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11  IInnttrroodduuccttiioonn  

1.1 Isoprenoids 

1.1.1 Isoprenoids – a diverse class of metabolites 

Isoprenoids, also referred to as “terpenoids”, represent the largest class of natural metabolites and are 

ubiquitiously found in all living organisms. These lipidic compounds are particularly abundant in 

plants, where they have been extensively studied in the past. New isoprenoids are dicovered every 

year, and as a result, the number of individual compounds described in the literature has doubled every 

decade since the 1970s with over 45000 isoprenoids identified to date (Devon and Scott, 1972; 

Glasby, 1982; Connolly and Hill, 1991; Buckingham, 2004). There are countless research papers, 

reviews and books focusing on various aspects of isoprenoid biosynthesis, function and regulation in 

microorganisms and plants (for reviews see: (Croteau, 1987; McGarvey and Croteau, 1995; 

Lichtenthaler et al., 1997a; Sacchettini and Poulter, 1997; Rohmer, 1999; Kuzuyama, 2002; 

Rodríguez-Concepción and Boronat, 2002; Rohmer, 2003; Bouvier et al., 2005; Chemler et al., 2006; 

Rodríguez-Concepción, 2006; Ai-Xia et al., 2007; Bohlmann and Keeling, 2008; Ganjewala et al., 

2009). 

Isoprenoids show the highest diversity in structure and function of all plant metabolites and are 

implicated in nearly all fundamental processes of plant growth, development, primary and secondary 

metabolism (Croteau et al., 2000; Chappell, 2002). They are essential components of the plant light 

harvesting complexes (phytol-containing chlorophylls, carotenoids), structural components of 

membranes (phytosterols), act as electron carriers in cell respiration (ubiquinones) and photosynthesis 

(plastoquinone, phylloquinone), are involved in subcellular targeting (prenylated proteins) and in the 

regulation of growth and development (phytohormones: cytokinins, brassinosteroids, gibberelins, 

abscisic acid) (Bouvier et al., 2005) (Figure 1). 
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Figure 1. Isoprenoids have various functions in plants. 

Examples are highlighted in different colors depending on the compartment where they are synthesized. Color 

code represents the biosynthetic origin of the isoprenoids: Orange: cytosol/endoplasmic reticulum; green: 

plastid; purple: mitochondria (for further explanation see text and refer to Figure 6. Simplified scheme of plant 

terpenoid biosynthesis and compartimentation). 

In addition, plants synthesize a large array of unique and often species-specific secondary metabolites 

with numerous ecological functions, e.g. in plant defense and communication (Ai-Xia et al., 2007). 

Some isoprenoids can act as attractants for pollinators and seed-dispersers (Pichersky and Gershenzon, 

2002; Shuttleworth and Johnson, 2009). Other isoprenoids are emitted as volatiles after damage to a 

tissue and can be recognized by natural enemies of the attacking herbivore (Ozawa et al., 2000) or by 

undamaged, neighboring plants, which then induce direct and indirect defense responses 

(allelochemical compounds) (Paschold et al., 2006; Gershenzon and Dudareva, 2007). Furthermore, 

many plants synthesize isoprenoids as part of their constitutive or induced defense. For example, 

phytoalexins, such as gossypol (cotton) or capsidiol (tobacco) are synthesized in reponse to a fungal or 

pathogen attack (Harborne, 1990; Croteau et al., 2000; Ai-Xia et al., 2007).  
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Figure 2. Examples of isoprenoids/terpenoids that are industrially used and have found applications as 

pharmaceuticals or food complements. 

In recent years, plant terpene metabolism has become economically very attractive, as many isoprenoids have 

nutritional and medical value and are used as pharmaceuticals (anti-cancer agent: Taxol; anti-malarial compund: 

Artemisinin), flavors (the monoterpenoid menthol), pigments, fragrances, vitamins (A,D,E and K) polymers 

(rubber) or as complements for potential hydrocarbon biofuels (Bohlmann and Keeling, 2008; Schwab et al., 

2008). The availibility of these compounds from their natural source is often very limited and there are many 

approaches to develop knowledge and tools to genetically engineer the pathways for isoprenoid biosynthesis in 

microorganisms and plants (Degenhardt et al., 2003; Maury et al., 2005; Kirby and Keasling, 2009). Especially 

the pharmaceutical industry is increasingly interested in identifying lead compounds in so-called “medicinal 

plants” , particularly focusing on potential, alternative antiviral and antimicrobial agents (Rodrigues Goulart et 

al., 2004; Astani et al., 2009). 
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1.1.2 Biosynthesis of isoprenoids in plants 

Despite the immense structural variety of  terpenoids, all known (plant) terpenoids are assembeld from 

only two isomeric, five-carbon (C5) precursors, dimethylallyl diphosphate (DMADP or DMAPP) and  

isopentyl-diphosphate (IDP or IPP) (Cane, 1999; Dewick, 2002; Kuzuyama, 2002; Bouvier et al., 

2005),  also referred to as “isoprene units”(Wallach, 1914; Ruzicka, 1953). 

For almost four decades, it was assumed that the MVA (Mevalonate) pathway, described in the 1950s 

in animals and yeast by Konrad Bloch (1959) and Feodor Lynen (1958), was the exclusive pathway 

for the biosynthesis of IPP and DMAPP in all organisms (Chappell, 1995; McGarvey and Croteau, 

1995). However, several results obtained over the past few decades by feeding experiments with 

labelled precursors in different organisms, were inconsistent with the general biosynthetic scheme of 

the MVA pathway (Cane et al., 1981; Flesch and Rohmer, 1988; Zhou and White, 1991; Rohmer et 

al., 1993; Broers, 1994; Schwarz, 1994) and provided the first evidence for the existence of a 

mevalonate-independent pathway (reviewed in: (Lichtenthaler et al., 1997a; Lichtenthaler, 1999; 

Rodríguez-Concepción and Boronat, 2002; Rohmer, 2003), that operates in eubacteria (Rohmer et al., 

1993; Broers, 1994; Rohmer et al., 1996), algae (Schwender et al., 1996; Disch et al., 1998b) and 

higher plants (Schwarz, 1994; Arigoni et al., 1997; Lichtenthaler et al., 1997b; Schwender et al., 1997; 

Lichtenthaler, 1999). Today this long overlooked alternative pathway for the formation of IPP and 

DMAPP is also known as the 1-deoxy-D-xylulose-5-phosphate (DXP: the first intermediate of the 

pathway) or 2C-methyl-D-erithrytol-4-phosphate pathway (MEP: “considered as the first committed 

precursor of plastid isoprenoids”) (Rohmer, 2003; Eisenreich et al., 2004; Rodríguez-Concepción, 

2006). 

 

1.1.3 Plants have evolved two different pathways for the synthesis of 

isoprenoids 

In higher plants, the synthesis of IPP and DMAPP is accomplished through two different routes, the 

cytosolic mevalonate pathway (MVA) and the plastidial (MEP) pathway. 

The MVA pathway supplies the biosynthetic precursors for isoprenoids in the majority of eucaryotes 

(all mammals), the archea, some eubacteria, fungi and the cytosol/mitochondria of some algae and 

higher plants. It can be found in several important human parasites, such as Trypanosoma and 

Leishmania (Goldstein and Brown, 1990). In humans, the MVA pathway operates alone and produces 

a variety of critical end-products, including cholesterol, steroid hormones, dolichols and the prenyl 

moiety of cancer-associated cell signaling proteins like RAS (Edwards and Ericsson, 1999; Veillard 

and Mach, 2002; Buhaescu and Izzedine, 2007). In plants, the cytosolic IPP provided by the MVA 

pathway serves as precursor for the synthesis of sterols, brassinosteroids, polyprenols, dolichols and 

most sesquiterpenes and to some extent as a substrate for protein prenylation. Moreover, cytosolic IPP 
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is imported into the mitochondria, where it serves as precursor for ubiquinone (Disch et al., 1998a; 

Chappell, 2002; Ai-Xia et al., 2007). 

The alternative pathway (or MEP-pathway) for the synthesis of isoprenoids occurs in eubacteria, 

cyanobacteria, certain fungi and the plastids of phototrophic algae and plants (Rodríguez-Concepción 

and Boronat, 2002; Eisenreich et al., 2004). In plants, the precursors, provided by plastidial MEP 

pathway are used for the biosynthesis of essential isoprenoids of the photosynthetic apparatus such as 

carotenoids, the phytol-sidechain of chlorophyll, plastoquinone, as well as for isoprene, tocopherols, 

phylloquinones and the phytohormones ABA and gibberellin (Figure 3). In addition to these 

ubiquitous coumpounds in plants, the MEP pathway is the route for the biosynthesis of the vast 

majority of plant terpenoids, including countless secondary metabolites with defensive, allelopathic or 

signalling properties (Croteau et al., 2000; Rodríguez-Concepción and Boronat, 2002; Ai-Xia et al., 

2007). 

 

 

Figure 3: Compartmentation of isoprenoid biosythesis in plant cells. 

In plants, the universal isoprenoid precursors IPP and DMAPP can be produced by two pathways operating in 

different subcellular compartments, the cytosolic MVA pathway and the plastidial MEP pathway. IPP and 

DMAPP are used for the biosynthesis of bigger prenyl diphosphates, like GPP, FPP and GGPP that serve as 

building blocks for the different classes of isoprenoids produced by plants. As a general rule, monoterpenoids, 

diterpenoids and tetraterpenoids derive from isoprenyldiphosphates (IPP and DMAPP) synthesized by the MEP 

pathway, whereas sesquiterpenes, dolichols, polyprenols and phytosterols are thought to originate from IPP and 

DMAPP of the MVA pathway. However, there are notable exceptions to this rule and it has been shown that 

some sesquiterpenes are derived from IPP and DMAPP of plastidial origin (Adam et al., 1999; Dudareva et al., 

2005). In addition, a novel pathway for the biosynthesis of sesquiterpenes from a putatively plastidial Z,Z-

farnesyl-pyrophosphate has recently reported in the wild tomato, Solanum habrochaites (Sallaud et al., 2009). 

The presence of GGPP in the cytosol as a substrate for the prenylation of proteins has been considered by 

Bouvier et al. (2005). Abbreviations: ABA, abscisic acid; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl 

diphosphate; FPP, farnesyl diphosphate; GPP, geranyl diphosphate; GGPP, geranylgeranyl diphosphate. 
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IPP and DMAPP are synthesized by both pathways. The cytosolic mevalonate pathway takes six 

enzymatic steps to synthesize IPP starting from acetyl-CoA. An IPP isomerase then converts IPP to its 

more reactive allylic ester DMAPP, thereby maintaining a balance between both isomers. 

The plastidial MEP pathway on the other hand consists of seven enzymatic reactions that transform 

glyceraldehyde-3-phosphate and pyruvic acid directly to IPP and DMAPP with a ratio of about 5:1 

(Rohdich et al., 2002). Both molecules can additionally be interconverted by an IPP isomerase.  
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Figure 4: Enzymatic steps of the cytosolic MVA and plastidial MEP pathways for the biosynthesis of IPP 

and DMAPP in plants (modified from Bouvier et al., 2005). 
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MVA (mevalonate) pathway: Enzyme abbreviations: AACT, Actetoacetyl-CoA thiolase; DPMDC, 5-

diphosphomevalonate decarboxylase; HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; HMGS, 3-hydroxy-

3-methylglutaryl-CoA synthase; MK, mevalonate kinase; PMK, 5-phosphomevalonate kinase. Substrate 

abbreviations:  ADP, adenosine-diphosphate; ATP, adenosine-triphosphate; DMAPP, dimethylallyl 

diphosphate; IPP isopentenyl diphosphate NADP+, nicotinamide adenine dinucleotide phosphate; NADPH, 

nicotinamide adenine dinucleotide phosphate (reduced form). DXP (1-deoxy-D-xylulose-5-phopshate) 

pathway: Enzyme abbreviations: DXS, 1-deoxy-D-xylulose-5-phosphate synthase; DXR, 1-deoxy-D-xylulose-

5-phosphate reductoisomerase; MCT, 2-C-methyl-D-erythritol-4-phosphate cytidyltransferase; CMK, 4-(cytidine 

50-diphospho)-2-C-methyl-D-erythritol kinase; MCS, 2-C-methyl-D-erythritol-2,4-cyclodiphosphate synthase; 

HDS, 1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate synthase; HDR, 1-hydroxy-2-methyl-2-(E)-butenyl-4-

diphosphate reductase. Substrate abbreviations: CDP-ME, 4-(cytidine 5-diphospho)-2-C-methyl-D-erythritol; 

CDP-MEP, 2-phospho-4-(cytidine 5-diphospho)-2-C-methyl-D-erythritol; CTP, cytidine 5-triphosphate; DXP, 

1-deoxy-D-xylulose-5-phosphate; HMBPP, 1-hydroxy-2-methyl-2-(E)-butenyl 4-phosphate; MECPP, 2-C-

methyl-D-erythritol-2,4-cyclodiphosphate. Additional downstream enzymes: IDI, IPP-DMAPP isomerase. 

 

a) The cytosolic MVA pathway 

The MVA pathway starts with the successive condensation of three molecules of acetyl-CoA, leading 

to the formation of HMG-CoA. These reactions are catalyzed by acetoacetyl thiolase (AACT) and 

HMG-CoA synthase (HMGS), respectively.  HMG-CoA then is reduced to mevalonate by HMG-CoA 

reductase (HMGR). Next, the mevalonate is phosphorylated in two sequential steps to 

diphosphomevalonate (catalyzed by mevalonate kinase and phosphomevalonate kinase, respectively), 

which is then decarboxylated to form the universal precursor isopentenyl diphosphate (IPP) (Figure 4). 

IPP can be isomerized to DMAPP (and to some extent vice versa) by isopentenyl diphosphate 

isomerase (IDI), an enzyme apparently ubiquitous in all living organisms (Gershenzon and Kreis, 

1999).  

The conversion of HMG-CoA to mevalonate is considered as the rate-limiting step of the MVA 

pathway for several reasons. First of all, the expression of HMGR is known to be well-regulated on 

the transcriptional and post-transcriptional level in plants (Enjuto et al., 1994; Bach, 1995; Enjuto et 

al., 1995; Re et al., 1995; Learned and Connolly, 1997; Leivar et al., 2005). Second, upregulation of its 

activity in plants (e.g. by overexpression), led to increased levels of (phyto-)sterols, which constitute 

the largest group of MVA-derived isoprenoids, further confirming the rate-limiting role of HMGR in 

the flux regulation of the MVA pathway (Bach, 1986; Chappell, 1995; Schaller et al., 1995; Harker et 

al., 2003; Enfissi et al., 2005; Hey et al., 2006). In Arabidopsis thaliana, HMGR is encoded by two 

genes, HMG1 and HMG2. Double knock-out of these genes led to male gametophytic lethality and 

demonstrated the essentiality of the MVA pathway in plants (Suzuki et al., 2009). 

In animals, the MVA pathway is mainly used to synthesize the precursors for the biosynthesis of 

cholesterol and the prenylation of Ras proteins. As HMGR can be specifically inhibited by statins and 

derivatives, these have valuable medical applications as anti-cancer drugs or cholesterol-lowering 

agents for the prevention of cardio-vascular diseases (Liao and Laufs, 2005; Sebti, 2005). 
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Since its discovery over half a century ago, the MVA pathway has been well studied by molecular 

genetics and biochemical approaches and all of its genes have been identified and characterized in 

different species. 

 

b) The plastidial MEP pathway 

The alternative pathway (or MEP-pathway) for the synthesis of isoprenoids occurs in eubacteria, 

cyanobacteria, algae and plant chloroplasts. The discovery of the early steps of MEP pathway by 

Rohmer and colleagues was a “side-product” of the studies focusing on the biosynthesis of hopanoids 

(bacterial triterpenoids/ sterol suurogate) in bacteria, using radioactively labelled precursors (Flesch 

and Rohmer 1988; Rohmer, 1993; Rohmer et al., 1993). In 1994, first indices for the existence of the 

MEP pathway in plants came from labeling experiments with 
13

C-Glucose performed on Gingko 

embryos, resulting in gingkolides with a diterpenoid labeling pattern in accordance with the 

biosynthesis of bacterial isoprenoids discovered independently shortly before (Schwarz, 1994; 

Schwarz and Arigoni, 1999). In 1996, the first reaction steps of the alternative pathway were described 

by Rohmer et al. in E.coli, followed by the rapid identification of the first gene of the pathway in 

E.coli (Sprenger et al., 1997; Lois et al., 1998) and in peppermint (Lange et al., 1998). Further studies 

confirmed the presence of the MEP pathway in cyanobacteria, algae and plants (Eisenreich et al., 

2001; Rodríguez-Concepción and Boronat, 2002; Rohmer, 2003; Eisenreich et al., 2004; Bouvier et 

al., 2005), as well as in some apicomplexean parasites like the malaria parasite Plasmodium 

falciparum (Jomaa et al., 1999).  

In the last decade, all enzymes of the MEP-pathway and the genes coding for have been identified in 

E.coli and several eucaryotic organisms, including the universal model plant, Arabidopsis thaliana 

(Rodríguez-Concepción, 2006; Hunter, 2007). Interestingly, despite the existence of a plastidial 

genome, all enzymes of the MEP pathway characterized to date, are encoded by nuclear genes and 

have to be imported into the plastid after their expression, which is mediated by N-terminal transit 

peptides of varying length (Araki et al., 2000; Lois et al., 2000; Rodríguez-Concepción et al., 2001; 

Carretero-Paulet et al., 2002; Querol et al., 2002).  

The first step of the MEP pathway is the formation of 1-deoxy-D-xylulose 5-phosphate (DXP or 

DOXP) after condensation of pyruvate and D-glyceraldehyde 3-phosphate. This step is catalyzed by 

deoxyxylulose 5-phosphate synthase (DXS) (Sprenger et al., 1997; Lois et al., 1998), an enzyme that 

has been extensively studied in recent years, including its partial crystallization (Xiang et al., 2007). 

DXS needs thiamine pyrophosphate (TPP) and divalent cations (Mn
2+

 or Mg
2+

) as cofactors (Sprenger 

et al., 1997; Lange et al., 1998; Lois et al., 1998). Interestingly, DXP is also a precursor for the 

biosynthesis of thiamine (vitamin B1) and pyridoxal (vitamin B6) in E.coli (Himmeldirk et al., 1996). 

DXP also serves as precursor for thiamine in the chloroplasts of higher plants (Julliard and Douce, 
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1991). However, only recently, evidence has been found for a DXS-independent pathway for the 

synthesis of pyridoxal in plants and several bacteria (Tambasco-Studart et al., 2005; Fitzpatrick et al., 

2007). DXP can be formed from its free alcohol, 1-deoxy-D-xylulose (DX). An Arabidopsis thaliana 

mutant, bearing a defective DXS gene (cla1) (Mandel et al., 1996) shows an albino phenotype with 

impaired chlorophyll and carotenoid accumulation, that can be restored after external feeding with DX 

(Estévez et al., 2000). In bacteria, DX can be synthesized from pyruvate and D-glyceraldehyde by a 

subunit of pyruvate dehydrogenase (Yokota and Sasajima, 1984, , 1986), an enzyme that can also be 

found in the plastids and mitochondria of plants (Tovar-Méndez et al., 2003). A cytosolic kinase able 

to catalyze the phosphorylation of DX to DXP in Arabidopsis thaliana has recently been described by 

Hemmerlin et al. (2006).  

The second step of the MEP pathway involves an intramolecular rearrangement of DXP, leading to a 

methylerythrose intermediate that is then reduced to yield 2-C-methyl-D-erythritol-4-phosphate 

(MEP), the first pathway product that shows the characteristic, isoprenoid C5 skeleton structure. As 

DXP also serves as intermediate for the biosynthesis of thiamine and pyridoxol in E.coli, MEP is 

generally considered as the first committed precursor of isporenoids synthesized via the alternative 

pathway (Takahashi et al., 1998; Lange and Croteau, 1999; Schwender et al., 1999). The enzyme 

catalyzing this NADPH-dependent reaction is DXP reductoisomerase (DXR). It has been well 

characterized in the past years, including its crystallization from bacteria, and has been studied in 

presence of cofactors and various inhibitors like the antibiotic Fosmidomycin (Takahashi et al., 1998; 

Jomaa et al., 1999; Reuter et al., 2002; Yajima et al., 2002; Steinbacher et al., 2003; Proteau, 2004; 

Yajima et al., 2004; Lauw et al., 2008). Similarly to DXP, MEP can also be synthesized from its 

corresponding, unphosphorylated alcohol 2-C-methyl-D-erythritol (ME), when added to the growth 

medium (Duvold et al., 1997; Fontana et al., 2001). However, unlike in bacteria, ME proved to be 

toxic in complementation assays with plant cells (Hemmerlin et al., 2003). 

