGBKT7-GapC2 (GapC2 – 
1090 bp); F. 21. yeast transformant – 1: pGADT7-GapC1 (GapC1 – 1200 bp), 2: pGBKT7-
GapC2 (GapC2 – 1090 bp). M stands for Lambda DNA/PstI Marker 24 (MBI Fermentas). 
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7.5.17 Control colony PCR with the plasmids isolated from the yeast two-

hybrid transformants tested for protein-protein interactions between 

GapC isoforms, Ald2 and VDAC3 

 

Fig. 7-59 Colony PCR as a test for presence of the constructs combination used for inves-
tigation of the protein-protein interactions between plant GapC isoforms, Ald2 and 
VDAC3 in the yeast two-hybrid assay. The PCR samples were separated electrophoretically 
on a 1% agarose gel. The underlined numbers in the upper line of every image refer to the ap-
propriate plasmid combination used in the yeast transformation described in Chap. 3.2.3. All 
colony PCRs with pGADT7 vector as a template were performed with primers: T7 Promoter and 
AD-Insert-as primer, whereas in the reaction with pGBKT7 as a template the combination of T7 
Promoter and 3’BD_seq_as primer was used. Sizes of the expected PCR products are given in 
the brackets. A. 26. yeast transformant – 1: pGADT7-Ald2 (Ald2 – 1240 bp), 2: pGBKT7 
(282 bp); B. 32. yeast transformant – 1: pGADT7-Ald2 (Ald2 – 1240 bp), 2: pGBKT7-Ald2 
(Ald2 – 1340 bp); C. 27. yeast transformant – 1: pGADT7-Ald2 (Ald2 – 1240 bp), 2: pGBKT7-
VDAC3 (VDAC3 – 1074 bp); D. 28. yeast transformant – 1: pGADT7 (198 bp), 2: pGBKT7-
VDAC3 (VDAC3 – 1074 bp); E. 29. and 30. yeast transformant – 1, 3: pGADT7-Ald2 (Ald2 – 
1240 bp), 2: pGBKT7-GapC1 (GapC1 – 1200 bp), 4: pGBKT7-GapC2 (GapC2 – 1200 bp); F. 
31. yeast transformant – 1: pGADT7 (198 bp), 2: pGBKT7-Ald2 (Ald2 – 1340 bp); G. 33. yeast 
transformant – 1: pGADT7-GapC1 (GapC1 – 1240 bp), 2: pGBKT7-Ald2 (Ald2 – 1340 bp); H. 
34. and 35. yeast transformant – 1: pGADT7-GapC2 (GapC2 – 1240 bp), 2: pGBKT7-Ald2 
(Ald2 – 1340 bp), 3: pGADT7-RecT (RecT – 2073 bp), 4: pGBKT7-p53 (p53 – 1125 bp). M 
stands for Lambda DNA/PstI Marker 24 (MBI Fermentas). 
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7.5.18 Control colony PCR or restriction digestion of the plasmids isolated 

from the yeast two-hybrid transformants tested for protein-protein in-

teractions between GapC and actin isoforms 

 

Fig. 7-60 Control restriction digestion or a colony PCR as a test for presence of the con-
structs combination used for investigation of the protein-protein interactions between 
plant GapC and actin isoforms (ACT2/7, ACT8) in the yeast two-hybrid assay. All samples 
were separated electrophoretically on a 1% agarose gel. The underlined numbers in the upper 
line of every image refer to the appropriate plasmid combination used in the yeast transformation 
described in Chap. 3.2.4.3. All colony PCRs with pGADT7 vector as a template were performed 
with T7 Promoter and AD-Insert-as primer, whereas in the reaction with pGBKT7 as a template 
the combination of T7 Promoter and 198 primers was used. Sizes of the expected PCR products 
are given in the brackets, unless it is a product of a restriction digestion, which can be recog-
nized by given restriction enzymes names. A. 36. yeast transformant – 1, 2: pGBKT7-ACT2/7 (1: 
NdeI and PstI, ACT2/7 – 1152 bp, 2: NdeI and AgeI, ACT2/7 – 451 bp), 3: pGADT7-GapC1 
(NdeI and BamHI, GapC1 – 1020 bp); B. 37. yeast transformant – 1: pGADT7-GapC2 (NdeI and 
BamHI, GapC2 – 1020 bp), 2: pGBKT7-ACT2/7 (NdeI and PstI, ACT2/7 – 1152 bp); C. 38. and 
39. yeast transformants – 1: pGBKT7-GapC1 (NdeI and BamHI, GapC1 – 1020 bp), 2: pGBKT7-
GapC2 (NdeI and BamHI, GapC2 – 1020 bp); D. 38. and 39. yeast transformants – 1: pGADT7- 
ACT2/7 (NdeI and XhoI, ACT2/7 – 1142 bp); E. 40. yeast transformant – 1: pGADT7-ACT8 
(ACT8 – 1261 bp), 2: pGBKT7-GapC1 (GapC1 – 1090 bp); F. 41. yeast transformant – 1: 
pGADT7-ACT8 (ACT8 – 1261 bp), 2: pGBKT7-GapC2 (GapC2 – 1090 bp). The vector pGADT7 
is 7988 bp, whereas pGBKT7 is 7304 bp in size. M stands for Lambda DNA/PstI Marker 24 (MBI 
Fermentas). 
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7.6 Reference emission spectra of fluorescent proteins or dyes used in the 