After the synthesis of MEP, 5 subsequent steps are needed for the formation of IPP and its isomer, 

DMAPP (Figure 4): 

MEP first reacts with CTP, producing 4-diphosphocytidyl-2-C-methyl-D-erythritol (CDP-ME) in an 

CDP-ME synthase-catalyzed reaction (also: MCT-2-C-methyl-D-erythritol-4-phosphate 

cytidyltransferase  (Rohdich et al., 1999; Kuzuyama et al., 2000c; Gabrielsen et al., 2006). CDP-ME 

then is phosphorylated by CDP-ME-Kinase (in an ATP-dependent reaction) yielding 4-

diphosphocytidyl-2-C-methyl-D-erythritol-2-phosphate (CDP-MEP) (Lüttgen et al., 2000; Rohdich et 

al., 2000). 

ME-ccP-Synthase (MDS) catalyzes the conversion of CDP-MEP to ME-ccP (2-C-methyl-D-erythritol-

2,4-cyclodiphosphate) by eliminating CMP (Herz et al., 2000; Takagi et al., 2000). After reduction of 

ME-ccP to 1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate (HMBPP) by HDS (HMBPP synthase), 

HMBPP is then used by HDR (1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate reductase to produce 
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a mixture of IPP and DMAPP with a ratio of about 5 to 1 (Rohdich et al., 2002). HDR is sometimes 

also referred to as IDS (IPP/DMAPP-Synthase).  

As for the MVA pathway, IPP and DMAPP can be interconverted by a plastidial isoform of 

isopentenyl/dimethylallyl diphosphate isomerase (IDI), which seems to play an essential role for the 

biosynthesis of higher isoprenoids by regulating the ratio of the two isomeric C5 precursors in the 

plastids and the cytosol (Wille et al., 2004). 

DXS, the first enzyme of the pathway is the only known enzyme of the MEP pathway, which is 

encoded by more than one genes in Arabidopsis thaliana (Araki et al., 2000; Walter et al., 2002) and 

early studies suggested that most genes of the MEP pathway were present as single copy genes in the 

genomes of plants. Multiple DXS-like genes have been reported from monocots and dicots (Cordoba et 

al., 2009), including Zea mays (Walter et al., 2000), Medicago trunculata (Walter et al., 2002), Oryza 

sativa (Kim et al., 2005), Picea abies (Phillips et al., 2007), Gingko biloba (Kim et al., 2006) and 

Pinus densiflora (Kim et al., 2009). Depending on the plant species, two to three different DXS types 

could be detected that showed similar expression patterns. For instance, DXS type-1 expression 

strongly ressembles to DXS/CLA1 from Arabidopsis and transcripts are particularly abundant in 

photosynthetic tissues, whereas the transcripts of the DXS type-2 gene were, for example, found to 

accumulate in the roots of maize, rice, barley and medigaco in response to colonization by mycorrhizal 

fungi (Walter et al., 2000; Walter et al., 2002). Multiple copies for other MEP pathway enzymes have 

also been reported for DXR in Hevea brasiliensis (Seetang-Nun et al., 2008) and for HDR in Gingko 

biloba and Pinus taeda (Kim et al., 2008). However, the specific functions and expression patterns of 

these different DXR and HDR isogenes are largely unknown until today. 

The MEP pathway seems to be modulated at multiple levels, including transcriptional and post-

transcriptional regulation (for review: (Rodríguez-Concepción, 2006; Cordoba et al., 2009)). The 

analyses of transcript levels in Arabidopsis thaliana seedlings showed that the expression of all MEP 

pathway enzymes was induced upon exposure to light. The same phenomenon was observed at early 

stages of leaf development in Arabidopsis seedlings (Carretero-Paulet et al., 2002; Guevara-Garciá et 

al., 2005; Hsieh et al., 2008). These data correlated with the observation that the expression of all MEP 

pathway enzymes in Arabidopsis was following a circadian rhythm, reaching the highest transcript 

levels just before dawn (Cordoba et al., 2009). 

Especially the two first enzymes of the MEP pathway, DXS and DXR, are generally considered as 

key-enzymes/control-points in the flux-regulation of the MEP pathway. 

In bacteria, several studies showed that the biosynthesis of isoprenoids is limited by the activity of 

DXS (Harker and Bramley, 1999; Kuzuyama et al., 2000a). In plants, transgene-mediated 

overexpression of DXS in Arabidopsis (Estévez et al., 2001) and tomato (Enfissi et al., 2005) was 

correlated with a significant increase of MEP-derived isoprenoids, also suggesting a limiting role for 

DXS in the plastidial MEP pathway.  



Introduction 

 22 

In bacteria however, DXR-overexpression did not increase the levels of isoprenoid precursors (Miller 

et al., 2000). Although DXR expression was for example not upregulated during the accumulation of 

carotenoids (lycopene) in ripening tomato fruits (Rodríguez-Concepción et al., 2001), its 

overexpression in transgenic peppermint plants resulted in an increased production of monoterpenes 

(essential oils) in green leaf tissue (Mahmoud and Croteau, 2001). In addition, more recent studies 

showed that nuclear and transplastomic overexpression of DXR in Arabidopsis and tobacco plants led 

to an overall increase of total chlorophylls and carotenoids, among other significant isoprenoid end-

products (Hasunuma et al., 2008). 

Interestingly, the gene encoding IDI1 from Arabidopsis, the plastid-targeted isozyme of IPP/DMAPP 

isomerase, shows a positive correlation with the MVA pathway, indicating a possible role of this 

enzyme in the regulation of C5 precursor levels in the plastid (Wille et al., 2004). 

Furthermore, studies with mutants have suggested that the MEP pathway may be controlled at the 

post-transcriptional level by changes in the metabolic flux (e.g., the ratio of its precursors or end-

products). For instance, DXS and HDR proteins were shown to accumulate in several MEP pathway 

mutants, despite the fact that the transcript levels were considerably reduced (Lois et al., 2000; 

Rodríguez-Concepción et al., 2001; Wolfertz et al., 2004; Guevara-Garciá et al., 2005).  

More detailled results concerning the regulatory expression networks of the MEP pathway may come 

in the future by integrated/genetic approaches looking at the expression profiles of genes involved in 

isoprenoid biosynthesis. In this context, the analysis of data from DNA microarrays obtained from 

plants treated under different conditions will allow a closer look on both isoprenoid pathways and 

contribute to a better understanding of various aspects, like for example the crosstalk between both 

pathways at the transcriptional level (Wille et al., 2004). 

 

c) Crosstalk between both pathways in plants 

In higher plants, both pathways are involved in the biosynthesis of isoprenoids. Despite the physical 

compartmentation of these biosynthetic routes - the MVA pathway operates in the cytosol and the 

mitochondria, whereas the MEP pathway is located in the plastids, there is no absolute separation 

between the pathways, and a bidirectional exchange of precursors and intermediates has been observed 

under certain conditions. This exchange is also referred to as “crosstalk”. 

First indications for a crosstalk between the plastidial and cytosolic pathways came from several 

studies using feeding experiments with labeled sugars (
13

C-glucose) or pathway intermediates (1-

deoxy-D-xylulose) and subsequent analysis of isoprenoid end-products by NMR spectroscopy (Jeffrey 

et al., 1991). These experiments and the resulting labeling patterns of downstream metabolites allowed 

to shed light on the biosynthetic origins of a considerable number of plant terpenoids. Among those, 
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some terpenoids were built from derivatives of both pathways, which implied that intermediates cross 

the boundary between the compartments. 

For example, Arigoni et al. (1997) provided evidence for the incorporation of labelled 1-deoxy-D-

xylulose into cytosolic sitosterol in a cell culture of Cataranthus roseus. In a similar way, Adam et al. 

(1999) were able to demonstrate the contribution of the nonmevalonate pathway to the biosynthesis of 

sesquiterpenes of chamomile (Matricaria recutita), thus confirming earlier observations that certain 

sterols and sesquiterpenoids are not exclusively formed by IPP and DMAPP derived from the MVA 

pathway, but could be assembled from precursors of the MEP pathway (Schwender et al., 1996; Piel et 

al., 1998), or as a cooperation of both pathways (Adam et al., 1998). Only recently Skorupinska-Tudek 

et al. (2008) have been able to estimate the respective contributions of both pathways to the 

biosynthesis of dolichols in Coluria geoides hairy root cultures, after in vivo-labeling with 
13

C-glucose 

and showed that up to 50% of the isoprene units were derived from the MEP pathway. 

Further proof for a crosstalk came from experiments conducted in tobacco BY-2 cells, where growth 

inhibition by the statin mevinolin (inhibiting HMGR) could be complemented with exogenously 

applied 1-deoxy-D-xylulose (DX). In addition, incorporation studies, using radiolabeled DX 

demonstrated, that sterols were synthesized from IPP and DMAPP provided by the MEP pathway, in 

the presence of mevinolin (Hemmerlin et al., 2003). 

These results confirm several studies which indicate that the transport of terpenoid precursors (IPP, 

GPP and GGPP) may occur preferentially in an unidirectional manner, from the plastid to the cytosol. 

This transport might be mediated by a hypothetical plastidial proton symport system (Bick and Lange, 

2003), but until today, no such transporter has been identified. 

However, there are also examples for a transport of intermediates from the cytosol to the plastids. 

Nagata et al. (2002) were able to partially complement the Arabidopsis thaliana albino mutant cla1-1, 

a null mutant of the first enzyme of the plastidial MEP pathway, by feeding exogenous mevalonic 

acid. These results correlate very well with the observation that an inhibition of the MEP pathway by 

fosmidomyin (inhibitor of DXR) could be partially overcome by feeding tobacco BY-2 cells with 

mevalonic acid (Hemmerlin et al., 2003). 

Nevertheless, in Arabidopsis for example, specific inhibition of the MVA pathway by mevinolin 

(MVA, inhibiting HMGR) or the MEP pathway by fosmidomycin (FOS, inhibiting DXR) or 

oxoclomazone (OXO, inhibiting DXS) led to a developmental block very early at the seedling stage 

(Rodríguez-Concepción, 2004; Hemmerlin et al., 2006), suggesting that one of the limiting factors for 

the crosstalk may be the action of specific membrane transporters  (Laule et al., 2003). 

Clearly, the complex interactions between both pathways still bear many secrets. As an example, 

experiments with transplastomic tobacco plants overexpressing DXR from Synechosystis showed the 

that among various isoprenoids analyzed, the highest increase concerned sitosterol, which is usually 

synthesized by the cytosolic MVA pathway (Hasunuma et al., 2008). 
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1.1.4 Biosynthesis of higher isoprenoids 

As mentioned above, IPP and DMAPP are the basic building blocks for all isoprenoids. Subsequent 

addition of IPP (C5) to DMAPP (C5) by prenyl transferases leads to the production of geranyl 

diphosphate (GDP, C10), farnesyl diphosphate (FPP, C15) and geranylgeranyl diphosphate (GGPP, 

C20) (Takahashi and Koyama, 2006). These bigger building blocks then serve as precursors for 

monoterpenoids (C10), sesquiterpenoids (C15) and diterpenoids (C20), whereas hemiterpenes (C5), 

the simplest known isoprenoids, can be directly synthesized from DMAPP (Miller et al., 2001). The 

formation of all these classes of terpenoids is catalyzed by different terpene synthases (Bohlmann et 

al., 1998; Christianson, 2006; Tholl, 2006). Triterpenoids (C30) and tetraterpenoids (C40) are formed 

by pairwise condensation of FPP (C15) and GGPP (C20) units, whereas the considerably bigger 

polyterpenoids (e.x. rubber:  up to 30000 units) are synthesized by condensation of an undefined 

number of C5 precursors (Ai-Xia et al., 2007). 

In order to build the different classes of regular, irregular terpenoids and their derivatives and 

conjugates, these basic prenyl diphosphate precursors can additionally undergo multiple modifications 

(e.g., oxidation, reduction, isomerizations, cyclizations) through the action of terpene-modifying 

enzymes, such as cytochrome P450 monooxygenases (Bernardt, 2006; Kaspera and Croteau, 2006; 

Mau and Croteau, 2006). 
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Figure 5: Biosynthesis of various classes of isoprenoids in plants (modified from Kirby and Keasling, 

2009). 

The cytosolic mevalonate (MVA) and the plastidial methyl-erythritol (MEP) pathway both produce the universal 

C5-precursors, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP),. The key enzymes of 

both pathways have been described in detail in Figure 4. Downstream of the compartmentalized pathways, 

prenyltransferases are responsible for the conversion of IPP and DMAPP to longer chain isoprenoid buidling 
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blocks, such as the C10 geranyldiphosphate (GPP, precursor for monoterpenoid biosynthesis), the C15 farnesyl 

diphosphate (FPP, precursor for sesquiterpene and triterpene biosynthesis, leading to phytosterols) as well as 

geranylgeranyl diphosphate (GGPP, which serves as precursor for diterpenes, tetraterpenes and  the phytol-

sidechain of chlorophylls). For each group of prenyl diphosphate precursors one example of a downstream 

product is given. These conversions are catalyzed by terpene synthases. Further modifications leading to more 

complex isoprenoids are usually catalyzed by terpene-modifying enzymes, including P450s. One such reaction is 

schematized for the biosynthesis of taxol, starting from FPP. Multiple enzymatic steps are shown by dashed 

lines. ADS = amorphadiene synthase; CPR = cytochrome P450 reductase. 

 

1.2 Non-mevalonate pathway as a target for the 

development of antimicrobial drugs and herbicides 

 

The impact of the various natural compounds synthesized by the MEP pathway on various aspects of 

human life is steadily increasing, and terpenes isolated from microorganism and plants have already 

found various applications, e.g. as chemotherapeutic agents in human healthcare. The most prominent 

example in this context is certainly the sequiterpenoid artemisinin, which is naturally produced in the 

leaf-trichomes of the annual wormwood (Artemisia annua). Artemisinin is at the moment widely 

considered as the most promising agent for the treatment of the malaria parasite Plasmodium 

falciparum, and many recent approaches are focusing on understanding the exact mechanism of its 

biosynthesis with the goal to apply this knowledge to microbial and plant metabolic engineering.  

However, the case artemisinin is also reflecting one of the most important dilemmas in human 

healthcare: Artemisinin is one of the last efficient treatments that until recently defied the increasing 

development of resistance against therapeutic agents, which can be observed in the majority of human 

pathogens (Livermore, 2003; Levy and Marshall, 2004; Fisk et al., 2005; Kokwaro, 2009; Dondorp et 

al.). Especially the development of multi-drug resistant strains in different pathogens (bacteria, fungi, 

protozoans as well as their vectors) threatens the therapeutic efficacy of most current treatments that 

usually involve multiple agents. Therefore, novel drug targets urgently need to be identified in order to 

develop new strategies and new generations of anti-infective agents.  

Although the complete elucidation of the MEP pathway in plants only dates back a few years, much 

knowledge about the seven identified enzymes of the MEP pathway and the genes encoding them has 

been gathered in recent years and contributed to a better understanding of the complex regulation of 

this pathway (for review: (Rohdich et al., 2005; Rodríguez-Concepción, 2006; Hunter, 2007) 

On the basis of these data it is possible to deduce that the MEP pathway enzymes are very promising 

candidates for the development of antimicrobial agents and herbicides, as they possess several 

properties that are generally considered as highly desirable for a potential drug target (Pucci, 2006): 

i. One of the most important features is its essentiality for growth and survival of the targeted 

organism. In the last couple of years, all enzymes of the MEP pathway have been validated 

either genetically (e.g. by knock-out mutants, random mutagenesis, targeted gene disruption) 
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and/or chemically (target of a antimicrobial agent/herbicide) as essential for the growth of 

their vector (Campos et al., 2001; Freiberg et al., 2001; Sauret-Güeto et al., 2003; Hunter, 

2007; Eoh et al., 2009)  

ii. Another important property is the selectivity of the drug target. This aspect is particularly 

important, considering its future clinical applications. As mentionned before, the MEP/DOXP 

pathway occurs in the chloroplasts of phototrophic organisms like algae and plants, in most 

eubacteria and in some pathogenic parasites, but not in animals. Therefore, the enzymes of 

this pathway can be specifically targeted without the risk of interfering with human isoprenoid 

biosynthesis. In addition, all enzymes are particularly substrate-specific, and their active sites 

seem to be highly conserved across species. Consequently, the ongoing, fast characterization 

of their catalytic properties and three-dimensional structures should make them ideal targets 

for future approaches like structure-based drug design and further contribute to a decreased 

toxicity for humans if any (Hunter, 2007; Rohdich et al., 2005). 

iii. Ideally, a promising drug target is also present in many organisms/pathogens. Enzymes of 

the MEP pathway are found in all higher plants and in many pathogenic microorganisms, 

including the causative agents of some of the most important human diseases, malaria 

(Plasmodium falciparum) and tuberculosis (Mycobacterium tuberculosis) (Jomaa et al., 1999; 

Boucher and Doolittle, 2000; Freiberg et al., 2001; Rohdich et al., 2005). As a result, any 

identified inhibitor of a MEP pathway enzyme could have a broad spectrum of activity across 

different species. 

iv. Finally, the availability of an in vitro assay will allow a very precise characterization of a 

targeted enzyme in presence of its potential inhibitors as well as a comparision with existing 

drugs. Integrated research approaches have provided structural and biochemical data for 

almost every MEP pathway enzyme, at least in bacteria (Hunter, 2007). The in vitro-

expression of these enzymes has already revealed pivotal information about their mode of 

action, e.g. about DXR in presence of its known inhibitor fosmidomycin (Steinbacher et al., 

2003; Mac Sweeney et al., 2005). This knowledge about the reactivity of the individual MEP 

pathway enzymes should allow to specifically design prodrugs (Schlüter et al., 2006) or to 

develop approaches for the identification of novel effective compounds (Ramsden et al., 

2008). 
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Figure 6. Simplified scheme of plant terpenoid biosynthesis and compartimentation 

Abbreviations ABA, abscicic acid; DMAPP, dimethylallyl diphosphate; DXP, 1-deoxy-D-xylulose-5-phosphate; 

DXR, 1-deoxy-xylulose-5-phosphate reductoisomerase; DXS, 1-deoxy-D-Xylulose-5-phosphate synthase; FPP, 

farnesyl diphosphate; GGPP, geranylgeranyl diphosphate; GPP, geranyl diphosphate; HMBPP, 1-hydroxy-2-

methyl-2-(E)-butenyl-4-phosphate; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; HMGR, 3-hydroxy-3-

methylglutaryl-CoA reductase; IDI, isopentenyl diphosphate isomerase; 1-Hydroxy-2-methyl-2-(E)-butenyl 4-

diphosphate reductase; IPP, isopentenyl diphosphate; MEP, 2-C-methyl-D-erythritol-4-phosphate; MVA, 

mevalonate 
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1.2.1 Microbial targets (eubacteria) 

Due to the availability of whole genome sequences from several hundred mircroorganisms within the 

last decade, genes encoding for isoprenoid biosynthetic enzymes could be identified in many 

pathogenic microorganisms by bioinformatic approaches and provided new insights about the 

distribution of both pathways in the eubacterial kingdom (Rohdich et al., 2005). These data revealed 

that the majority of eubacteria use almost exclusively the alternative non-mevalonate pathway for the 

synthesis of their isoprenoids. However, there are several exceptions, notably the gram-positive cocci 

(e.g. Streptococcus pneumoniae or Staphylococcus aureus), which utilize enzymes of the MVA 

pathway  (Wilding et al., 2000; Voynova et al., 2004). Remarkably,  there are also a few examples for 

bacteria, whose genomes encode enzymes from both pathways (e.x. Listeria monocytogenes) (Boucher 

and Doolittle, 2000; Begley et al., 2004). 

Among the bacteria which synthesize their isoprenoids exclusively via the MEP pathway, there are 

many important human pathogenes, such as Mycobacterium tuberculosis (Bailey et al., 2002; Dhiman 

et al., 2005; Eoh et al., 2007), the causative agent of tuberculosis, a disease of the respiratory system in 

mammals, responsible for up to 9 million new infections and 1,6 million new deaths worldwide each 

year (Mathema et al., 2006; WHO, 2009). Multiple approaches indicate that the MEP pathway is 

essential for the pathogenicity, as well as for the growth and the survival of M. tuberculosis. For 

instance, the disruption of the lytB1-dxs2 operon in M. tuberculosis has been reported to abolish the 

bacterial ability to prevent acidification of its phagosome and resulted in diminished intracellular 

survival of the pathogen (Pethe et al., 2004). This is supported by recent publications demonstrating 

that several enzymes of the MEP pathway, including DXS, DXR, IspD, IspF and gpcE are essential 

for the in vitro growth and survival of M.tuberculosis (Buetow et al., 2007; Eoh et al., 2007; Brown 

and Parish, 2008; Brown et al., 2010). 