confocal Laser Scanning Microscopy 

7.6.1 Reference emission spectrum for CFP, GFP, and YFP 

 

Fig. 7-61 Reference emission spectra 
of CFP upon excitation with the Ar-
gon/2 458 nm laser line, GFP – 488 nm, 
and YFP – 514 nm. Diagrams were per-
formed for respective fluorophores by 
acquisition of the Lambda stack (three-
dimensional image stack having the co-
ordinates X, Y and λ) of a certain sample 
(Arabidopsis protoplast expressing re-
spective FP), and establishing a refer-
ence spectrum of the emission directly in 
this Lambda stack. 

7.6.2 Reference emission spectrum for CFP and chlorophyll 

 

 

Fig. 7-62 Reference emission spectra 
of CFP and chlorophyll upon excita-
tion with the Argon/2 laser at 458 nm. 

7.6.3 Reference emission spectrum for GFP and chlorophyll 

 

Fig. 7-63 Reference emission spectra 
of GFP and chlorophyll upon excita-
tion with the Argon/2 laser at 488 nm. 
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7.6.4 Reference emission spectrum for GFP, chlorophyll and MitoTracker® 

Orange CMTMRos 

 

Fig. 7-64 Reference emission spectra 
of GFP, chlorophyll, and MitoTracker® 
Orange CMTMRos upon excitation 
with the Argon/2 laser at 488 nm. 

 

 

Fig. 7-65 Reference emission spectra 
of GFP and chlorophyll upon excita-
tion with the Argon/2 laser at 488 nm, 
and of MitoTracker® Orange 
CMTMRos upon excitation with the 
HeNe 1 laser at 543 nm. 

7.6.5 Reference emission spectrum for GFP, chlorophyll, and mCherry 

 

Fig. 7-66 Reference emission spectra 
of GFP, chlorophyll, and mCherry 
upon excitation with the Argon/2 laser 
at 488 nm. 
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Fig. 7-67 Reference emission spectra 
of GFP and chlorophyll upon excita-
tion with the Argon/2 laser at 488 nm, 
and of mCherry upon excitation with 
the HeNe 1 laser at 543 nm. 

7.6.6 Reference emission spectrum for YFP, chlorophyll and MitoTracker® 

Orange CMTMRos 

 

Fig. 7-68 Reference emission spec-
tra of YFP and chlorophyll upon 
excitation with the Argon/2 laser at 
514 nm, and of MitoTracker® Or-
ange CMTMRos upon excitation 
with the HeNe 1 laser at 543 nm. 
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7.7 Protein-protein interaction partners of glyceraldehyde-3-phosphate de-

hydrogenase identified by the yeast two-hybrid screen 

7.7.1 GapC1 as a bait 

Tab. 7-1 Positive protein-protein interaction partners identified in the yeast two-hybrid 
screen of the cDNA library from A. thaliana, with the glyceraldehyde-3-phosphate dehydro-
genase isoform, GapC1, as a bait. The isolated, putatively positive clones were described ac-
cording to the GapC1 (GAP1-nr), used as a bait protein. Subsequently, these plasmids were di-
gested with the BglII endonuclease, sequenced and analyzed with BLAST. 