For example, it was shown that M. tuberculosis DXR mutants created by homologous recombination 

were not viable, unless a copy of the DXR operon was provided on a second vector (Brown and Parish, 

2008). This is in agreement with previous results obtained with E.coli, where loss-of-function mutants 

of the MEP pathway could only be rescued after transformation of the mutant cell line with plasmids 

carrying the corresponding MEP pathway gene (Sauret-Güeto et al., 2003). 

Despite the huge amount of efforts put in the development of drug therapies against bacterial 

pathogens like M.tuberculosis, strains of single and multidrug resistant bacteria (MDR-TB) rapidly 

emerge due to spontaneous genetic mutations (Musser, 1995; Mitchinson, 2005; Zignol et al., 2006) 

and pose a major thread for public health, especially for immunodeficient patients (WHO, 2009). 
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1.2.2 Antimalarial targets 

Malaria is an infectious disease, which is caused by a single-cell protozoa of the genus Plasmodium 

(Phylum apicomplexa). It is transmitted by mosquitos and responsible for more than 1 million 

casualities per year world-wide, with 300 to 500 million registered infections (Miller et al., 2002; Suh 

et al., 2004; Thayer, 2005). Among the four different pathogenous Plasmodium parasites, Plasmodium 

falciparum, which is causing malaria tropica, is by far the the most dangerous, being responsible for 

nearly all the mortality observed.  

Since 2002, the complete genome sequence of Plasmodium falciparum (Gardner et al., 2002) is 

available and genes of the MEP pathway have been found in the DNA of the apicoplast, a 4-layered 

non-photosynthetic plastid structure with its own ciruclar DNA (35 kb), that is supposedly derived 

very early in evolution by secondary endosymbiosis of a green algae (Wilson et al., 1996; Köhler et 

al., 1997; Maréchal and Cesbron-Delauw, 2001), whereas other publications claim that the secondary 

endosymbiont may be a red algae (Cavalier-Smith, 1999; Lim and McFadden, 2010). But more 

importantly, there are no hints for the presence of mevalonate pathway related genes, which makes the 

apicoplast a very attractive target for the development of antimalarial drugs (Wiesner et al., 2003; 

Olliaro and Wells, 2009). For instance, fosmidomycin, a known inhibitor of  IspC (or DXR; deoxy-

reductoisomerase) has a high impact on the growth of Plasmodium falciparum in different phases of 

its complex sexual and asexual life cycle (Jomaa et al., 1999; Cassera et al., 2007). 

Another very interesting approach in fighting Plasmodium is based on the observation that some 

intermediates and final products of isoprenoid biosynthesis found in mammals are different from those 

identified in Plasmodium falciparum. Their potential as antimalarial drugs was confirmed, when tested 

on intraerythrocytic stades of Plasmodium falciparum. Several terpenes (farnesol, nerodiol, limonen 

and others) and S-farnesylthiosalicylic acid had inhibitory effects on the biosynthesis of dolichol and 

the isoprenic side chain of ubiquinone at µM concentrations (Rodrigues Goulart et al., 2004). 
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1.2.3 Herbicides 

The MEP pathway proves also to be a very promising target for the development of herbicides. As 

mentioned before, the plastidial MEP pathway provides essential components of the light harvesting 

complexes, such as the phytol-side chain of chlorophylls or carotenoids (Schwender et al., 1997). The 

latter also play an important role in photoprotection. In addition, many MEP pathway-derived, 

secondary metabolites are involved in interactions with other organisms or in the protection against 

herbivores (Ai-Xia et al., 2007). 

Although crosstalk between the cytsolic and plastidial compartments has successfully been shown in 

several cases (Crosstalk between both pathways in plants), the albino or chlorotic phenotypes observed 

in mutants or silenced genes of MEP pathway enzymes (Mandel et al., 1996; Araki et al., 2000; 

Estévez et al., 2000; Page et al., 2004) indicated that MVA-derived IPP was not able to rescue these 

plants, which may be due to the limited exchange of diphosphate precursors (Kasahara et al., 2002; 

Nagata et al., 2002). 

Consequently, blocking the MEP pathway by mutagenesis or other approaches has dramatic, often 

lethal effects, as it prevents correct chloroplast function and leads to an embryo-lethal phenotype 

(Budziszewski et al., 2001). For these reasons, all enzymes of the MEP pathway are potential targets 

for the development of novel herbicides.  

A prominent example of a herbicide acting on the MEP pathway is clomazone [2-(2-chlorobenzyl)-

4,4-dimethyl-1,2-isoxazolidin-3-one], which inhibits the enzyme of the first committed step of the 

MEP pathway, DXS, catalyzing the formation of DXP. Clomazone is a soil-applied herbicide, which 

acts against weeds and grasses that occur in many crops, such as cotton, tobacco, rice, and soybeans 

(Vencill, 2002; Yasuor et al., 2008). In susceptible plants, clomazone inhibits the formation of 

chloroplast-derived isoprenoids (phytol, carotenoids, plastoquinone etc.) and thus prevents correct 

chloroplast development and pigment accumulation, resulting in a bleaching phenotype (Duke and 

Paul, 1986; Norman et al., 1990b, , 1990c; Jordan et al., 1998; Hess, 2000). In order to be effective, 

clomazone first needs to be converted to its bioactive metabolite 5-ketoclomazone (or oxoclomazone), 

which is accomplished by two P450-mediated metabolizing steps in susceptibe plants (Ferhatoglu et 

al., 2005; Ferhatoglu and Barrett, 2006).  

This is even more interesting, if one considers that clomazone represents the “last line of defense” in 

the fight against certain weeds (e.x. Echinochloa phyllopogon) in rice (Oryza sativa) fields, that 

developped P450-mediated metabolic resistances to multiple herbicides (Fischer et al., 2000; Osuna et 

al., 2002; Ruiz-Santaella et al., 2006) (Yun et al., 2005; Yasuor et al., 2008) and that should normally 

be treated by P450 inhibitors (such as malathion, disulfoton or the more specific piperonylbutoxide 

and 1-aminobenzotriazole). 

The question wether the emerging clomazone-resistance in these plants is due to P450-mediated 

oxidative bioactivation or to alternative mechanisms for the detoxification of clomazone, such as the 
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conjugation with sugars or glutathione  (Norman et al., 1990c; Vencill et al., 1990; ElNaggar et al., 

1992), remains still open. This situation is nevertheless alarming (Yasuor et al., 2008; Yasuor et al., 

2010) and underlines the need to identify new generations of effective herbicides. 

 

 

1.3 How to study the effects of potential inhibitors of the MEP 

pathway?  

 

In the past, different approaches have been used to find possible inhibitors of IPP/DMAPP 

biosynthesis in plants. For instance, etiolated and greening leaves of barley (Hordeum vulgare) have 

been used in several cases to test the effects of potential pathway inhibitors (e.g. Fosmidomycin) on 

the formation of chlorophylls and carotenoids (Zeidler et al., 2000). As these leaves contain tissues 

with high enzymatic activities due to light-induced thylakoid formation during chloroplast 

differentiation, they represent a nice model system for in vivo studies. First indications came from 

observations that treatment with the commercial herbicide clomazone resulted in a significant decrease 

of chlorophyll and carotenoid levels in barley leaves (ElNaggar et al., 1992). The same effect was 

observed years later by Zeidler et al. (Zeidler et al., 1998; 2000), who applied Fosmidomycin at 100 

µM to greening barley leaves. In addition, these authors were able to demonstrate that the inhibition 

caused by 10
-5

 M clomazone and its metabolite oxoclomazone can be reversed by exogenous 

application of 5 mM DXP to barley leaves.  

Another approach consisting in monitoring the effects of inhibitors on the biosynthesis of gaseous 

isoprene seems to offer an alternative and effective approach, as only two enzymes are needed to 

convert IPP into isoprene from DMAPP (Zeidler et al., 1997). Oxoclomazone for instance clearly 

caused an inhibition of isoprene emission at 1 mM in leaf pieces from several tree species including 

Quercus robur, Populus nigra  and Platanus x acerifolia (Zeidler et al., 2000). 

Raschke et al. (2004) presented a method to separate MEP pathway intermediates using chromoplasts 

isolated from Capsicum annuum and Narcissus pseudonarcissus. As McCaskill and Croteau (1993) 

did more than a decade earlier for the analysis of MVA pathway intermediates, their approach was 

based on reverse phase HPLC, which additionally allowed to separate the corresponding phosphates 

and alcohols of the MEP pathway intermediates. According to Raschke et al. (2004), this concecpt 

could easily be adapted to other plant species and serve as an additional analytical tool in the screening 

for novel MEP pathway inhibitors. 

In addition, at least for the bacterial counterparts of the MEP pathway enzymes, structure-based drug 

design approaches have been reported. For exemple, fluorescent inhibitors of E.coli IspF (= MCS or 

MECPS) have been specifically designed, synthesized and co-crystallized with their enzymatic target 
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(Crane et al., 2006). Another approach was only recently published by Ramsden et al.(2008), who 

combined available biochemical and crystallographic data about IspF (MDS) to virtually screen (in 

silico) a database of over 1 million commercially compounds by a hierarchical filtering methodology. 

The data available on these compounds was filtered according to certain criteria, including molecular 

complexity, topology and functionality to preselect more than 4000 compounds that could virtually 

dock into the EcIspF active site, before choosing 10 compounds for experimental validation (Ramsden 

et al., 2008). 

A more applied screening assay with purified IspC (DXR) protein from E.coli has been performed by 

Kaiser et al. (2007) to screen the extracts of about 200 Mediterranean plant species for novel 

inhibitors. This was accomplished by spectro-photometrically monitoring the  

dehydrogenation/oxidation of NADPH, which is a by-product of the conversion of DXP into MEP 

(Figure 4) and led to the identification of  several plant extracts (12 out of ~200)  that showed a strong 

inhibition of IspC activity (Kaiser et al., 2007). The principle of this assay relies on a decrease of the 

optical density at A340nm due to the oxidation of NADPH and has already been used to measure DXR 

activity from various sources, including peppermint (Lange and Croteau, 1999) and Arabidopsis 

thaliana  (Schwender et al., 1999). 

In summary, several approaches for the characterization and study of all MEP pathway enzymes have 

been developped, mostly focusing on bacterial enzymes so far (for review see: Eoh et al., 2009). 

Most of these assays, however, were performed in vitro and needed the recombinant, purified enzyme, 

rather complicated purification methods, as well as a certain expertise, and do not tell wether the 

screened compound is bioactive (means is reaching its molecular target in vivo). Nevertheless, they 

provide a promising starting point for intelligent drug design and HTS assay development, once a 

suitable candidate is found. 

Therefore a fast, visual assay to screen for potential inhibitors of the MEP pathway that is able to pre-

select these suitable candidates before they are used in enzyme specific tests would be highly 

desirable. 

 

 

 

 

 

 

 

 

 

 



Introduction 

 34 

1.4 Goal of this work 

 

In our group, Esther Gerber (Ph.D. thesis, 2005) developed an in vivo visualization system based on a 

stably transformed tobacco BY-2 (TBY-2) cell line for monitoring the prenylation status of a GFP 

fusion protein, after treatment with various isoprenoid biosynthetic inhibitors. Isoprenylation of 

proteins, which occurs in all eucaryotic cells, involves the covalent attachment of a C15 (farnesyl) or 

C20 (geranylgeranyl) group to a C-terminal CaaX motif, followed by a series of post-prenylation 

reactions. This lipidic post-translational modification plays an important role in the correct membrane 

targeting of certain proteins and in their interactions with other proteins.  

 

Esther Gerber designed a dexamethasone-inducible cell line that expressed a GFP fused to the 

carboxy-terminal basic domain of the rice calmodulin (CaM61), which naturally bears a CaaL 

geranylgeranylation motif (GFP-BD-CVIL). After induction, the prenylated fusion protein 

predominantly associated with the plasma membrane. By using pathway-specific inhibitors, Esther 

demonstrated that inhibition of the MEP pathway with oxoclomazone and fosmidomycin, as well as 

inhibition of the prenyltransferase geranylgeranyltransferase type 1 (PGGT-1), triggered a shift in the 

localization of the GFP-BD-CVIL protein from the plasma membrane to the nucleus. In contrast, 

inhibition of the MVA pathway with mevinolin did not affect the localization. Complementation 

assays with pathway-specific intermediates were also performed. Taken together, these data clearly 

indicated that the precursors for the cytosolic isoprenylation of the fusion protein were predominantly 

provided by the MEP pathway.  

 

However, several questions remained unsolved, including the exact nature of the prenyl moiety of the 

GFP fusion protein. To address this issue, in a first time, I generated a stably transformed TBY-2 cell 

line with a His-tagged version of the GFP-DB-CVIL protein, which was used in our group to purify 

and to conduct mass spectral analysis on the prenylated GFP fusion protein isolated from TBY-2 cells. 

I developed a protocol for a rapid selection of homogenous clonal cell lines, deriving from secondary 

callus tissue cultures.  

 

Following, I used these clonal cell lines to extend previous studies focusing on the effect of various 

inhibitors - of both isoprenoid biosynthetic pathways - on the subcellular localisation of the fusion 

protein. The challenge was to determine the biosynthetic origin (cytoplasmic or plastidial) of the 

prenyldiphosphate precursors used by the cells to provide the GGPP needed for the prenylation of the 

fusion protein.  

As FPP and GGPP are the substrates of many enzymes (see figure 3), I also studied the impact of 

sterol biosynthesis inhibitors as well as inhibitors of CaaX processing enzymes (prenylation and post-
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prenylation reactions) on the prenylation reaction of the H6-GFP-DB-CVIL fusion protein and on its 

subcellular localisation. This experimental test system was particularly useful to check new prodrugs 

that could target the MEP pathway.  

 

Finally, in order to optimize this visualization system from a more qualitative assay to a statistically 

trustable screening system, I transformed the existing GFP-BD-CVIL cell line with an estradiol-

inducible vector, driving the expression of a RFP protein, C-terminally fused to a NLS (nuclear 

localization signal) sequence. With this new strategy, I intended to quantify the total number of viable 

cells versus the number of inhibited cells after various treatments. Furthermore, I investigated the 

potential of the fluorescent reporter system for miniaturization and automatization to fit the 

requirements of modern drug screening applications. This approach also included a semi-automatic 

counting system, based on the freely available image processing software Image J. 
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22  RReessuullttss  aanndd  DDiissccuussssiioonn  

2.1 Development of a reporter system to screen for 

inhibitors that interfere with protein geranylgeranylation 

2.1.1 The prenylation of proteins in plants 

In eucaryotic cells, certain proteins (e.g. members of the Ras superfamily of GTPases in vertebrates) 

are modified by a series of post-translational modifications, leading to the creation of a lipidated, 

hydrophobic domain at the carboxyl terminus of the protein. This post-translational processing, also 

referred to as protein prenylation, mediates protein-protein interactions, increases the affinity of the 

prenylated proteins to cellular membranes and is therefore important for the targeting and function of 

the prenylated proteins. Prenylation depends on the presence of a carboxy-terminal signal in form of a 

short tetrapeptide, the CAAX motif (C refers to as a cysteine, A denotes an aliphatic amino acid and X 

represents a specific amino acid) (Clarke, 1992; Schafer and Rine, 1992; Zhang and Casey, 1996; 

Crowell, 2000)  

This C-terminal CaaX motif is recognized by cytosolic CAAX protein prenyl transferases, which 

either attach a 15-carbon farnesyl (FPP), a reaction catalyzed by a protein farnesyl transferase or PFT) 

or a 20-carbon geranylgeranyl (GGPP, a reaction catalyzed by protein geranylgeranyl transferase or 

PGGT1) to the cysteine of the CAAX–motif via a thioether bond. The specificity of the reaction is 

mainly defined by the C-terminal “X”. As a general rule, proteins are geranylgeranyated when the “X” 

is a leucine residue whereas any other amino acid - most probably a methionine, serine, alanine, 

glutamine or cysteine - will lead to the covalent attachment of a farnesyl residue (Roskoski, 2003). A 

third prenylation mechanism is known for the members of the Rab family of small GTPases, which are 

prenylated at two different C-terminal cysteine residues by Rab geranylgeranyltransferase (also 

referred to as PGGT2) (Yalovsky et al., 1999; Maurer-Stroh et al., 2003a; Maurer-Stroh et al., 2003b). 

Both protein prenyltransferases, PFT and PGGT1, are heterodimeric enzymes that share a common α-

subunit, whereas their respective β-subunit is encoded by different genes (Zhang and Casey, 1996; 

Yalovsky et al., 1999; Crowell, 2000; Galichet and Gruissem, 2003). 

Following prenylation in the cytosol, the newly lipidated protein is targeted to the endoplasmic 

reticulum (ER), where it usually undergoes two subsequent processing reactions (Figure 7): first of all, 

the removal of the C-terminal amino acid by a specific endoprotease, known as RCE1 (RAS 

converting enzyme 1); secondly, the carboxyl group of the now exposed, lipidated cysteine residue is 

carboxyl-methylated by the enzyme isoprenylcysteine carboxyl methyltransferase (ICMT).  In contrast 

to the prenylation reaction and the proteolytic removal of the -AAX tripeptide, this last step in the 
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maturation of prenylated proteins can be reversed by certain methylesterase enzymes (ICME), which 

have been identified in animals and plants (Tan and Rando, 1992; Van Dessel et al., 2001; Lamango, 

2005; Deem et al., 2006; Huizinga et al., 2008). The proteolytic cleavage of the last three amino acids 

and the carboxyl-methylation are commonly referred to as “CaaX processing” or post-prenylation 

reactions (Young et al., 2000).  

In addition to these post-translational modifications, certain proteins, such as NRAS, HRAS and 

KRAS4A in vertebrates or members of the Rop (Rho) family in plants can be palmitoylated as well or 

S-acylated before their transfer to their cellular destination - most likely the plasma membrane 

(Hancock et al., 1989; Hancock et al., 1990; Hancock et al., 1991; Sorek et al., 2007). Other proteins, 

such as KRAS4B do not require a second lipidic modification, but possess a polybasic, lysine-rich 

sequence in proximity to the C-terminal CAAX motif instead (Hancock et al., 1990). 

Prenylated proteins have been particularly well studied in yeast and vertebrates because of their 

implication in oncogenesis, as mutational constitutive activation of RAS GTPases is responsible for up 

to 20% of human cancers (Bos, 1989; Downward, 2003) (Malumbres and Barbacid, 2003).  
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Figure 7. Prenylation and postprenylation reactions: CaaX-protein processing (modified from Winter-Vann and 

Casey, 2005). 

Many proteins in eucaryotic cells contain a carboxy-terminal CAAX motif. Depending on the nature of this 

motif, these proteins are either farnesylated (F) (X = M, A, S, Q) or geranylgeranylated (GG) (X = L) at the 

cysteine residue by the cytosolic CAAX protein farnesyltransferase (Ftase) or geranylgeranyltransferase (GGtase 

I). After the attachment of the isoprenoid group, the AAX tripeptide is proteolytically removed by RCE1 (RAS 

converting enzyme 1), before a methyl-group is transferred to the C-terminal cysteine residue by 

isoprenylcysteine carboxymethyltransferase (ICMT). Both reactions take place at the endoplasmic reticulum 

(ER). The processed Caax-protein can undergo additional modifications (e.g. palmitoylation: NRAS or 

KRAS4A), before being transported to the final cellular destination or binding to partners that keep them in the 

soluble state, as it is the case for many RHO GTPases (that bind to RHO guanine nucleotide dissociation 

inhibitors (GDIs) in vertebrates). Abbreviations: FPP, farnesyl diphosphate; GGPP, geranylgeranyldiphosphate; 

AdoHcy, S-adenoyslhomocysteine; AdoMet, S-adenosylmethionine. 
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In comparison, relatively little is known about prenylated proteins in plants, even though many studies 

suggest that these proteins  play important roles in cellular processes similar to their yeast and 

mammalian counterparts, such as growth regulation, signal transduction, cell cycle regulation and 

membrane trafficking. (Yalovsky et al., 1999; Crowell, 2000; Galichet and Gruissem, 2003; Galichet 

et al., 2008; Crowell and Huizinga, 2009). 

For instance, the three prenyltransferase enzymes (PFT, PGGT I and PGGT II) have been found in 

plants, including Pisum sativum (Yang et al., 1993; Qian et al., 1996), Solanum lycopersicum (Loraine 

et al., 1996; Yalovsky et al., 1996) , Catharanthus roseus (Courdavault et al., 2009) and Arabidposis 

thaliana (Cutler et al., 1996; Pei et al., 1998; Caldelari et al., 2001; Running et al., 2004; Johnson et 

al., 2005). In addition, it has been shown that tomato FTase was able to complement a yeast mutant 

with a deleted Ftase β-subunit, suggesting that at least the substrate recognition and catalytic 

mechanism were highly conserved among eucaryotes (Yalovsky et al., 1997). 

In Arabidopsis thaliana, mutants lacking the common α-subunit of PFT and PGGT I (PLURIPETALA 

or PLP) or the respective β-subunits of PFT (ENHANCED RESPONSE TO ABA or ERA1) and PGGT1 

(GERANYGERANYLTRANSFERASE BETA or GGB) show an enhanced response to ABA and/or 

auxin and are affected in their development (Cutler et al., 1996; Pei et al., 1998; Running et al., 1998; 

Bonetta et al., 2000; Yalovsky et al., 2000; Running et al., 2004). Therefore it has been suggested that 

some prenylated proteins, such as the geranylgeranylated small GTPases Rop2 and Rop6 (Lemichez et 

al., 2001; Li et al., 2001 ) or AUX 2-11 (Wyatt et al., 1993; Caldelari et al., 2001) or yet to be 

identified plant farnesylated proteins may function as negative regulators of ABA (ROP2/ROP6) and 

auxin signaling (ROP2/AUX 2-11) (Johnson et al., 2005; Crowell and Huizinga, 2009). 

In addition to their roles in hormone signalling, prenylated proteins in plants have found to be  

involved in other cellular processes, including the coordination of calcium signal transduction 

(Rodríguez-Concepción et al., 1999; Xiao et al., 1999), the response to environmental stresses, such as 

heat and heavy metals (Zhu et al., 1993; Dykema et al., 1999; Suzuki et al., 2002; Barth et al., 2009), 

the biosynthesis of isopentenyl-like cytokinins (Galichet et al., 2008) and the regulation of the cell 

cycle/cellular division (Qian et al., 1996; Hemmerlin and Bach, 1998; Hemmerlin et al., 2000; 

Galichet and Gruissem, 2006).  

Like the prenylation reaction itsself, CaaX processing (proteolysis and carboxymethylation) seems 

also to be a conserved process (Yalovsky et al., 1999), as attested by the fact that yeast mutants 

lacking CaaX protease activity could be complemented with the Arabidopsis thaliana Caax proteases 

AtSTE24 and AtRCE1. Like their mammalian and yeast homologs, both enzymes were localized in 

the ER  and found to be expressed in the majority of tissues (Bracha et al., 2002). 

Furthermore, recent studies showed that the two ICMT homologs identified in Arabidopsis thaliana 

(AtICMTA and AtICMTB), catalyzing the methylation of the newly formed C-terminus, (Rodríguez-
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Concepción et al., 2000; Crowell and Kennedy, 2001; Chary et al., 2002) are colocalized with the 

CaaX proteases in the endoplasmic reticulum (Bracha-Drori et al., 2008). 

Interestingly, treatment of plants with the methyltransferase inhibitor acetyl farnesyl cysteine (AFC) 

induced ABA hypersensitivity with similar phenotypes to those of era1 and plp mutants (Chary et al., 

2002). A similar phenotype consisting in an altered organization of the shoot apical meristem could 

also be observed in gene-silenced plants (AtIMCT
sil

). However, none of the ICMT silenced 

Arabidopsis plants did show any hypersensitivity to ABA (Bracha-Drori et al., 2008).  

These findings suggest that after cytosolic prenylation, proteins in plants undergo the same CaaX 

processing at the ER as proteins in yeast and vertebrates. These post-prenylation reactions which, 

among other effects (protection from degradation, protein-protein interactions), are assumed to 

increase the affinity of proteins to membranes (Hancock et al., 1991; Parish et al., 1995), may be 

required for their correct subcellular targeting and function. Consistent with that is the observation that 

the prenylated calmodulin CaM53 (Rodriguuez-Concepcion et al., 1999) accumulated in the 

endomembranes after treatment with the ICMT inhibitor AFC instead of being transported to the PM 

(Rodríguez-Concepción et al., 2000). 

The above mentioned CaM53 is a functional calmodulin from petunia with a polybasic C-terminal 

domain and a CaaX-isoprenylation motif. Upon prenylation by PGGT I, the protein was transported to 

the PM of plant cells, where its physiological activity was regulated, as suggested by the fact that the 

subcellular localization of this protein was affected in vivo by different effectors (light, sucrose, 

mutagenesis or interference with isoprenoid biosynthesis). If the isoprenylation of the protein was 

impaired by a mutation of the cysteine of the CaaX-box motif, treatment with mevinolin or incubation 

of leaves in the dark, a mislocalization of the GFP-fusion protein to the nucleus was observed 

(Rodríguez-Concepción et al., 1999).  

Interestingly, a few other plant proteins have recently been identified that exhibit a different 

subcellular localization depending on their prenylation status. For exemple, a similar spatial pattern for 

the functional rice calmodulin isoform OsCaM61 (Xiao et al., 1999), expressed in transgenic tobacco 

BY-2 cells, has been reported by Dong et al. (2002). Masking of the C-terminal prenylation site by a 

GFP fusion resulted in a partial shift of the localization of the fusion protein from the PM and 

endomembranes to the cytosol and nucleus. Although both calmodulin proteins have a nuclear 

localization signal within their amino acid sequence, the reason for which those two proteins are 

transported inside the nucleus in absence of prenylation still remains unclear until today. They could 

possibly interact with specific nuclear proteins, most likely transcription factors. In the case of other 

prenylated proteins, such as the farnesylated and nucleus-localised HIPP26 in Arabidposis thaliana, a 

strong interaction with a zinc finger homeodomain transcription factor has indeed been recently 

reported (Barth et al., 2009). 
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2.1.2 The thesis of Esther Gerber (2005) – Development of a bioassay 

based on a visual marker 

The observation that the subcellular localization of some prenylable proteins was dependent on their 

isoprenylation status and could be modulated in vivo by different ways, including chemical inhibition 

of isoprenoid biosynthetic pathways or various external stimuli, as for the studies with the fluorescent 

GFP-OsCaM61 fusion protein in tobacco BY-2 cells (Dong et al., 2002), was very interesting and 

openened the door for different applications. BY-2 cells have already been used in our group for other 

studies and proven to be an excellent model for the investigation of isoprenoid metabolism-related 

topics because of their short duplication time and efficient uptake of metabolites. Due to the lack of 

photosynthetic pigments, they are also particularly suitable for approaches involving fluorescent 

reporters (Hemmerlin et al., 2003; Hemmerlin et al., 2004). For these reasons, a former Ph.D. student 

in our group, Esther Gerber, started to develop tools and knowledge for the study of prenylated 

proteins in BY-2 cells. 

The results described in her doctoral thesis (Gerber, 2005) led to the development of an experimental 

system allowing to visualize the impact of geranylgeranylation on the intracellular localization of a 

prenylable GFP fusion protein in living plant suspension cells. This in vivo visualization system is 

based on a stably transformed tobacco BY-2 cell line expressing the  reporter protein GFP fused to the 

carboxy-terminal basic domain (DB) of the rice (Oryza sativa) calmodulin OsCaM61 (Xiao et al., 

1999; Dong et al., 2002). This short polybasic domain bears a CaaL geranylgeranylation motif 

(CVIL), which is (according to PrePS -Prenylation Prediction Suite (Maurer-Stroh and Eisenhaber, 

2005)) predicted to be a substrate of the protein geranylgeranyl transferase PGGT 1.  

The expression of the resulting chimeric fusion protein (GFP-DB-CVIL) could be tightly regulated via 

a dexamethasone-inducible gene expression vector (pTA7001) used for the generation of the stably 

transformed cell line (Figure 8). 
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Figure 8. Amino acid sequence of the H6-GFP-DB-CVIL fusion protein and schematic diagram of the 

pTA7001 vector region relevant for the transformation. 

A- H6-GFP-DB-CVIL amino acid sequence The starting methionine is indicated by a blue letter; a N-terminal 

His-Tag was added in frame with the GFP sequence; green letters, mRFP sequence. The position of the His-Tag 

(HHHHHH) is indicated by the yellow box. Experiments carried out by Esther Gerber (2005) used the same 

polypeptide without the N-terminal His-Tag. The sequence of the C-terminal basic domain of OsCaM61 

(accession number U37936) is displayed in black letters. Asterisks designate the position of basic amino acids. 

The light blue box indicates the position of a hypothetical NLS sequence found with the NLS prediction 

software NLSPredict and LocTree (Table 13). The dark blue box contains the CaaL-geranylgeranylation motif 

CVIL. Designations: MW, molecular weight; IEP, isoelectric point. B- pTA7001 expression vector, used for the 

stable transformation of BY-2 cells. For better understanding, only the region between the right (RB) and left 

borders (LB) of the pTA7001 vector (Aoyama and Chua, 1997) is shown (not to scale). PCaMV is a strong 

constitutive promotor driving the expression of the chimeric transcription factor consisting of the DNA-binding 

region of the yeast transcription factor GAL4, the transcription activation domain of VP16 and and the hormone-

binding domain (HBD) of the rat glucocorticoid receptor (GR). TE9 is a polyadenylation sequence. The plant 

selection marker is the gene of hygromycine phosphotransferase (Hpt) driven by the nopaline synthase promotor 

(PNOS); TNOS, nopaline synthase poly (A) addition sequence. The second transcription unit, containing the coding 

sequence of the chimeric H6-GFP-DB-CVIL protein contains a binding site for the chimeric transcription factors 

(GVG), consisting of six copies of the Gal4 UAS operator sequence fused to the minimal region of the CaMV 

35S promotor. T3A – polyadenylation sequence. 
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2.1.2.1 Main results obtained by Esther Gerber (2005): 

Esther Gerber used this resulting transgenic cell line to perform a series of experiments to study 

various aspects of protein isoprenylation and the origin of prenyldiphosphate substrates involved in the 

model system of tobacco BY-2 cells. The major results that are relevant to understand the 

experimental test system will be briefly summarized: 

 

1. The prenylable fusion protein is mainly associated with the plasma membrane of intact 

tobacco BY-2 cells: 

 

The results Esther Gerber obtained by microscopic analysis indicated that the fusion protein was 

predominantly targeted to the plasma membrane of transformed tobacco BY-2 cells, several hours (> 6 

h) after induction with dexamethasone. As the fusion protein has a natural prenylation motif, it was 

supposed that the protein association to membrane was due to the posttranslational modification of the 

C-terminal tetrapeptide –CVIL by prenylation/geranylgeranylation and subsequent CaaX processing. 

This hypothesis was supported by the fact that the non-prenylable control protein GFP-DB-C/S (GFP-

DB-SVIL), in which the cysteinyl residue of the CVIL-motif has been replaced by a seryl residue, thus 

removing the –SH group necessary for the covalent attachement of the prenyl moiety, nearly 

completely translocated to the nucleus and in particular to the nucleoli of the cells. Furthermore, these 

two distribution patterns of the GFP-fusion proteins were clearly different from that of transiently 

expressed GFP, which could mainly be found in the cytosol and the nucleoplasm of the transformed 

cells (Figure 9).  

 

 

Figure 9: Confocal microscopy images of transformed tobacco BY-2 cells (TBY-2). 

GFP- Transiently expressed GFP was mainly found in the cytosol and the nucleus, without staining the 

nucleolus. GFP-DB-CVIL- stably transformed fusion protein with a functional prenylation motif (-CVIL) is 
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predominantly localized at the PM after induction with dexamethasone. GFP-DBCaM-C/S- without a functional 

prenylation signal (-SVIL), the GFP fusion protein is located in the nuclear compartment with the strongest 

signal detected in the nucleolus. Images were acquired by confocal microscopy with a LSM510 confocal laser-

scanning microscope as described in chapter 4.5.20. The images for the GFP and the GFP-DBCaM expression 

were taken from the thesis of Esther Gerber (2005). White bar represents 10 µm. 

The hypothesis that the peripheral localization of the GFP-DB-CVIL fusion protein observed under 

standard conditions (induction with 10 µM dexamethasone for 15 h) was mainly caused by its 

integration into the PM, was verified by two different approaches. First of all, the GFP fluorescence 

was shown to colocalize with the red fluorescent dye FM4-64, which is known to specifically stain the 

plasma membrane (Bolte et al., 2004). Secondly, the colocalization of the GFP fusion protein with the 

FM4-64 stained membrane was maintained after plasmolysis, which was induced by adding the 

osmoticum D-Mannitol (0,4 M).  

 

 

2. Inhibition of the isoprenylation reaction triggers a change in the intracellular 

localisation of GFP-DB-CVIL: 

 

The experiments using the non-prenylable GFP-DB-SVIL fusion protein already demonstrated that a 

mutation of the acceptor cysteine in the CAAX box led to a completely altered phenotype, consisting 

in an accumulation of most of the fluorescence in the nucleoplasm and the nucleoli (Figure 9). These 

results confirmed the assumption that the C-terminal domain of the rice CaM61, which contains a 

second “signal” in form of a polybasic domain in addition to the prenylation motif, could be sufficient 

to target the GFP fusion protein to the PM, as it was observed for the full length calmodulin OsCaM61 

fused to GFP (Dong et al., 2002) or the petunia CaM53 (Rodríguez-Concepción et al., 1999). 

A further proof for the importance of the isoprenylation status for the association of GFP-DB-CVIL to 

the PM came from a series of experiments using specific chemical inhibitors of both isoprenoid 

biosynthetic pathways. 

These experiments were conducted under standardized conditions that were found to be optimal for 

the expression of the GFP fusion protein in TBY-2 cells (Figure 10): One-week old BY-2 cultures 

were diluted 1 to 4 fold in fresh TBY-2 medium before being dispatched into the wells of a 

commercial 6-well standard plate. Following a 3-hour pre-treatment of the freshly diluted cells with a 

specific inhibitor, the expression of the GFP-DB-CVIL fusion protein was induced by addition of 10 

µM dexamethasone. During this whole period, the cultures were shaken in the dark at 150 rpm and 

26°C. After 15 hours, the cells were examined by confocal fluorescence microscopy.  
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Figure 10. General principle of the test system suggested by Esther Gerber (2005).  

A- Experimental setup; B- time scale for treatments and induction; C- general observations made by Esther 

Gerber. This bioassay could be used to study the biosynthetic pools of prenyldiphosphate precursors in tobacco 

BY-2 cells and to screen for potential inhibitors of the plastidial MEP pathway. 

 

Treatments with Fosmidomycin and oxoclomazone, two known inhibitors of the MEP pathway, led to 

a dramatic mis-localization of the GFP-DB-CVIL fusion protein to the nucleus (Figure 11). 

Interestingly, the highest intensity of fluorescence was again observed in the nucleoli, in agreement 

with the results obtained with the non-prenylable GFP-DB-SVIL fusion protein (Figure 9).  

On the other hand, treatment with mevinolin, an inhibitor of the MVA pathway enzyme HMG-CoA-

reductase (HMGR), did not have any significant effect on the localization of the GFP-DB-CVIL 
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fusion protein. These results suggested that the MEP pathway played the predominant role in 

providing the precursors for the prenylation of GFP-DB-CVIL in transgenic tobacco BY-2 cells. 

Interestingly, the application of mevinolin together with Fosmidomycin or oxoclomazone practically 

completely prevented the association of the fusion protein to the PM, suggesting some contribution of 

the MVA pathway to the pool of prenyldiphopshate precursors used for the prenylation of GFP-DB-

CVIL (not shown). 

 

 

 

Figure 11. Localization of GFP-DB-CVIL fusion protein in transgenic TBY-2 cells after treatment with 

inhibitors of key enzymes of the MVA and MEP pathways.  

Control cells were induced 15 hours before observation by confocal microscopy as described before. Treatment 

with inhibitors occurred 3 hours prior to dexamethasone induction. Mevinolin (5 µM) did not cause any 

detectable effect on the localization of GFP-DB-CVIL fusion protein when compared to the untreated control. 

GFP fluorescence was predominantly located at the periphery of the cells. By contrast, fosmidomycin as well as 

oxoclomazone (here, both at 30 µM) caused a mislocalization of the fusion protein to the nucleus and in 

particular to the nucleolus. The same phenotype could also be observed after application of 40 µM GGTI, a 

peptidomimetic inhibitor of protein geranylgeranyl transferase 1 (PGGT1). White bar = 10 µm. 

In addition, Esther Gerber could show that the GFP-DB-CVIL fusion protein accumulated in the 

nuclear compartment, after treatment of the cell culture with a specific inhibitor of PGGT1 

geranylgeranyl transferase, the peptidomimetic GGTI-2133 (Vasudevan et al., 1999). Treatment of the 

cell line with known inhibitors of animal farnesyl transferases, the peptidomimetic B581 (Garcia et al., 

1993; Cox et al., 1994) and the FPP-substrat analog PFTI-I (Patel et al., 1995) did however not 

significantly change the localization of the GFP-DB-CVIL fusion protein, further supporting the 

hypothesis that the GFP-DB-CVIL is mainly geranylgeranylated in vivo (Gerber, 2005). 
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3. The prenyl moiety used for the prenylation of GFP-DB-CVIL is predominantly provided by 

the plastidial MEP pathway: 

 

Among other experiments, chemical complementation assays were performed to determine if the 

inhibitory effects of Fosmidomycin and oxoclomazone (40 µM) could be overcome by external 

feeding with pathway intermediates (MVA: 3mM) and isoprenols (Gol, Fol and GGol: 20 µM each).  

Whereas geraniol (Gol) did not significantly counteract the accumulation of GFP-DB-CVIL in the 

nucleus, farnesol (Fol) was able to partially overcome (>60%) the inhibitor effects. External feeding of 

MVA and GGol did more or less completely trigger recovery of the GFP fluorescence at the PM under 

defined experimental conditions (3 h pre-treatment, then induction with dexamethasone and addition 

of intermediates and isoprenols 15 h before observation) (Figure 12)(Gerber, 2005). 
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Figure 12. In vivo inhibition of GFP-DB-CVIL prenylation and chemical complementation with pathway 

intermediates and isoprenols.  

The generation of the prenyldiphosphate precursors FPP and GGPP is an essential prerequisite for the 

isoprenylation of proteins. The experiments by Esther Gerber were performed with the GFP-DB-CVIL fusion 

protein, which contains targeting sequences of the rice calmodulin fused to the C-terminus of GFP. As only the 

C-terminal basic domain of the calmodulin was used, the fusion protein was supposed to be biologically inert, 

leaving the membrane trafficking and the lipidation reactions fully functional (Gerber et al., 2009). Experiments 

carried out with both cell lines (GFP-DB-CVIL and H6-GFP-DB-CVIL) indicated that the MEP pathway 

seemed to be the primary source of GGPP used for protein geranylgeranylation in our model system tobacco 

BY-2 cells. This conclusion was based on the observation that the inhibition of the MEP pathway or more 

specifically of the key enzymes DXS and DXR by addition of 40 µM oxoclomazone (OC) or Fosmidomycin 

(Fos), respectively, shifted the fusion protein from its predominant localization on the periphery of the cell to the 

nucleus. By contrast, inhibition of the MVA pathway enzyme HMGR by addition of 5µM Mevinolin (MV) had 

no detectable effect on the localization. The same partial translocation from the PM to the nucleus/nucleolus was 

obtained by addition of the specific geranylgeranyl transferase inhibitor GGTI-2133 at 30 µM. Chemical 

complementation experiments with isoprenols and pathway intermediates, applied at various concentrations 

(MVA at 3 mM and Gol, Fol and GGol at 5, 10 and 20 µm), showed that only MVA and GGol could completely 

restore the plasma membrane localization of the GFP-DB-CVIL fusion protein, whereas Gol barely had an effect 

and Fol only partially complemented the inhibitory effect (50-60%).  

 

 

These results led to different conclusions: 

A major determinant for protein isoprenylation is the generation of the prenyldiphosphate precursors, 

farnesyl diphosphate (FPP) and geranygeranyl diphosphate (GGPP), used as substrates by the 

respective protein prenyltransferases. In plants, as already discussed extensively before, two more or 

less compartimentalized isoprenoid biosynthetic pathways operate, the cytosolic MVA pathway as 
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well as the plastidial MEP pathway. However their respective contribution to the pool of precursors, 

needed for the isoprenylation of proteins, is largely unclear. Until a decade ago, it was assumed that 

the cytosolic MVA pathway was the main source for FPP and GGPP used for the prenylation of 

proteins in plant cells (Crowell, 2000), which was to some extent supported by incorporation studies 

with radiolabeled MVA conducted in tobacco BY-2 cells and spinach seedlings (Randall et al., 1993; 

Shipton et al., 1995) As the prenylation and subsequent CaaX processing reactions take place in the 

cytosol/ER this assunption was not really called into question, even after the elucidation of the 

plastidial MEP pathway in plant cells (Rohmer, 1999). 