Positive 
clone 

Acces-
sion 

number 
in Expasy 

Data 
Bank 

Chromo-
somal 
locus 

Protein 
name 

Functional 
Category 

Size of 
the 

insert 
(kb) 

Growth on 
SD/QDO + 

X-α-Gal 
Comments 

GAP1- 8, 
75 

Q9FX54 At1g13440 

glyceraldehyde-
3-phosphate 

dehydrogenase 
(GAPC-2) 

gluconeogenesis, 
glycolysis 

1.2 
"+++" 

+MEL1 

ORF shift from the 
534 bp, leads to 
truncation of the 
amino acid se-

quence (338 aa) 
and results in 

translation of 186 
amino acids only 

GAP1- 13, 
34 

Vide supra Vide supra Vide supra Vide supra 1.7 
"+++" 

+MEL1 
Vide supra 

GAP1- 
115, 181, 

188 

Vide supra Vide supra Vide supra Vide supra 1.4 
"+++" 

+MEL1 
Vide supra 

GAP1-19 Q9SMX3 At5g15090 
Voltage depend-
ent anion chan-
nel 3 (VDAC3) 

voltage-gated 
anion channel 

activity  
1.4 

"+++" 

+MEL1 

Full-length cDNA 
with 5’ UTR 

GAP1-38 Vide supra Vide supra Vide supra Vide supra 1.2 
"+" 

+MEL1 

Incomplete cDNA 
without 5' UTR, 

starting from ATG 
on the pACT2 

GAP1-39 Vide supra Vide supra Vide supra Vide supra 0.9 
"+" 

+MEL1 

Incomplete cDNA 
without 5' UTR, 

starting from ATG 
on the pACT2 

GAP1-57 Vide supra Vide supra Vide supra Vide supra 0.9 
"+" 

+MEL1 

Full-length cDNA 
with 5’ UTR 

http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=4636
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=4636
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=4636
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GAP1-53 P25858 At3g04120 

glyceraldehyde-
3-phosphate 

dehydrogenase 
(GAPC) 

gluconeogenesis, 
glycolysis 

1.0 
"+++" 

-MEL1 
 

GAP1-96, 
151 

Vide supra Vide supra Vide supra Vide supra 1.2 
"+" 

-MEL1 
 

GAP1-148 Vide supra Vide supra Vide supra Vide supra 1.1 
"+" 

-MEL1 
 

GAP1- 6, 
32, 56, 72, 

73, 81, 
119, 168, 
171, 191 

Vide supra Vide supra Vide supra Vide supra 0.9 - 1.7 
"+++" 

+MEL1 

ORF shift results in 
introduction of a 

STOP codon 
within the 5' UTR, 
leading to trunca-
tion in front of the 

GapC1 start codon 

GAP1- 9, 
28, 41, 53, 
71, 74, 83, 
131, 144, 
150, 163, 
173, 179, 
189, 190, 

194 

Vide supra Vide supra Vide supra Vide supra 1.0 - 1.7 
"+++" 

+MEL1 
ORF shift 

GAP1- 95 Vide supra Vide supra Vide supra Vide supra 1.2 "-" ORF shift 

 

 

 

 

 

 

 

 

 

 

 

 



244 | S u p p l e m e n t  

 

7.7.2 “Drop tests” displaying putatively positive interactions between 

GapC1 and its partners 

 
Fig. 7-69 Overview on the yeast two-hybrid screen of the cDNA library from A. thaliana, with 
the glyceraldehyde-3-phosphate dehydrogenase isoform, GapC1, as a bait. “Drop test” tech-
nique enables an estimation of interaction stringency between the investigated partners. The cfu 
(colony forming units) containing the positive protein-protein interaction partners of the GapC1 
isoform grew on the SD/TDO and/or on SD/QDO/X-α-Gal. A positive control (pGBKT7-CTLP1 x 
pGADT7-CTLP1) was used, to control growth of the investigated yeast colonies on the selective 
media. It was kindly provided by Gunnar Broehan (Animal Physiology, Univ. of Osnabrück). Com-
bination of empty pGBKT7 and pGADT7 vectors was applied as a negative test. CTLP1 – chy-
motrypsin-like protease from Manduca sexta. 

 

 

 



S u p p l e m e n t  | 245 

 

7.7.3 GapC2 as a bait 

Tab. 7-2 Positive protein-protein interaction partners identified in the yeast two-hybrid 
screen of the cDNA library from A. thaliana, with the glyceraldehyde-3-phosphate dehydro-
genase isoform, GapC2, as a bait. The isolated, putatively positive clones were described ac-
cording to the GapC2 isoform (GAP2-nr), used as a bait. Subsequently, these plasmids were di-
gested with the BglII endonuclease, sequenced and analyzed with BLAST. 