However, different studies casted a shadow of doubt on this theory, including the work from our lab 

(Hemmerlin et al., 2003), showing that radiolabelled DX, which could serve as precursor for DXP in 

the plastid, was incorporated in proteins in TBY-2 cells. This study is particularly interesting for two 

reasons: first of all, it was conducted with the same model system used by Esther Gerber and secondly, 

it was a further proof for an exchange of prenyldiphosphate precursors (“crosstalk”) between the two 

isoprenoid pathways, demonstrating that MEP derived isoprenoids could be used by cytosolic protein 

isoprenyltransferases to modify cellular proteins.  

The fact that the inhibition of the MEP pathway by specific inhibitors led to an accumulation of the 

GFP fluorescence in the nucleus, whereas inhibition of the MVA pathway did not have any effect, 

definitely demonstrated that the prenyldiphosphates used for the isoprenylation of GFP-DB-CVIL 

were derived from the MEP pathway in TBY-2 cells. 

As only the inhibition of the protein-geranylgeranyl transferase triggered the same response, it was 

also quite probable that the prenyldiphosphate in question was most likely GGPP. 

Interestingly, MVA and GGol as well as Fol were able to partially overcome the inhibitory effects 

induced by the treatments with Fos and OC. This proved two things: First of all, these compounds 

were successfully imported into the TBY-2 cells, and then metabolized into the prenyldiphosphate 

precursor(s) used for prenylation (most likely GGPP). As the MEP pathway was found to be the major 

source for this substrate, it however remained unclear, where the biological activation of the 

isoprenols, the conversion to their respective prenyldiphosphates took place and how both pathways 

interacted at this point.  
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2.1.3 The beginning of my work 

As indicated above, at the end of Esther Gerber's thesis, several questions remained unsolved. The 

most important one was the definite chemical proof that GFP-DB-CVIL was geranylgeranylated in 

vivo. 

Further radiolabelling experiments with [
3
H]-GGPP and [

3
H]-FPP demonstrated that GFP-DB-CVIL 

expressed in E.coli cells was specifically geranylgeranylated when used in in vitro assays with BY-2 

cell free extracts (later published in Gerber et al., 2009). Consequently, the next logical step was the 

purification of the prenylated fusion protein for chemical analyses.  

Therefore one of the first tasks upon my arrival in the group of Professor Bach was the generation of a 

TBY-2 cell line with a His-tagged version of GFP-DB-CVIL (referred to as H6-GFP-DB-CVIL)  in 

order to possibly facilitate the purification of the protein from TBY-2 cells (Figure 8). 

 

2.1.3.1 Generation of a stably transformed, clonal H6-GFP-DB-CVIL cell line 

At this point, it is important to mention that Esther Gerber used a simplified version of the 

Agrobacterium-mediated protocol for the stable transformation of TBY-2 cells in order to obtain 

fluorescent cultures more quickly. This protocol skipped the selection of individual calli on antibiotic-

supplemented solid MS-BY2 plates by selecting positive transformants directly in liquid medium. This 

method has the advantage to yield “working cultures” in a much shorter time scale as it could be 

achieved with the “classical protocol” that relies on the time-consuming microscopical selection of 

individual calli (chapter 2.3). 

On the other hand, the major disadvantage of using this approach was that all those experiments were 

carried out with stably transformed cultures, consisting of a collection of agroinfected cells instead of 

individual clones (Gerber, 2005).  

As such cultures tend to display a high heterogenity in the expression of recombinant proteins for 

various reasons such as the locus of insertion, the number of individual copies, etc. (Pröls and Meyer, 

1992; Iglesias et al., 1997; van Leeuwen et al., 2001), it was therefore essential to generate a clonal 

selection of the H6-GFP-DB-CVIL to confirm the initial results obtained by Esther Gerber (besides 

the reason that the original GFP-DB-CVIL line did not exist anymore). 

Thus, my first experiments focused on adjusting the Agrobacterium tumefaciens - mediated 

transformation protocol (An, 1985) for the generation of stably transformed BY-2 cultures (chapter 

4.5.5). These attempts were successful after a few months and first calli were obtained. As soon as 

these calli reached a critical size (~4 weeks after the transformation), they were transferred onto new 

plates supplemented with the respective antibiotic (pTA7001: 30 µg/ml Hygromycin) for at least two 

weeks. Liquid suspensions were then prepared by gently resuspending a portion of the calli in 10 ml of 
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liquid media containing the required antibiotic. These suspensions were subcultured in fresh tobacco 

BY-2 medium as soon as they reached the stationary growth phase and after one additional week, the 

resulting culture was tested for GFP expression according to the protocol described in Figure 10 A. 

With this protocol, 48 suspension cultures were tested for inducible GFP expression using 

fluorescence microscopy. Out of those 48 cultures, 23 (~48 %) contained fluorescent cells. However, 

only four of those cultures had cells with high intensities of fluorescence under our induction 

conditions (10 µM dexamethasone, 15 h induction).  

These suspension cultures were sufficient to perfom the first tests. As only a certain ratio of those cells 

was strongly fluorescent, the two best performing suspension cultures were used to generate secondary 

calli, using a very early version of the protocol described in chapter 4.5.5.3. After repeating the above-

described steps, the secondary suspensions were tested until two highly fluorescent cell suspension 

lines with more than 90% of cells with induced GFP expression were found. The best performing cell 

line (L1-16) was then used for further experiments (Figure 13). The generation of those homogenously 

expressing transgenic lines was particularly important for the purification of the H6-GFP-DB-CVIL 

fusion protein (Gerber et al., 2009). 

 

 

Figure 13. Clonal transgenic tobacco BY-2 cell line expressing the H6-GFP-DB-CVIL fusion protein. 

GFP expression was induced according to the previously dsecribed standard protocol. Both images were taken 

with a confocal laser scanning microscope (Zeiss LSM510 equipped with an inverted Axiovert 100M).  HM- 

High magnification image taken with a 63 x water immersion objective (C-Apochromat 63x/1.2W M27), that is 

specifically designed for the examination of an aqueous specimen and delivers high resolution in optical thin 

sections, with satisfying levels of fluorescence brightness. LM- Low magnification image taken with a 10 x 

“Enhanced Contrast Plan-Neofluar” universal objective (EC Plan-Neofluar 10x/0,3 M27), adapted for general 
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observations in fluorescence microscopy. If not otherwise stated, the label HM and LM designates the use of 

these both types of objectives for the image acquisition with the confocal laser scanning microscope. White bars 

= 20 µM. Please note the different saturation of the images and the significantly higher saturation in the LM 

image that was used to highlight the homogenous levels of bright fluorescence of the re-selected clonal cell line. 

 

The purification and analysis of the H6-GFP-DB-CVIL protein from treated and untreated tobacco 

BY-2 cultures, conducted in our group, finally revealed that the plasma membrane-associated form 

was geranylgeranylated and carboxyl-methylated in vivo (Gerber et al., 2009), which corroborated the 

results obtained during the studies of Esther Gerber (2005). 

 

Verification of the results obtained by Esther with the newly transformed cell line: 

In order to determine whether Esther's results were reproducible with the new transgenic cell line 

expressing H6-GFP-DB-CVIL, instead of the non-His-tagged version of the protein, all major 

inhibitor treatments and chemical complementations performed during the thesis of Esther Gerber 

(2005) were repeated. However, to avoid too much redundancy at this point, only the missing 

complementation experiments relevant for the paper from our group in 2009 (Gerber et al., Plant Cell 

2009) will be shown. 

 

 

2.1.3.2 DX completely restores the PM localization of H6-GFP-DB-CVIL in cells 

treated with oxoclomazone (OC) 

During the experiments of Esther Gerber, Fosmidomycin as well as oxoclomazone (5-ketoclomazone) 

were used to inhibit the biosynthesis of prenyldiphosphate precursors through the MEP pathway. 

Whereas the molecular target of Fosmidomycin, DXR, has been identified shortly after the elucidation 

of the MEP pathway (Kuzuyama et al., 1998), the situation for oxoclomazone was far less clear. 

Oxoclomazone is known to be one of the metabolites that can be found in plants after application of 

the herbicide clomazone (also referred to as dimethazone) (ElNaggar et al., 1992; Liu et al., 1996) 

(TenBrook and Tjeerdema, 2006). As mentionned before, clomazone is a soil-applied pre-emergence 

herbicide that has been developped for the use against annually emerging broad-leafed and grassy 

weeds, menacing a number of crops, including soybeans, sugar cane, corn, cotton, tobacco and rice 

(Warfield et al., 1985; Chang et al., 1987; FMC corporation, 2001). 

Application of clomazone leads to a bleaching phenotype in susceptible plants, which is mainly caused 

by a dramatic decrease in chlorophyll and carotenoid contents  (Duke and Kenyon, 1986; Weimer et 

al., 1992) This loss of photosynthetic pigments was attributed to an inhibition of the biosynthesis of 

chloroplast-bound isoprenoids in general (Sandman and Boger, 1986) which correlated with the 



Results and Discussion 

 

 

 

53 

impaired chloroplast development, commonly observed in clomazone-treated plants (Sandman and 

Boger, 1986) (Duke et al., 1985; Duke and Kenyon, 1986; Duke and Paul, 1986; Argenta and Lopes, 

1991). 

For several years, the site of action of clomazone remained a mystery, although different studies 

narrowed down the possible target sites and showed that the inhibition had to occur before the 

synthesis of IPP (Sandman and Boger, 1987; Lutzov et al., 1990; Zeidler et al., 2000). It took several 

years until it was shown that clomazone itself did not induce the toxicity observed in green plants but 

that it was rather one of the breakdown products, such as oxoclomazone, which inhibited the 

formation of IPP in the plastidial MEP pathway. The final proof was provided by Müller et al. (2000), 

who were able to demonstrate that oxoclomazone inhibited DXS, the enzyme catalyzing the first step 

of the MEP pathway that had just been elucidated shortly before. The fact that oxoclomazone was the 

bioactive metabolite of clomazone and acted on DXS was later confirmed by Ferhatoglu et al. (2006) 

by in vitro assays using intact spinach chloroplasts. Interestingly, oxoclomazone was already shown to 

be an active herbicide nearly 20 years before (Chang et al., 1987) and assumed to be one of the 

metabolites that strongly contributed to the herbicidal potency of clomazone (ElNaggar et al., 1992; 

Zeidler et al., 2000). 

Recent studies also gave evidence for a P450-mediated bioactivation of clomazone in susceptible 

plants (Ferhatoglu et al., 2005; Yasuor et al., 2008; Yasuor et al., 2010), explaining earlier 

observations made with oxoclomazone-susceptible and -tolerant plant species (Norman et al., 1990a, , 

1990c). 

Experiments in barley leaves demonstrated that the effects induced by addition of oxoclomazone could 

partially be reversed by DXP, the product of DXS (Zeidler et al., 2000). The same year, Estevez et al. 

(2000) were able to show that DX could successfully overcome the bleaching phenotype of the 

Arabidopsis knock-out mutant cla1. Incorporation of DX in bacteria and plants has been successfully 

shown in severeal cases (Lois et al., 2000; Wolfertz et al., 2004). Recent studies in our group provided 

evidence for a cytosolic D-xylulose kinase identified from Arabidopsis thaliana protein extracts that 

was able to catalyze the phosphorylation of DX to DXP in in vitro assays, suggesting a sequence of 

events leading to the final import of DXP into the plastidial compartment. Furthermore, 

complementation experiments with knock-out-mutants of DXS treated with oxoclomazone and DX 

showed that this cytosolic D-xylulose kinase was responsible for the phosphorylation of DX in planta 

(Hemmerlin et al., 2006). 

In initial screenings, both Arabidopsis and TBY-2 protein extracts were able to phosphorylate DX, but 

later Arabidopis thaliana was chosen for the cloning because of obvious advantages, such as genomic 

ressources and availibility of T-DNA insertion mutants. These data strongly suggested that TBY-2 

cells should also be able to overcome the inhibition of DXS caused by oxoclomazone treatment. 
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In our visual bioassay, based on the prenylable H6-GFP-DB-CVIl, this inhibition is indicated by a 

clear phenotype, the accumulation of GFP fluorescence in the nucleus. To test the hypothesis that DX 

can also be incorporated in the plastidial MEP pathway in TBY-2 cell, oxoclomazone and 

fosmidomycine–treated cell cultures were incubated with DX (Figure 14). As a positive control, both 

inhibitor-treated cell cultures were complemented by addition of the isoprenol GGOH that was able to 

completely overcome the inhibition of both compounds in previous experiments at very low 

concentrations (Gerber, 2005). 

 

Results: 

As suggested by earlier studies (Estévez et al., 2000; Wolfertz et al., 2004; Hemmerlin et al., 2006), 

DX was able to overcome the inhibitory effects induced by treatments of the transgenic TBY-2 cell 

line with oxoclomazone (OC). The complete recovery of fluorescence in the PM of all the cells after 

DX addition was surprising and suggested a very efficient integration of DX into the plastidial MEP 

pathway. This result is in line with the observations made by Hemmerlin et al. (2006) and 

demonstrates that TBY-2 cells are able to import DX from the extracellular medium, to phosphorylate 

and to transport it into the plastid (in whatever sequence of events), where it is used as precursor for 

the biosynthesis of IPP/DMAPP and /or GGPP. The latter, whether of plastidial or cytosolic origin, 

was then incorporated into the prenylated H6-GFP-DB-CVIL fusion protein.  

As a proof of the concept that DX is specifically bypassing the DXS catalyzed reaction, cells were 

treated in parallel with Fosmidomycin, which inhibits DXR, the enzyme that catalyzes the conversion 

from DXP to MEP. As expected, DX was not able to overcome the inhibition, whereas addition of 

GGol completely reversed the effects of both inhibitors in all observed cells. 

 

Treatment 
(Abbreviation) 

MW [g/Mol] Solvant Stock solution Final concentration 

Oxoclomazone (OC) 253,69 MeOH 100 mM 40 µM 

Fosmidomycin (FOS) 183,1 H2O 100 mM 40 µMM 

1-deoxy-D-xylulose 
(DX) 

134,13 H2O 150 mM 0,5 mM 

Geranylgeraniol 
(GGOH) 

290,5 EtOH 20 mM 5, 10 and 20 µM 
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Figure 14. Localization of the H6-GFP-DB-CVIL fusion protein after treatment of TBY-2 cells with 

oxoclomazone (OC) and Fosmidomycin (Fos) and complementation assays with the MEP pathway 

intermediate DX and the isoprenol GGOH.   

Control- Control cells were treated with the respective solvants (compare table above). Both oxoclomazone and 

Fosmidomycin induced a very important mislocalization of the fusion protein (more than 95 % of OC treated 

cells and more than 85 % of Fos-treated cells). DX successfully complemented OC treatments (at 100 %, no 

single cell with a partial mislocalization was observed in over 300 counted cells), whereas it did not visibly 

change the ratio of cells showing a mislocalization in Fos-treated cultures. GGOH was used as a second control 

and entirely complemented all observed cells after treatments with both inhibitors. HM = high magnification; 

LM = low magnification. White bars represent 20 µm.   

 

The results obtained by this particular complementation experiment were very interesting, as they not 

only confirmed the observations by Hemmerlin et al., (2006), made with BY-2 cell extracts, but 

showed that the inhibition of the two key enzymes of the MEP pathway can be distinguished by 

chemical complementation (Figure 16 A). 

This validated the bioassay as a tool to study the metabolic flux of isoprenols and prenlydiphosphates 

through both pathways and as a test system for potential inhibitors of the (plastidial) MEP pathway or 

PGGT-1 (Figure 15 and Figure 16). 
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Figure 15. Chemical complementation assays and the phenotypes that were induced by various 

treatments. 

Treatments and image acquisitions were carried out according to standard protocols, with mevinolin (5 µM), 

oxoclomazone and Fosmidomycin (40 µM), DX (0,5 mM), GGol (5 µM) and GGti-2133 (30 µM). White bars = 

10 µm. 

However, as indicated earlier, BY-2 cells represent a very particular model system, especially because 

they do not have differentiated plastids and synthesize significantly less MEP-derived isoprenoids than 

photosynthetically active plants. This lack of chloroplasts, as well as the presence of high 

concentrations of sucrose in the culture medium very likely causes a completely different metabolic 

situation in BY-2 cells. Therefore, results should always be evaluated and interpreted very carefully. 
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Figure 16. Pathways for isoprenoid biosynthesis in plant cells and visualization of the phenotypes 

observed after various treatments. 

A- Phenotypes observed after treatments of the transgenic H6-GFP-DB-CVIL cell line with inhibitors of both 

isoprenoid biosynthetic pathways. B- Setup of the bioassay developped during the studies of Esther Gerber 

(2005) and used for my experiments with the generated (clonal) H6-GFP-DB-CVIL cell line. 
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Many new results, but more new questions! 

The results obtained with the prenylable fusion protein H6-GFP-DB-CVIL so far showed that the 

MEP pathway was the predominant source of the GGPP used for the geranylgeranylation of the 

transgenic reporter protein and perhaps for all proteins in TBY-2 cells. 

This very remarkable result raises the question whether GGPP is synthesized by a plastidial GGPP 

synthase and then exported by a still unknown transport mechanism, or whether MEP-derived 

IPP/DMAPP and/or GPP are exported instead and processed by cytosolic prenyl diphosphate 

synthases, thereby providing the GGPP used for the prenylation reaction. 

As mentioned before, there is strong evidence for a crosstalk between the two isoprenoid biosynthetic 

pathways and export of plastid-derived prenyldiphosphates to the cytosol has been shown on several 

occasions, in different plant species. For instance, it has been reported in chamomile (Matricaria 

recutita) and snapdragon (Antirrhinum majus) that sesquiterpenoids, which are considered to be 

exclusively synthesized in the cytosol via the MVA-pathway (Tholl, 2006), may in some cases contain 

IPP and DMAPP units of plastid origin (Adam et al., 1999; Dudareva et al., 2005). According to 

Dudareva et al. (2005), IPP and DMAPP would be exported to the cytosol and converted to FPP by a 

cytosolic FPP synthase (FPS). This was supported by earlier reports on the transport of isoprenyl 

diphosphates, in particular, IPP and DMAPP, from the plastid to the cytosol (Bick and Lange, 2003). 

The fact that radiolabeled DX was incorporated in low molecular weight proteins in TBY-2 cells 

clearly demonstrates that any scenario involving the export of IPP, GPP or GGPP from the plastid is 

possible (Hemmerlin et al., 2003). 

In addition, Arabidopsis thaliana, for instance, possesses several GGPP synthases, with different 

expression patterns and subcellular localizations. Out of the 12 putative GGPP synthase genes in 

Arabidopsis (Lange and Ghassemian, 2003), five have been further studied by Zhu et al. (1997) and 

Okada et al. (2000). According to these authors, two GGPP synthases were found in the ER, two in the 

plastids and one in the mitochondria. Alternatively, a cytosolic FPS could catalyze the conversion of 

the exported GPP to FPP, which could further be metabolized into GGPP by a cytosolic GGPP 

synthase. A less likely but nevertheless possible scenario could be a FPP synthase catalyzing the 

conversion of FPP to GGPP, a reaction occurring in vitro under certain conditions (Eberhardt and 

Rilling, 1975). 

In contrast to Arabidopsis thaliana, the situation in tobacco BY-2 cells is however to date largely 

unknown, and for this reason the chemical complementation experiments conducted with the inhibitor-

treated cell lines were very useful (Gerber et al., 2009) (Figure 12, page 48): 

The chemical complementation experiments were for example performed with Fosmidomycin-treated 

cells (40 µM), to which the isoprenols, geraniol (Gol), farnesol (Fol) and geranylgeraniol (GGol) were 

added (20 µM each) simultaneously with the dexamethasone induction.  
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Whereas externally fed Gol was not able to significantly overcome the Fos-induced delocalization of 

the GFP fusion protein, Fol was able to partially counteract the effect induced by Fosmidomycin (~ 65 

%). The best complementation, however, was observed with GGol at the same concentration, which 

complemented the inhibitory effect in 100% of cells, thereby even eliminating the 1-5 % of cells that 

statistically show a partial mislocalization in normal control treatments. Furthermore, the same effect 

was even observed at concentrations of 5 µM GGol. 

This effect can most likely be explained by an efficient uptake of GGol and its conversion to its 

corresponding diphosphate derivative. Phosphorylation of Fol and GGol in plants has been described 

previously (Thai et al., 1999) and the observation that exogenously fed, radiolabeled Fol could be 

incorporated into ubiquinone in TBY-2 cells, strongly supports the existence of a phosphorylation 

mechanism for isoprenols. Interestingly, the prediction that Gol would not be accepted as a substrate 

for the described sequentially working phosphorylation system (Thai et al., 1999) correlates with the 

observation that Gol could not overcome the inhibition of both pathways as Fol and GGol did.  

However, Fol only partially complemented the effects observed after Fos treatment and parallel 

inhibition of the MVA pathway by mevinolin further reduced the complementation.  

These observations can be interpreted in different ways: 

On one hand, the IPP used for the formation of GGPP, after addition of exogenously applied Fol, 

would be derived from the MVA pathway. On the other hand, Fol would stimulate the MVA pathway 

by up-regulating cellular HMGR activity (Hemmerlin and Bach, 2000), the IPP in excess would be 

imported into the plastids, converted to GPP or GGPP, before being re-exported to the cytosol and 

used for the prenylation of the GFP-DB-CVIL protein. However, this up-regulation of HMGR activity 

was observed at Fol concentrations that were considered as highly cytotoxic and only affected a stress-

induced HMGR isoform (Hemmerlin et al., 2004). A similar sequence of events could also explain the 

ability of very high concentrations of MVA (3 mM) to completely overcome the inhibition induced by 

Fosmidomycin (import of excess MVA-derived IPP into plastids, biosynthesis of GPP or GGPP and 

re-export to the cytosol). The fact that exogenously applied MVL was able to partially rescue both the 

developmental arrest of the dxs-mutant cla1-1 (Nagata et al., 2002), and
 
the fosmidomycin-induced 

growth inhibition of TBY-2 cells (Hemmerlin et al., 2003) supports this interpretation. 

A third interpretation in relation to the substrate specificities of the prenyltransferase enzymes (PFT) 

and GGTase I could be proposed. Whereas the results of in vivo prenylation experiments (control and 

Fos-treated cells) clearly showed that the H6-GFP-DB-CVIL was specifically geranylgeranylated 

under our experimental conditions, with no detectable farnesylation, the in vitro isoprenylation assays 

suggested that, in the presence of substrates in excess, the substrate specificities might not be absolute. 

Thus, one could imagine that excess FPP (formed after addition of 3 mM MVA) could be used by 

FTase to prenylate the fusion protein, in agreement with the observation that application of the 

geranylgeranyltransferase inhibitor GGTi-2133 together with mevinolin induced a more complete 
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delocalization than application of only GGTi-2133 (data not shown). A substrate-cross-specificity for 

FTase isolated from Arabidopsis thaliana under in-vitro conditions has only recently been reported by 

Andrews et al. (2010). 

Interestingly, although Fol was able to overcome mevinolin-induced cell cycle inhibition in TBY-2 

cells, it proved nevertheless to be toxic for cells, at concentrations exceeding 12,5 µM, in long term-

treatments (7-days) and 25 µM, in short-term treatments  (48 h) (Hemmerlin and Bach, 2000).  

Previous studies demonstrated that radiolabeled Fol was incorporated into phytosterols, proteins and 

mitochondrial ubiquinone, after a two-step conversion to FPP (Thai et al., 1999; Hartmann et al., 

2000; Hemmerlin and Bach, 2000). FPP is considered to be synthesized exclusively by the MVA 

pathway in plants. In Arabidopsis for example, FPP synthases are represented by two genes (Cunillera 

et al., 1996; Cunillera et al., 1997), FPS1 and FPS2, that encode three isozymes with different 

subcellular localizations (FPS1L, in mitochondria; FPS1S and FPS2, in the cytosol) and only recently, 

it has been reported that the double knockout of both Arabidopsis genes results in a lethal embryonic 

phenotype, whereas the respective single knockout mutants did not display any major developmental 

and metabolic defects (Busquets et al.). 

In plants, FPP can follow different routes (Figure 17). Firstly, FPP can be converted to squalene by 

squalene synthase, which is the route leading to phytosterols and brassinosteroids (Benveniste, 2004). 

Secondly, FPP can be used to synthesize geranylgeranyl diphosphate (GGPP) or dolichols, which are 

long-chain, poly-unsaturated isoprenoids found in cellular membranes with largely unknown functions 

(Swiezewskaa and Danikiewiczb, 2005; Zhang et al., 2008). Finally, FPP can be used to prenylate 

different substrates, including the transfer of the farnesyl moiety to the C-terminus of proteins. This 

reaction is catalyzed by protein farnesyltransferase (FTase). 

Interestingly, FPP might also be dephosporylated in vivo to its alcohol farnesol (Nah et al., 2001), as it 

was shown in animal systems ((Bansal and Vaidya, 1994; Meigs and Simoni, 1997). In addition, there 

is strong evidence for a recycling mechanism of FPP from isoprenylated proteins, catalyzed by a 

prenylcysteine lyase (Zhang et al., 1997). 

In animals and yeast, it was shown that the three main enzymes using FPP have different affinities for 

their substrate as attested by a Km value for FPP of about 2 µM, for the squalene synthase (Soltis et 

al., 1995), of about 1 µM, for the GGPPsynthase (Sagami et al., 1994), and around 5 nM, for the 

protein farnesyltransferase (Furfine et al., 1995). 
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Figure 17. Different metabolic fates of FPP in the plant cell. 

FPP can follow different routes in the plant cell. The main route leads to phytosterols, but FPP can also 

participate to the formation of sesquiterpenes and dolichols as well as ubiquinone synthesis or protein 

prenylation as a substrate for protein farnesyltransferase or for GGPP synthase. 

One can therefore conclude that an inhibition of isoprenoid biosynthesis by statins will have the 

greatest impact on sterol biosynthesis, closely followed by a decrease in GGPP production, then, in 

protein farnesylation. This is supported by previous observations showing that the inhibition of the 

MVA pathway by mevinolin had a strong impact on the biosynthesis of sterols in plants (Bach and 

Lichtenthaler, 1987; Bach et al., 1990). 

Compared to animals and yeast, the situation in plants might be even more complex as different 

factors strongly influence the pool of FPP and its cellular fates. One of the best-known examples is the 

down-regulation of sterol biosynthesis and up-regulation of the synthesis of the sesquiterpenoid 

capsidiol in response to fungal elicitation (Vögeli and Chappell, 1988). 

Keeping in mind that the inhibition of the MVA pathway by mevinolin had a significant impact on the 

capability of Fol to overcome the inhibition of the MEP pathway by Fosmidomycin, we decided to 

have a closer look on the effects induced by an inhibition of the sterol biosynthetic pathway with 

specific inhibitors. 

In this context, two general considerations have been taken into account: 
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A block of the sterol biosynthesis should lead to a larger pool of FPP available for other reactions. 

Thus, 1) will some of this FPP be redirected to the biosynthesis of GGPP and if this is the case, 2) will 

this GGPP be sufficient to induce a chemical complementation similar to the one observed by addition 

of Fol or GGol ? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results and Discussion 

 

 

 

63 

2.1.4 Impact of the inhibition of the sterol biosynthetic pathway on 

the localization of the H6-GFP-DB-CVIL fusion protein in BY-2 

cells 

 

a) Sterols in plants – general facts 

Sterols are described as isoprenoid-derived, lipophilic membrane components with essential functions 

in eukaryotic cells. While only one major sterol is produced in fungal and vertebrate cells, ergosterol 

and cholesterol, respectively, plant cells contain a complex mixture of so-called “phytosterols” 

including sitosterol, campesterol (24-methylsterol) and stigmasterol as major constituents (Benveniste, 

2004). Although sitosterol appears to be the most abundant plant sterol, as many as 61 sterols and 

pentacyclic triterpenes have been identified in maize seedlings (Guo et al., 1995). Chemically, 

phytosterols differ from cholesterol by an extra alkyl (methyl or ethyl) group, located at C-24 in the 

side chain. The introduction of these alkyl groups is catalyzed by several sterol-C24-

methyltransferases. This modification was found to be of central importance for plant growth and 

development (Schaeffer et al., 2001; Schaller, 2003, , 2004). 

Free sterols, such as cholesterol in mammalian cells, are known to intercalate with phospholipids in 

the membrane bilayer and thereby to directly influence the mechanical properties of the PM by 

regulating its permeability and fluidity (Schuler et al., 1991; Hartmann, 1998; Mouritsen and 

Zuckermann, 2004; Roche et al., 2008). In addition, they contribute to the formation of so-called “lipid 

rafts”, which are considered as highly dynamic membrane micro-domains (10-200 nm), with a 

functional role in the compartmentalization of membranes and cellular processes. In mammalian cells, 

these micro-domains are enriched with specific proteins that play key functions in various cellular 

processes, including signal transduction, cell growth and polarization as well as cytoskeleton 

reorganization and infectious diseases (Simons and Ikonen, 1997; Simons and Toomre, 2000; Freeman 

and Solomon, 2004; Hancock, 2006) (Guy, 2000; Karpen et al., 2001). 

As these rafts are generally characterized by their insolubility in cold non-ionic detergents (e.g. Triton 

X-100), they are also referred to as “detergent-resistant membranes” (DRMs) (Christian et al., 1999; 

Rothblat et al., 1999). 

In plants, however, the situation is less clear and only a few investigations gave evidence for PM 

micro-domains similar to those described from mammals, e.g. in the PM of tobacco (Peskan and 

Oelmuller, 2000; Mongrand et al., 2004). Analysis of these DRMs from tobacco revealed an increased 

amount of sphingolipids, phytosterols and steryl-glycosides in these structures as compared to the rest 

of the PM. Keeping in mind their mammalian counterparts, the characterization of proteins identified 

in these plant DRMs suggested a crucial role of these structures in cellular signaling events and in the 

response to biotic and abiotic stresses (Borner et al., 2005; Morel et al., 2006; Lefebvre et al., 2007). 
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The importance of phytosterols for the formation of plant DRMs was demonstrated only recently in 

isolated BY-2 PM fractions, after treatment with MßCD, a cyclodextrin that is known to affect the 

sterol content in mammalian cells, yeast and Arabidopsis thaliana (Baumann et al., 2005; Zidovetzki 

and Levitan, 2007; Kierszniowska et al., 2009). Treatment with M CD resulted in a 50%  decrease in 

the PM sterol content, thus preventing the isolation of DRMs (Roche et al., 2008). Studies with 

artificial raft-like structures from plants also showed that the presence of stigmasterol and sitosterol 

significantly extended the scale of sensitivity to temperatures compared to model membranes 

containing cholesterol (Beck et al., 2007), supporting the hypothesis that the sterol composition of the 

plant PM might play a crucial role in the adaptation and response of plants to temperature  (Dufourc, 

2008; Minami et al., 2009). 

Besides their primary role as structural membrane constituents, phytosterols are involved in the 

embryogenic development, cell division and elongation as well as in cellulose accumulation during 

cell wall formation (Benveniste, 2004; Suzuki and Muranaka, 2007; Boutte and Grebe, 2009). Finally, 

phytosterols (campesterol) serve as precursors for brassinosteroids, a class of steroid hormones in 

plants (Li et al., 1996). 

 

 

b) Biosynthesis of sterols 

The biosynthesis of sterols in higher plants share the same steps as in yeast and mammals until the 

formation of squalene oxide. (Benveniste, 2004). In the cytosolic MVA pathway, acetyl-CoA serves as 

the precursor for the formation of IPP, which is converted to DMAPP by Isopentenyl Isomerase1. IPP 

and DMAPP are then used for the biosynthesis of FPP, catalyzed by the farnesyl diphosphate synthase 

(FPS). After conversion of FPP to squalene by the squalene synthase (SQS) and the subsequent 

epoxidation to 2,3-oxido-squalene, catalyzed by the squalene epoxidase (SQE), different routes lead to 

sterol end products in plants, yeasts and mammals. 

In yeast and mammals, 2,3-oxidosqualene is cyclized into lanosterol by lanosterol synthase (LAS); it 

serves as a precursor for ergosterol and cholesterol, respectively (Baker et al., 1995; Corey et al., 

1996). In contrast, phytosterols are almost exclusively synthesized via cycloartenol, the cyclization 

product of 2,3-oxidosqualene formed by the cycloartenol synthase (CAS) (Corey et al., 1993). 

However, recent studies focusing on the lanosterol synthase1 gene (LAS1) from Arabidopsis thaliana 

demonstrated that the lanosterol pathway in this plant was functional and might contribute to about 1,5 

% of the sitosterol production (Ohyama et al., 2009). The biological role of this route in plants is still 

under investigation and the gene expression profile of Arabidopsis LAS1 suggests that the lanosterol 

pathway may contribute to the production of plant-defense related secondary metabolites 

(Zimmermann et al., 2004; Ohyama et al., 2009). 
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In plants, sterols are synthesized at the endoplasmic reticulum (ER) (Hartmann and Benveniste, 1987; 

Moreau et al., 1998; Busquets et al., 2008) and supposedly transported to the PM via the trans-Golgi-

network (TGN) (Moreau et al., 1998; Grebe et al., 2003). 

Phytosterols have recently gained special attention from food and medical industries due to their 

potential as cholesterol-lowering agents and their anti-cancer effects (AbuMweis and Jones, 2008; 

Sanclemente et al., 2009; Woyengo et al., 2009). 
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Figure 18. Sterol biosynthesis in yeast, mammals and higher plants.  

The rate-limiting step for the biosynthesis of sterols is the formation of mevalonate (MVA) in the cytosolic 

MVA pathway. In plants, IPP and DMAPP are both produced by the MVA and MEP pathway, whereas the 

contribution of the MEP pathway to the formation of FPP and sterols remains largely unclear and is still under 

investigation. The conversion of FPP to squalene and the formation of 2,3-oxidosqualene are catalyzed by the 
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squalene synthase (SQS) and the squalene epoxydase (SQE), respectively. The pathway of sterol biosynthesis is 

thought to be identical in all organisms until the cyclization step of 2,3-oxidosqualene. Sterols in plants are 

synthesized via cycloartenol synthase (CAS), whereas animals and fungi use lanosterol, catalyzed by the 

lanosterol synthase (LAS) for the production of their respective end sterols, cholesterol and ergosterol. In 2009, 

however, Ohyama and colleagues observed a minor contribution of lanosterol to the biosynthesis of sitosterol in 

Arabidopsis thaliana seedlings, suggesting that plants might also produce sterols via lanosterol under certain 

conditions. Squalestatin (Sq), Terbinafine (Tb) as well as Ro48-8071 (Ro) inhibit SQS, SQE and CAS, 

respectively. 

 

c) Experimental part: Treatment of TBY-2 cells with inhibitors of the sterol biosynthetic 

pathway 

In order to study the effects of inhibiting the sterol pathway on the localization of the H6-GFP-DB-

CVIL fusion protein, treatments with three different inhibitors were performed (Table 3): 

First of all, squalestatin-1 (SQ), also referred to as zaragozic acid (Baxter et al., 1992), was used to 

specifically inhibit SQS, which catalyzes the conversion of FPP to squalene. Squalestatin is a 

competitive inhibitor of SQS (Figure 18. Sterol biosynthesis in yeast, mammals and higher plants.) 

and structurally mimics the reaction intermediate presqualene diphosphate (Baxter et al., 1992; 

Bergstrom et al., 1993; Procopiou et al., 1994; Thelin et al., 1994). 

Seven day-old TBY-2 cells were diluted at a ratio of 1 to 6 in fresh TBY-2 medium and treated with 1 

µM SQ for 18-24 h (in different independent experiments). 15 hours before observation of the cells by 

fluorescence microscopy, expression of the prenylable fusion protein H6-GFP-DB-CVIL was induced 

by addition of 10 µM dexamethasone (150 rpm, 26°C, growth in the dark).   

The results of this treatment are shown in Figure 20. Two general observations can be made. First of 

all, treatment with SQ resulted in a partial mislocalization of the prenylated fusion protein from the 

PM to the nuclear compartment, with the strongest signal being emitted by the nucleolus. In addition, 

the overall morphology of the treated cells was changed. Cells treated with 0.5 or 1 µM SQ showed 

stunted growth with clearly reduced length to diameter ratios as compared to control cells. 

Secondly, TBY-2 cells were treated as before with terbinafine (Tb), a specific, non-competitive 

inhibitor of the fungal SQE. In mammals, however, it acts as a competitive inhibitor (Ryder, 1992). Its 

inhibitory power in plant cells has been demonstrated with celery (Apium graveolens) cell suspension 

cultures (Yates et al., 1991), wheat (Triticum aestivum) seedlings (Simmen and Gisi, 1995), cat’s claw 

(Uncaria tomentosa) cell suspension cultures (Flores-Sánchez et al., 2002) and with our model system, 

TBY-2 cell suspension cultures (Wentzinger et al., 2002). 

Treatments with Tb were performed at 30 µM up to 24 hours (as well as 18 h). The cells treated with 

Tb showed a very slightly stunted growth as compared to the control cells and displayed fainted GFP 

signals in the cytosol, close to the PM. However, no mislocalization of the prenylable fusion protein to 

the nuclear compartment could be observed under the chosen experimental conditions (Figure 20). 
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Finally, Ro48-8071 (Ro) was used to inhibit one of the key steps of sterol biosynthesis, the conversion 

of the linear triterpene oxido-squalene into cycloartenol, the first cyclic precursor of phytosterols 

(Figure 18). This reaction is catalyzed by cycloartenol-synthase (CAS) in plants (Abe et al., 1993). 

Ro48-8071 is a potent inhibitor of oxidosqualene cyclases (OSC) in general, including lanosterol 

synthase (LAS) in mammals and fungi (Morand et al., 1997). The structure of Ro48-8071, which is an 

orally active inhibitor of human hepatic OSC, has been determined in complex with the squalene-

hopene cyclase (SHC), the prokaryotic counterpart of OSCs, responsible for the conversion of 

squalene into cyclic compounds in bacteria, and suggested that Ro48-8071 binds to the expected 

binding site of squalene (Lenhart et al., 2002).  

Ro48-8071 treatments were performed at 2 µg/ml under the same experimental conditions as 

described previously for SQ and Tb applications. Cells treated with Ro for 18/24 h looked 

morphologically like the control cells. The GFP fusion protein was mainly localized at the level of the 

plasma membrane, although there were also fainted signals (small speckles) of fluorescence near the 

PM like those observed for the previous Tb treatments. However, no mislocalization of the GFP 

fluorescence to the nucleus/nucleolus was observed. 

 

 

Figure 19. Inhibitors of sterol biosynthesis used in this work 
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Inhibitor (Abbr.) MW [g/Mol] Solvant Stock solution 
Final 

concentration(s) 

Squalestatin (SQ) 804,93 KH2PO4 (50 mM) 1 mM 1 µM (0,5 µM) 

Terbinafine (Tb) 291,43 DMSO 27,5 mM or 8 mg/ml  30 µM 

Ro48-8071 (Ro)   448,4 methyl acetate  2 mg/L 2 µg/ml 

Table 3. Inhibitors of sterol biosynthesis used during this work. 

 

 

 

Figure 20. Localization of H6-GFP-DB-CVIL in transgenic TBY-2 cells after treatment with inhibitors of 

sterol biosynthesis. 

Control: GFP fluorescence is almost exclusively associated with the plasma membrane (PM). SQ: Cells treated 

with squalestatin-1 (SQ), a specific inhibitor of squalene synthase (SQS) show partial translocation of GFP 

fluorescence to the nucleus (N) and the nucleolus (No). Tb: Cells treated with terbinafine (Tb), inhibitor of 

squalene epoxidase (SQE), showing GFP fluorescence associated with the plasma membrane (very faint 

fluorescence is also seen in the cytoplasm). Ro: Localization of H6-GFP-DB-CVIL in cells treated with Ro48-

8071, a general inhibitor of oxidosqualene cyclases (OSC), such as cycloartenol synthase (CAS) in plants, 

showing GFP fluorescence associated with the plasma membrane. White bars = 10 µm. 
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Discussion - Treatment of TBY-2 cells with inhibitors of the sterol biosynthetic pathway 

As mentioned above, inhibition of the sterol biosynthetic pathway was used as a tool to check whether 

a possible re-direction of the metabolic flux in TBY-2 cells, in particular, FPP molecules non-

incorporated into sterols, could lead to a change in the GFP fluorescence pattern or even contribute to 

overcome the Fos-induced mislocalization of the H6-GFP-DB-CVIL, reported earlier. The fact that 

MVA, at high concentrations, was able to rescue the fluorescence at the PM, whereas Fol only 

partially complemented the inhibition by Fos suggested, among other possibilities, the existence of a 

bottleneck for the synthesis of GGPP from FPP in the cytosol (no GGPP synthase expression, under 

our conditions), or the incapacity of FPP to be imported into the plastid, where the formation of GGPP 

could take place.  