 

Positive 
clone  

Accession 
number in 

Expasy 
Data Bank 

Chromoso-
mal locus 

Protein name 
Functional 
Category 

Size 
of the 
insert 
(kb) 

Growth 
on 

SD/QDO 
+ X-α-Gal 

Comments 

GAP2-1, 
17 

Q9SMX3 At5g15090  
Voltage dependent anion 

channel 3 (VDAC3) 

voltage-gated 
anion channel 

activity  
1.1 

"+"  

+MEL1  
  

GAP2-2, 
3, 5 

Vide supra Vide supra Vide supra Vide supra 1.0 
"+++" 

+MEL1  
  

GAP2-6, 
14, 15, 
18, 19, 
20, 23, 

24 

Vide supra Vide supra Vide supra Vide supra 1.1 
"+++" 

+MEL1  
  

GAP2-8 Vide supra Vide supra Vide supra Vide supra 0.9 
"+" 

+MEL1  

Incomplete 
cDNA without 
ATG, in ORF 

with the 
GAL4-AD 

GAP2-13 Vide supra Vide supra Vide supra Vide supra 1.0 
"+" 

+MEL1  

Incomplete 
cDNA without 
ATG, in ORF 

with the 
GAL4-AD 

GAP2-16   At1g11120 

Arabidopsis thaliana 
unknown protein, similar 

to unknown protein 
(TAIR:AT1G61170.1); 
similar to CK25 (Nico-

tiana tabacum 

  0 
"+++" 

+MEL1  
ORF shift 

 

 

 

http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=4636
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=4636
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=4636
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7.7.4 “Drop tests” displaying putatively positive interactions between 

GapC2 and its partners 

 

 
Fig. 7-70 Overview on the yeast two-hybrid screen of the cDNA library from A. thaliana, 
with the glyceraldehyde-3-phosphate dehydrogenase isoform, GapC2, as a bait. “Drop test” 
technique enables an estimation of interaction stringency between the investigated partners. The 
cfu (colony forming units) containing the positive protein-protein interaction partners of the 
GapC2 isoform grew on the SD/TDO and/or on SD/QDO/X-α-Gal. A positive control (pGBKT7-
CTLP1 x pGADT7-CTLP1) was used, to control growth of the investigated yeast colonies on the 
selective media. It was kindly provided by Gunnar Broehan (Animal Physiology, Univ. of Os-
nabrück). Combination of empty pGBKT7 and pGADT7 vectors was applied as a negative test. 
CTLP1 – chymotrypsin-like protease from Manduca sexta. 
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7.8 Negative controls for Bimolecular Fluorescence Complementation 

7.8.1 Negative controls using empty split-YFP vectors in combination with 

constructs encoding glyceraldehyde-3-phosphate dehydrogenase 

(GapC1 or GapC2) 

 

Fig. 7-71 Application of negative controls in the Bimolecular Fluorescence Complementa-
tion experiment, with glyceraldehyde-3-phosphate dehydrogenase as a binding partner. 
The Arabidopsis GapC fused with N- or C-terminal halves of YFP (GapC:YFP

N/C
) was combined 

with empty vectors (YFP
C/N

, respectively), to test specificity of binding with potential interaction 
partners in protoplasts, isolated from leaves of A. thaliana plants. Faint YFP signals, similar to the 
fluorescence of cellular remnants (depicted with arrows), can be noticed in the overlay images. 
Scale bar: 50 µm. 
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7.8.2 Negative controls using empty split-YFP vectors in combination with 

the constructs encoding fructose-1, 6-bisphosphate aldolase (Ald2) or 

mitochondrial porin (VDAC3) 

 

Fig. 7-72 Application of negative controls in the Bimolecular Fluorescence Complementa-
tion experiment, with fructose-1, 6-bisphosphate aldolase or voltage-dependent anion 
channel (VDAC3) as binding partners. The Arabidopsis Ald2 or VDAC3 fused with N- or C-
terminal halves of YFP (Ald2:YFP

N/C
 or VDAC3:YFP

N/C
, respectively) were combined with empty 

vectors (YFP
C/N

), to test specificity of binding with potential interaction partners in protoplasts, 
isolated from leaves of A. thaliana plants. YFP emission, somewhat stronger than the fluores-
cence of cellular remnants (depicted with arrows) could be observed in the second line. Scale 
bar: 20 µm, 50 µm in the last line. 
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