This bottleneck is maybe HMGR, which is generally considered as the rate-limiting step in sterol 

synthesis, for both animals (Goldstein and Brown, 1990) and plants, which is supported by the fact 

that tobacco plants over-expressing HMGR were shown to produce higher amounts of sterol 

intermediates and end products (Chappell et al., 1995; Schaller et al., 1995) whereas the over-

expression of a FPP synthase in Arabidopsis did not result in an increased production of sterols 

(Masferrer et al., 2002). 

 

Since previous experiments with sterol biosynthesis inhibitors have been performed in our laboratory, 

we had some knowledge about the effective concentrations of SQ and Tb in TBY-2 cells (Wentzinger 

et al., 2002). 

SQ, for instance, was shown to be a very efficient inhibitor of SQS (IC50 = 5.5 nM), almost completely 

inhibiting SQS activity after treatment for 24 h at 50 nM. In addition, the same concentration of SQ 

led to a 97% decrease of total radioactivity incorporated into sterols, when radiolabeled [
14

C] sodium 

acetate was added for 2 h before cell harvesting. At 0.5 µM, the cells showed a significant decrease in 

cell mass (50%), which correlates very well with the stunted growth observed during this study. 

Interestingly, another study conducted in our laboratory could show that the presence of SQ led to a 

growth arrest of TBY-2 cells in the G1/G0 phase, but did not cause any cytotoxic effect or apoptosis 

(Hemmerlin et al., 2000). 

Inhibition of SQS by SQ was also shown to trigger a stimulation of HMGR expression and activity 

(Wentzinger et al., 2002). 

Inhibition by Tb was shown to cause a significant decrease in the cell sterol content as well as a 

massive accumulation of squalene, which accumulated in cytosolic lipid bodies, However, the cell 

growth was not impaired as indicated by the analyses of the cell mass after treatment with 30 µM Tb 

for 24 hours. Interestingly, Tb treatment did also stimulate HMGR activity, but not the corresponding 

transcript levels (Wentzinger et al., 2002). 
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Keeping the above data in mind, how to interpret our results, especially the particular phenotype 

observed with SQ-treated cells i.e. the partial mislocalization of the GFP fusion protein? 

In fact, in a first set of experiments, we added 20 µM exogenous Fol to TBY-2 cells treated with both 

Fos and SQ. Surprisingly, in cells treated only with SQ (control experiment), a partial mislocalization 

of the fluorescence was observed in the majority of treated cells (> 85 %), whereas neither Tb nor Ro-

treated cells displayed a similar effect. In cells treated with both SQ and Fos and complemented with 

Fol, the same pattern of partial mislocalization of the fluorescence was observed. In this context, it is 

important to point out that this mislocalization was clearly visible, but less pronounced at the level of a 

single cell, as compared to Fos- or OC- treatments. Pixel-by-pixel analysis of several cells could 

deliver a definite value, but was not performed yet, as the Fos and OC treatments have absolutely to be 

performed the same day, with the same cell cultures and under the same conditions. 

As several repetitions could exclude an error occurring during the experimental procedures, a plausible 

explanation had to be searched for and in fact several interpretations of the results could be possible. 

First of all, because of the SQS inhibition, the redirection of the metabolic flux could provide much 

more FPP to other FPP-metabolizing enzymes, such as GGPP synthase or Protein farnesyltransferase. 

FPP in excess could also be transported to mitochondria or other organelles or converted to Fol, in 

order to prevent a toxic accumulation of high amounts of FPP in the cytosol (Hartmann and Bach, 

2001). Feeding experiments with radiolabeled farnesol showed that all these scenarios could occur 

(Hemmerlin and Bach, 2000; Hartmann and Bach, 2001). However, the inhibition with SQ did not 

lead to an additional incorporation of FPP into the ubiquinone side-chain (Hartmann and Bach, 2001). 

Thus, a protein farnesyltransferase might use the excess of FPP to nonspecifically farnesylate the H6-

GFP-DB-CVIlL fusion protein, despite its geranylgeranylation motif. The cross-reactivity of PFTase 

from Arabidopsis (Andrews et al., 2010) has already been mentioned before. In addition, experiments 

conducted by Esther Gerber with a GFP fusion protein, in which the CVIL motif was mutated to 

CVIM, thus transforming it into a potential substrate for PFTase, resulted in a fluorescence pattern 

with the majority of fluorescence still associated to the PM of the cell, but also significantly present in 

the nucleus and nucleolus (Gerber, 2005). As the basic domain of the chimeric protein not only serves 

as a second signal for protein prenylation (besides the CaaX motif), but also contains a putative NLS 

sequence, it is possible to imagine that the farnesyl moiety is not sufficient either to guarantee an 

efficient integration in the PM (because of a shorter hydrophobic domain) or to mediate the transport 

to the PM (which by the way is an open question for H6-GFP-DB-CVIL). In addition, the occurrence 

of several farnesylated, nuclear proteins have been recently reported (Barth et al., 2009). 

This scenario however was challenged by studies with SQ in mammalian systems, which revealed that 

besides being a specific inhibitor of SQS, SQ was able to successfully inhibit mammalian prenyl- 

transferases, in particular protein farnesyl transferase (PFTase) (Dufresne et al., 1993; Gibbs et al., 

1993). 
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PFTase and PGGtaseI, purified from bovine brain, were inhibited by SQ in vitro with an IC50 of 216 

and 620 nM, respectively. As I used rather high concentrations of SQ (500 nM to 1 µM), the 

possibility that the treatment with SQ might also have affected the PGGT-1 enzyme, responsible for 

the prenylation of the H6-GFP-DB-CVIL, cannot be ruled out. In addition, taking into account that 

PFTase would be inhibited at lower concentrations than PGGT-1, the first scenario is less probable. 

A final and definite answer to this question could be obtained by measuring the catalytic activities of 

both prenyltransferases in presence of different concentrations of SQ. As one of our former 

collaborators, Prof. Dring Crowell, just recently used purified Arabidopsis protein prenyl transferases 

expressed in E. coli for similar studies (Andrews et al., 2010), this test could even be an option to 

solve this question. 

In addition, by using lower concentrations of SQ (50 nM already blocked most of SQS activity), the 

protein prenyltransferase should theoretically not be inhibited, allowing more or less to rule out the 

cross-reactivity and the farnesylation scenario. 
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d) Experimental part: Chemical complementation with pathway intermediates 

Different complementation experiments were performed with SQ-treated cells (Table 4). Wheras, DX 

(0,5 mM) and GGol (20 µM) were able to re-establish the membrane localizatzion in 100% of the cells 

(“better than the control”), neither Gol (20 µM) nor MVL (5mM) and its opened form MVA (3mM) 

could complement the mislocalization indcuded by complementation under the chosen experimental 

conditions. Finally, squalene was added at 2-4 mM, but did not overcome the SQ-induced effect either 

(Figure 21). 

 

Treatment (Abbreviation) MW [g/Mol] Solvant 
Stock 

solution 
Final concentration 

1-deoxy-D-xylulose (DX) 134,13 H2O 150 mM 0,5 mM 

Mevalonolactone (MVL) 130,14 H2O 1,15 M 5 mM 

Mevalonic acid (MVA) 130,14 see protocol 3M 3mM 

Geraniol (GOH) 154,3 EtOH 10 mM 5 and 20 µM 

Farnesol (FOH) 222,4 EtOH 20 mM  5 and 20 µM 

Geranylgeraniol (GGOH) 290,5 EtOH 20 mM 5, 10 and 20 µM 

Squalene (SQN) 410,7 stock solution ~2 M at 25°C  ~ 2 and 4 mM 

Table 4: Overview about chemical complementations and experimental conditions. 
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Figure 21: Chemical complementation of squalestatin-induced H6-GFP-DB-CVIL partial delocalization 

(from the PM to the nucleus/nucleolus) with pathway intermediates, prenols and squalene. 
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Discussion - Chemical complementation with pathway intermediates 

In order to investigate the capability of isoprenols (Gol, Fol and GGol) and intermediates of both 

isoprenoid biosynthetic pathways (MVA-pathway: MVL and MVA; MEP-pathway: DX) to overcome 

the (partial) mislocalization induced by SQ, different chemical complementation experiment were 

performed (Figure 21). 

Interestingly, both DX and GGol completely complemented the SQ-induced effect, which was also 

observed in experiments with Fos-treated cells. As discussed extensively before, the most likely 

explanation is an efficient uptake and metabolization of both compounds: DX entering the plastid and 

being incorporated in IPP, GPP and GGPP, which is then exported toward the cytosol, where its serves 

as substrate for prenylation of the H6-GFP-DB-CVIL. For GGol, again, two scenarios are thinkable: 

either import into the plastid, phosphorylation and export to the cytosol or direct phosphorylation in 

the cytosol. The existence of a system for phosphorylation of prenyldiphosphates was mentioned 

before (Thai et al., 1999). 

SQ is known to be an irreversible, competitive inhibitor of squalene synthase (SQS). Therefore, the 

DX-induced recovery of the PM fluorescence itself cannot result from an effect on SQS. As SQ 

structurally resembles FPP, it would be more likely that, by increasing the pool of bio-available 

GGPP, we succeeded to replace SQ by GGPP at the substrate-binding site of PGGT-1 (or even both 

prenyltransferases) and thereby to restore the correct geranylgeranylation of H6-GFP-DB-CVIL. 

The fact that Gol does not complement the effects of SQ is in agreement with our previous results and 

suggests that Gol is not accepted as substrate for the phosphorylation system, assumed to exist in 

plants. Intriguingly, exogenously applied Fol was previously able to restore the PM localization of H6-

GFP-DB-CVIL to over 60% in Fos-treated cells (Gerber, 2005). However, no significant effect 

(<10%) was observed in independent experiments with SQ-treated cells. Furthermore, neither MVL 

nor MVA could restore the PM-localization of fluorescence in SQ-treated cells. This was surprising, 

as at least MVA (3mM) was able to completely overcome the inhibition induced by Fos. 

In the case of Fol, the following scenario could be possible: after import in the cytosol, Fol would be 

phosphorylated to FPP. In SQ-treated cells, however, FPP should not be limiting and, therefore, be 

available in sufficient amounts to serve as a substrate for a putative cytosolic GGPP synthase, 

catalyzing its conversion into GGPP. Thus, the incomplete prenylation of H6-GFP-DB-CVIL might be 

due to a lack or insufficient GGPP synthase activity in the cytosol (lack of expression or 

downregulation). In addition, the excess of FPP could also be used by the protein farnesyl transferase 

to farnesylate H6-GFP-DB-CVIL, as described before, which could lead to the same phenotype as 

observed with GFP-DB-CVIM-transformed cells (Gerber, 2005). However, again, the possible 

inhibition of the protein farnesyltransferase by SQ challenges this scenario. 
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Finally, a possible explanation for this observation could come from results obtained with the yeast 

model system. Very recently, a bio-engineered yeast (S .cerevisiae) strain down-regulated at the level 

of SQS was used in an approach to re-direct the isoprenoid biosynthetic flux towards the production of 

the diterpene casbene (Kirby et al., 2010). This strain contained several casbene synthase genes from 

Euphorbia and was specifically engineered for an enhanced flux through the MVA pathway. This was 

accomplished by combining knowledge of previous studies (Ro et al., 2006; Paradise et al., 2008), 

such as over-expression of GGPP synthase, to yield more efficiently the casbene precursor, GGPP. In 

addition, the ERG9 SQS promotor was replaced by the MET3 promoter, allowing repression of SQS 

expression by addition of methionine to the culture medium. However, the down-regulation of SQS in 

these cells did not lead to the expected redirection of FPP to GGPP and further on to casbene. Instead, 

several possible rate-limiting steps, including the conversion of FPP to GGPP, were found.  At the 

same time, elevated levels of the FPP-derived alcohols, nerodiol and farnesol, were observed, 

suggesting a transformation process to avoid toxic concentrations of FPP in the cell. Indeed, in the 

past, several prenyldiphosphates have been reported as cytotoxic in bacteria (Martin et al., 2003; 

Withers et al., 2007) and mechanisms to avoid their accumulation to toxic levels have been reported 

from different organisms (Gardner et al., 2001; Grabinska and Palamarczyk, 2002; Paradise et al., 

2008), including plants (Nah et al., 2001). 

Interestingly, it has been shown previously that mevalonate kinase is down-regulated at the post-

transcriptional level by high levels of FPP and GGPP (Hinson et al., 1997). Therefore, if the tobacco 

BY-2 mevalonate-kinase is also sensitive to the feedback-regulation by FPP and GGPP, this could 

very conveniently explain why externally fed MVA could not complement the SQ-induced phenotype 

due to a large pool of FPP. Moreover, the resulting decrease in cytosolic IPP due to the block in the 

MVA pathway could also prevent a sufficient supply of IPP for the synthesis of FPP to GGPP, as it 

was observed in Fol-complemented cells treated with Fos and mevinolin, simultaneously. 

 

However, in order to completely understand the complex regulatory network that modulates the pools 

of precursors, especially in extreme scenarios such as the treatment with SQ, different approaches will 

be necessary, including gene expression profiles and activity measurements of the key enzymes 

involved in the conversion reactions (under the condition they are already identified in tobacco). In 

addition, determining metabolic profiles to monitor the concentrations of intermediates of both 

isoprenoid biosynthetic pathways in response to SQ treatment would be desirable. Last, but not least, 

the question of the ability of SQ to inhibit the activity of plant protein prenyl transferases should be 

solved. 
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2.1.5 Post-prenylation inhibitors and transport of GFP-DB-CVIL to 

the plasma membrane 

As mentioned earlier, the purification and analysis of the His-tagged GFP-DB-CVIL fusion protein 

revealed that it was geranylgeranylated and carboxyl-methylated in TBY-2 cells (Gerber et al., 2009). 

The physiological importance of the two post-prenylation steps has been demonstrated in several 

studies and discussed before (2.1.1 The prenylation of proteins in plants). The study of post-

prenylation inhibition has become a very attractive topic in the past, as both reactions are essential for 

the localization of many prenylated proteins by mediating their attachment to membranes and protein-

protein interactions. In particular, many recent research approaches are focusing on the 

posttranslational modifications of the Ras superfamily of GTPases, as the inhibition of Rce1 and 

ICMT function had shown anti-transformation and anti-cancer-efficacy in vivo (Bergo et al., 2002; 

Winter-Vann et al., 2005; Konstantinopoulos et al., 2007). In addition, it has been reported that K-ras 

and N-Ras, which are both important oncogenes, are able to bypass the inhibition of protein farnesyl 

transferases by being cross-prenylated by geranylgeranyl transferases (Whyte et al., 1997). 

The RAS GTPases are ubiquitously found in mammals and are encoded by three genes that are 

translated into four RAS proteins: HRAS, NRAS, KRAS4A and KRAS4B (the two last being splice 

variants). These small GTPases are signaling proteins that cycle between a GDP-bound inactive and a 

GTP bound active state (molecular switches) and play key roles in regulating numerous cellular 

processes, including proliferation, differentiation and apoptosis (Hancock, 2003). Interestingly, all 

three isoforms contain lipid-based PM targeting motifs and their proper targeting and anchoring to 

membranes is essential for their biological activity. Ras proteins have become a widely used model for 

the study of prenylated proteins, in particular due to their implication in cancer development. It is 

estimated that mutational permanent activation of members of the RAS superfamily is thought to 

account for up to 30 % of all known human cancers (Bos, 1989; Malumbres and Barbacid, 2003). 

One of the topics Esther Gerber was particularly interested in during her Ph.D. studies was the 

intracellular transport of the prenylated GFP-fusion protein from the ER to the PM. Experiments 

focusing on the membrane trafficking of the GFP-DB-CVIL protein showed that the transport of this 

protein was not significantly affected by any treatments targeting either components of the 

cytoskeleton (microtubuli: taxol and oryzalin; actin-filaments: cytochalasin D) or the trans-Golgi-

network (TGN: brefeldin A) (Gerber, 2005). These results strongly suggested that GFP-DB-CVIL was 

not transported to the PM via the classical secretory pathway. This result was surprising, as this 

vesicular transport route is used by the majority of identified prenylated proteins (Choy et al., 1999), 

such as HRAS, NRAS, KRAS4A in mammals. 

The correct targeting of Ras proteins is successfully accomplished only when the proteins contain a 

second “signal” in addition to their prenylation. In the case of HRAS, NRAS and KRAS4A this 
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second signal consists of one or more S-acylation sites (“palmitoylation”) (Hancock et al., 1989; 

Goodwin et al., 2005), whereas KRAS4B contains a lysine-rich polybasic (hypervariable) domain, 

located nearby the prenylation side (Hancock et al., 1990; Hancock et al., 1991; Meder and Simons, 

2005). The same combination, a polybasic domain with a cluster of basic amino acids, in addition to 

the CAAX motif is also found in the H6-GFP-DB-CVIL fusion protein. 

Besides this structural resemblance, KRAS4B is also insensitive to inhibitors of vesicular transport 

and transits to the PM by a largely unknown, non-vesicular (Golgi-independent) pathway (Choy et al., 

1999; Apolloni et al., 2000; Silvius et al., 2006) that requires, at least in yeast, mitochondrial function 

and vps proteins (Wang and Deschenes, 2006). 

Thus the study of molecules that interfere with the localization or transport of the H6-GFP-DB-CVIL 

fusion protein might be a promising tool to observe the effects of post-prenylation inhibition in plants 

in general, and possibly, this knowledge might even be transferred to other models. 
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Figure 22. Impact of different treatments on the localization of the geranylgeranylated fusion protein H6-

GFP-DB-CVIL. 
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Experimental part: 

Until now, different known inhibitors of Rce1 and ICMT, have been purchased and tested in 

preliminary experiments (Figure 23), but most of them induced cell death, when used in commonly 

cited concentrations and time-scales in our model system. This is most likely due to the efficient 

uptake and high metabolic activity of BY-2 cells mentioned before and requires adjusting of the 

experimental conditions. Therefore only preliminary results will be shown at this point and hopefully 

more detailed results will be available in the near future. 

 

 

 

 

Figure 23: Inhibitors of CaaX-processing used in this experimental approach. 

Inhibitors of Rce1 (-AAX-proteolysis): TPCK (protease inhibitor); Inhibitors of ICMT (carboxylmethylation): a) 

analogs of  prenylcysteine: AFC, AGGC.  b) other substrate analogs: FTS, AdoHcy. 
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First results obtained after various treatments indicated that both inhibition of Rce1 and ICMT affected 

the localization of H6-GFP-DB-CVIL. For instance, short-term treatment (15 h induction, then 

treatment for 3 h with 200 µM AFC) with the prenylcysteine analog AFC strongly changed the 

distribution pattern of the H6-GFP-DB-CVIL and besides the PM, both the cytosol as well as the 

nucleolus displayed strong GFP signals. Interestingly, a similar effect on the localization of the 

prenylated GFP-CaM53 fusion protein of petunia (Rodríguez-Concepción et al., 1999) was observed 

by Rodríguez-Concepcíon et al., (2000), in response to AFC treatment (200 µM), in bombarded 

petunia leaves. Long-term treatments (>10 h), however, led to loss of GFP fluorescence and cell death. 

Inhibition of the –AAX-proteolysis by TPCK (Chen, 1999) led to a partial mislocalization of the 

fusion protein to the nuclear compartment. However, optimal conditions to observe the induced effects 

have still to be found (Figure 24). 

 

 

Figure 24: Impact of different treatments on the localization of the geranylgeranylated fusion protein H6-

GFP-DB-CVIL. White bars = 20 µm. 
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2.1.6 Testing and evaluating novel inhibitors of the MEP pathway: 

from qualitative to quantitative analysis 

Soon after its discovery it was assumed that the MEP pathway, which is not present in humans but 

occurs in higher plants as well as in several human pathogens, would be a promising target for the 

development and evaluation of drugs (see chapter 1.2). As expected, this hypothesis could quickly be 

confirmed, when different studies identified the first two enzymes of the MEP pathway, DXS and 

DXR, as the molecular targets of the bleaching herbicide clomazone (more precisely, its active 

metabolite oxoclomazone) and the antibioticum Fosmidomycin, respectively. Interestingly, both 

compounds were known for their antibacterial effects years before the elucidation of the MEP 

pathway, although it was unclear at which point of the cell metabolism they were interfering. For 

instance, although Fosmidomycin was isolated from its natural source Streptomyces lavendulae 

(Kuroda et al., 1980) and recognized for its antibacterial activity against gram-positive and gram-

negative bacteria (Mine et al., 1980; Kuemmerle et al., 1987) in the  early 1980s, it took several years 

to reveal more detailled information about its antibiotic activity (Shigi, 1989) and to identify its 

specific molecular target, DXR (Kuzuyama et al., 1998). 

 

2.1.6.1 DXS as a molecular target for Oxoclomazone and derived compounds 

 

DXS – General informations 

DXS (1-deoxy-D-xylulose 5-phosphate synthase) catalyzes the first step of the alternative MEP 

pathway, the condensation of glyceraldehyde 3-phosphate (GAP) and pyruvate, yielding 1-deoxy-D-

xylulose 5-phosphate (DXP) (see Introduction).  

The DXS gene is essential in E.coli and its disruption in Arabidopsis thaliana (cla1) results in a lethal 

albino phenotype, mainly caused by a lack of photosynthetic pigments (chlorophylls and carotenoids). 

DXS genes are highly conserved in bacteria and plants and analyses of their sequences revealed a 

weak homology with other thiamine-dependent enzymes, transketolases, and the pyruvate 

dehydrogenase E1 subunit (Sprenger et al., 1997; Lange et al., 1998; Lois et al., 1998; Walter et al., 

2002; Xiang et al., 2007).  These enzymes all catalyze similar biochemical reactions, thereby using 

thiamine diphosphate as a cofactor and pyruvate as a substrate. In addition to thiamine diphosphate, 

DXS also requires a divalent cation (Mg
2+

 or Mn
2+

) for optimal enzymatic activity (Kuzuyama et al., 

2000a; Hahn et al., 2001). 
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Figure 25. (Very) Simplified scheme of the reaction catalyzed by DXS (modified from Xiang et al., 2006). 

 

Only recently, efforts were successful to partially crystallize DXS from E.coli and Deinococcus 

radiodurans (in complex with TPP), after in situ proteolysis of the purified enzyme by a fungal 

protease (Xiang et al., 2007). 

Although incomplete, these data suggest a tightly associated homodimer, consisting of 3 domains per 

monomer and the active site being located between the domains I and II of the same monomer.  

Interestingly, the residues forming the active site appear to be highly conserved across species and can 

even be found in other transketolases and pyruvate dehydrogenase complexes. Several residues have 

already been shown to be essential for the catalytic activity of DXS by site-directed mutagenesis 

(Querol et al., 2001; Xiang et al., 2007) and remarkably, a mutation in the active site of PDH (E636Q) 

was able to rescue a dxs-null mutant phenotype in E.coli (Sauret-Güeto et al., 2006). 

This finding further confirms the importance of structural information for understanding the catalytic 

mechanism of DXS and in particular, for the future design of novel active inhibitors of DXS as to date, 

only two inhibitors of this enzyme are known: oxoclomazone, for the plant DXS (Müller et al., 2000) 

and fluoropyruvate, for the DXS of E.coli (Eubanks and Poulter, 2003). 

 

For this reason, Jeanne Toulouse, a Ph.D. student in the laboratory of Professor Michel Rohmer 

synthesized different classes of pyruvate analogs that were inspired by known inhibitors of pyruvate 

decarboxylases and pyruvate dehydrogenases. These compounds were then tested with our bioassay 

for possible effects on the localization of the GFP-DB-CVIL, thus indicating an inhibitory effect on 

the biosynthesis of GGPP by the MEP pathway. 
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1. Pyruvate analogs, according to Menon-Rudolph et al., (1992): 

Three surrogates, based on a conjugated substrate analog with a p–chloro-substituent, were 

synthesized: 

 

Figure 26. Conjugated α-keto acids according to Menon-Rudolph et al., (1992) – potential inhibitors of 

pyruvate decarboxylase. 

 

2. Pyruvate analogs, based on 2-oxo-3-alkynoic acids, as potential inhibitors/inactivators of 

pyruvate dehydrogenase (Brown et al., 1997): 

 

 

Figure 27.  2-oxo-3-butenoic acid, an analogue of 2-oxo-3-butynoic acid, a known inhibitor of E.coli 

pyruvate dehydrogenase (Brown et al., 1997). 

 

 

2-oxo-3-butynoic acid has been shown to be rather unstable and to irreversibly inactivate the PDHc 

(pyruvate dehydrogenase multienzyme complex) from E. coli. 
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Inactivation of the purified enzyme already occurred at 100 µM, under saturating substrate 

concentrations. However, due to the instability of the compound, the tested concentrations might have 

been too low. 

 

3. Di- and tri-halogenated analogs of pyruvate based on β-fluoropyruvate, a known inhibitor of 

DXP synthase. 

Fluoropyruvate is a known inhibitor of the pyruvate dehydrogenase complex of E. coli (Flournoy and 

Frey, 1989). In addition, it is also an efficient dead-end inhibitor of Rhodobacter capsulatus DXP 

synthase (Eubanks and Poulter, 2003). For this reason, Jeanne Toulouse synthesized a di- and a tri-

halogenated derivative, as some of these compounds have been confirmed as efficient inhibitors of 

pyruvate dehydrogenase from E. coli (Lowe and Perham, 1984). 

 

Figure 28. Halogenated pyruvate analogs 

 

 

Analog  MW [g/Mol] Solvant Stock solution 
Final 

concentration 

TJ449 214,26 H2O 100 mM 100 µM 

TJ129 142,03 H2O 100 mM 100 µM 

TJ346 192,17 CH3CN 100 mM 100 µM 

TJ67 206,19 CH3CN 100 mM 100 µM 

TJ150 245,85 H2O 100 mM 100 µM 

TJ290 102,09 H2O 100 mM 100 µM 

Table 5. Analogs of pyruvate tested with our bioassay. 
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Figure 29. Confocal microscopy images showing the subcellular localization of the H6-GFP-DB-CVIL 

fusion protein, after treatment with different analogs of pyruvate based on known inhibitors of pyruvate 

decarboxylase and pyruvate dehydrogenase. 

The molecules were synthesized by Jeanne Toulouse, a Ph.D. student in the laboratory of Prof. Michel Rohmer 

(Institut de Chimie de Strasbourg). The molecules were dissolved according to Table 5 and tested under standard 

conditions (3 hours treatment, followed by induction with 10 µM dexamethasone and examination by 

fluorescence microscopy 15 h later) at a final concentration of 100 µM. Cells were also treated by 50 µM 

oxoclomazone as described previously (positive control). None of the six tested compounds showed a 

mislocalization of the GFP fluorescence to the nucleus. The compound TJ150, however, appeared to be 

cytotoxic at the given concentration as cells showed typical signs of cell death (over 90% of treated cells did not 

show any fluorescence). 
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Results: 

All compounds have been dissolved directly before the experiment and were completely soluble in 

their respective solvent. The only exception was TJ346, which did not dissolve but gave a 

homogenous, yellow suspension. 

The cells were treated for 18 h, in presence of 100 µM of pyruvate analogs, and examined by confocal 

fluorescence microscopy, the next day (Figure 29). None of the tested compound did lead to a 

mislocalization of the fluorescence, as it was observed for the positive control, treated with 50 µM 

oxoclomazone. However, the dibromopyruvate-treated cell culture showed significant cytotoxic 

effects as over 90% of treated cells did not display any GFP-related fluorescence. The fluorescence in 

the remaining cells appeared in cytoplasmic strands and in the cytoplasm surrounding the nucleus. 

 

Discussion: 

In parallel to the tests conducted with the H6-GFP-DB-CVIL cell line, DXS activity was determined 

in presence of some of the tested molecules (TJ449, TJ346, TJ67, TJ129). These experiments have 

been performed in the laboratory of Prof. Michel Rohmer and used an end-point assay, in which the 

remaining pyruvate substrate was converted to lactate by lactate dehydrogenase. The consumption of 

NADPH (and the formation of NAD
+
) can be measured by spectrometry at 340 nm (for details: e.g. 

Xiang et al., 2007). None of the tested enzymes exhibited an inhibitory effect, in agreement with the 

results obtained with our bioassay. 
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2.1.6.2 DXR as molecular target for Fosmidomycin and derived compounds 

DXR (1-deoxy-D-xylulose 5-phosphate reductoisomerase) is the second enzyme of the MEP pathway 

and catalyzes the conversion of DXP (1-deoxy-D-xylulose 5-phosphate) to MEP (2-C-methyl-D-

erythritol 4-phosphate). Part of this transformation is an intramolecular rearrangement, yielding 2-C-

methyl-D-erythrose 4-phosphate, which is then reduced to MEP in an NADPH dependent reaction step 

(Figure 30) (Takahashi et al., 1998; Kuzuyama et al., 2000b; Hoeffler et al., 2002; Koppisch et al., 

2002). 

 

Figure 30. Simplified scheme of the conversion of DXP to MEP catalyzed by DXR. 

 

After the elucidation of DXR as target for Fosmidomycin in E.coli (Kuzuyama et al., 1998), major 

interest was revived in this longtime neglected antibiotic, when Jomaa et al. (1999) demonstrated its 

high activity against various Plasmodium ssp., including the human malaria pathogen Plasmodium 

falciparum (Fosmidomycin was able to inhibit the growth in a dose-dependant manner, with an IC50 

of 28 nM in vitro). These results led to the cloning and characterisation of DXR from a variety of other 

organisms, including E.coli (Takahashi et al., 1998) the cyanobacteria Synechosystis (Yin and Proteau, 

2003), the universal model plant Arabidopsis thaliana (Schwender et al., 1999) , the malaria parasite 

Plasmodium falciparum and Mycobacterium tuberculosis (Argyrou and Blanchard, 2004).  

In the last decade, several studies have revealed detailed informations about the structure and 

biochemical properties of the DXR enzyme from E.coli (Hoeffler et al., 2002; Reuter et al., 2002). 

Those results - including the three-dimensional crystal structures of DXR in a ternary complex with 

DXP/Fosmidomycin and the co-factor NADPH – suggest a physiologically active homodimer, with 

each subunit consisting of three distinct domains (Steinbacher et al., 2003; Mac Sweeney et al., 2005). 

In addition to NADPH, DXR requires a divalent metal cation, such as Mn
2+

, Mg
2+

 or Co
2+

, which is 

bound by three highly conserved amino acid residues (Steinbacher et al., 2003; Takenoya et al.). This 

metal cation is chelated by DXP before the first step of the conversion to MEP - the intramolecular 

rearrangement - takes place (Figure 30). 
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Fosmidomycin 

Fosmidomycin (FR-31564) and its methylated analog, FR-900098 are phoshonohydroxamic acids. In 

both compounds a hydroxamate function is linked to a phosphonic acid function by a propyl chain 

(Figure 31). 

 

Figure 31. Structures of Fosmidomycin and its methylated analogon FR-900098. 1 Phosphonate moiety; 2 

propyl linker; 3 hydroxamic acid moiety. 

 

 

According to three-dimensional data, binding of DXR to its substrate (or Fosmidomycin) involves a 

major conformational rearrangement of the enzyme. Fosmidomycin acts as a competitive inhibitor, 

chelating a bivalent cation with its hydroxamate group and binding slowly but very tightly to the 

catalytic site of DXR (Steinbacher et al., 2003).  

The substrate binding site of the DXR enzyme can be divided into three distinct regions: first of all, a 

positively charged pocket which interacts with the phosphonate function of fosmidomycin 

(“phosphate-recognition site”), a hydrophobic region covering the backbone of the molecule, as well 

as an amphipathic region which binds the hydroxamic acid function of the molecule. This results in a 

conformation with a flexible loop covering the central catalytic site, thus forming a barrier with the 

surrounding solvent (Mac Sweeney et al., 2005). 
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Figure 32. A model of Fosmidomycin in the tight binding conformation together with the co-factor 

NADPH and the chelated metal cation (green).  Image taken from MacSweeney et al., 2005. 

 

As mentioned before, Fosmidomycin and FR-900098 were both able to inhibit the recombinant DXR 

enzyme from Plasmodium falciparum in vitro (Jomaa et al., 1999). Furthermore, Fosmidomycin 

successfully cured mice, infected with Plasmodium vinckei (Jomaa et al., 1999) and has been used in 

clinical trials to cure uncomplicated “malaria tropica” in humans (Lell et al., 2003; Wiesner et al., 

2003).  

Interestingly, Fr-900098 is about twice as efficient as Fosmidomycin in in vitro assays with parasites 

and in animal models. ((Wiesner et al., 2003), This higher efficiency may be attributed to a putative 

hydrophobic interaction of the methyl group with a conserved amino acid (Trp212) in the loop  

structure, covering the catalytic site (Figure 32). 

In the past, several attempts were performed to enhance the antimicrobial activity of Fosmidomycin 

and FR-900098 by introducing structural modifications at different positions of the molecule (Figure 

33 A). However, the majority of these approaches led to compounds with clearly reduced anti-

microbial activities (Hemmi et al., 1982; Kurz et al., 2003; Silber et al., 2005) and corroborated the 

importance of the phosphonic acid and hydroxamic acid moieties of the molecule for the anti-malarial 

activity (Haemers et al., 2006; Kurz et al., 2006). 

 

Modifications of Fosmidomycin 

The group of our collaborator Prof. Michel Rohmer from the “Institut de Chimie de Strasbourg” only 

recently synthesized analogs of Fosmidomycin and FR-900098 with a rearrangement of the 

hydroxamate group (Figure 33 B). Enzymatic assays showed that both compounds (here referred to as 

LK1 and LK2 - Lionel Kuntz) successfully inhibited E.coli DXR in in vitro-assays. The IC50 values 

measured were 170 nM and 48 nM for LK1 and LK2, respectively. The IC50 value of LK2 was even 
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comparable to that of Fosmidomycin (Fos: 32 nM). In addition, both molecules inhibited the growth of 

E.coli, but with a significantly less efficiency than Fosmidomycin (Kuntz et al., 2005). 

Interestingly, the N-methylated compound (LK2 – derived from FR-900098) also successfully 

inhibited the growth of an E.coli strain that was cross-resistant to Fosmidomycin and fosfomycin. 

Among other reasons, this could be due to a difference in the uptake or detoxification of these two 

antibiotics, which are known to share a common import mechanism via the L-α-glycerolphosphate and 

the glucose-6-phosphate pathway in E.coli (Sakamoto et al., 2003). As the N-methylated compound 

nearly equaled Fosmidomycin in terms of in vitro inhibition of the DXR enzyme, changing the 

bioavailibility of this compound was a promising strategy to further enhance the performance of the 

hydroxamic drugs and provide new active compounds against resistant pathogen strains. 

 

 

Figure 33. Simplified overview of possible modifications of fosmidomycin (modified from Schlüter, Thesis 

2006).  

A- Known modifications of the parent molecule; B- LK1 and LK2 were previously synthesized by Lionel Kuntz 

and are both characterised by a rearrangement of the original hydroxamic acid moiety (reverse 

phoshonohydroxamic acids). The N-methylated derivative LK2 has proven to be much more effective as its non-

methylated analog LK1 in enzymatic assays (Kuntz et al., 2005), which is in accordance with the observations 
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made with Fosmidomycin and its methylated analogue FR-900098 (gute referenzen raussuchen: macsweeney , 

lange 2005; jomaa, wiesner 1998 ?). C- Ester prodrugs based on LK1 and LK2 were only recently synthesized 

by Sarah Ponaire. The goal of this approach was to enhance the bioavailability of both parent compounds by 

overcoming barriers, such as poor uptake of the drug by target organisms. 

 

One of the known disadvantages of phosphonate drugs is the fact that the phosphonate group is highly 

deprotonated at physiological pH. Because of the resulting high polarity (and/or low lipophilicity), the 

transport across biological membranes and the general bioavailibility are strongly restricted. A 

common strategy to overcome this problem is masking the phosphonic acid moiety by a derivatisation. 

For instance, double ester drugs of FR-900098 have shown a 2-3 fold higher biological activity 

compared to their unmodified models in experiments with malaria-infected mice (Ortmann et al., 

2005). 

For this reason, Sarah Ponaire, a PhD student in Michel Rohmer's laboratory, synthesized double ester 

prodrugs based on the original structures of LK1 and LK2 (Figure 33 C). 

 

The prodrug concept 

The term prodrug was first used by Albert in 1958 in his book “Selective toxicity” (Albert, 1958). A 

prodrug can be defined as a bioreversible derivative of a known drug molecule that has to undergo a 

transformation in order to release the active drug (“bioactivation”) (Figure 34). Alternatively and 

depending on the purpose, it can more generally also be described as “an inactive drug carrier form 

that requires metabolic activation, before it exhibits its pharmacological effects...”(Chung et al., 2008). 

The overall goal is to overcome different kinds of barriers depending on the organism or 

host/pathogen system that is targeted. This barrier may be the poor aqueous solubility of a very polar 

compound, the chemical instability of a molecule, an insufficient oral absorption, a rapid pre-systemic 

metabolism, undesired toxic effects etc. (Han and Amidon, 2000; Stella, 2007; Rautio et al., 2008). 
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Figure 34. Simplified illustration of the prodrug concept (modified from Rautio et al., 2008).          

The prodrug is a chemically modified version of the pharmacological active compound. The addition of a 

covalently linked “promoiety” masks the parent drug and improves for example its physicochemical or 

pharmacokinetic properties. A- If the parent drug has difficulties to overcome a barrier, such as a biological 

membrane or is poorly soluble, the addition of a promoiety can be seen as a strategy to overcome this barrier. In 

an optimal scenario, the prodrug releases the active drug after removal of the promoiety by enzymatic or 

chemical transformation (“bioactivation”). The drug should ideally be recovered at high rates and the promoiety 

should be non-toxic. B- In case of the inhibitors synthesized by Sarah Ponaire and the model system BY-2, the 

prodrugs are ester derivatives of phosphonohydroxamic drugs. After entering the cell by diffusion through the 

cell wall and transport through the PM, the drug is released by esterases and chemical hydrolysis. In addition, the 

drug has to overcome a second barrier within the cell, the double membrane of the plastid, to reach its target 

within the plant cell. 

 

 

The simplest version of a prodrug consists of the drug and a promoiety that are covalently linked to 

each other, such as esters of carboxyl, hydroxyl and thiol functions. Esters are by far the most common 

forms of prodrugs, as they usually enhance the lipophilicity of water-soluble drugs by masking the 
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charged groups and thus facilitate the passive membrane permeability of the prodrug (Ettmayer et al., 

2004). 

Once inside the cell, the prodrug will most likely be activated by ubiquitous esterases of the target 

organism (Liederer and Borchardt, 2006). In an optimal case, the unmasked drug will then stay inside 

the cell and exhibit its pharmacological effect, whereas the released promoiety is biologically inert 

(non-toxic) (Rautio et al., 2008). 

 

Prodrugs synthesized by Sarah Ponaire 

Sarah synthesized six different prodrugs in total. Three prodrugs based on LK1 (derived from 

Fosmidomycin) and three prodrugs based on LK2 (derived from FR-900098). Three different 

acyloxyalkylester groups were chosen for the synthesis of the prodrugs (Figure 35). The details 

concerning the synthesis of the prodrugs are described in the PhD thesis of Sarah Ponaire (2010) and 

will not be discussed here. 

 

Figure 35. Different acyloxyalkylester groups chosen for the synthesis of the prodrugs by Sarah Ponaire. 
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Testing the compounds for possible herbicidal activity in the bioassay 

Fosmidomycin is known to inhibit the DXR enzyme from higher plants (Zeidler et al., 1998; 

Fellermeier et al., 1999) and experiments with various plant species have demonstrated its potential as 

herbicide, as approved by the chlorotic and bleaching phenotypes that have been observed after its 

application (Kamuro et al., 1991). 

In addition, Fosmidomycin successfully inhibited the isoprenylation of the GFP-DB-CVIL fusion 

protein in our fluorescent bioassay at concentrations in the micromolar range (Gerber et al., 2009). 

Therefore it was a logical step for the evaluation of the newly synthesized compounds to test their 

potential to inhibit the formation of GGPP in our bioassay and thereby also to validate the test system. 

 

Results 

Fosmidomycin, FR-90098 as well as the two hydroxamate derivatives LK1 and LK2 have been tested 

on the transgenic BY-2 cell line expressing the GFP-DB-CVIL marker protein using the standard 

conditions described in Figure 10. 

At 100 µM, the majority of fluorescence emitted by the GFP marker protein of the cells treated with 

Fosmidomycin, FR900098 or LK2 accumulated in the nucleus, indicating an efficient inhibition of the 

MEP pathway (Figure 36). At this concentration, the mislocalization affected about 95 % of the 

observed cells. The only exception was LK1, which needed considerably higher concentrations to 

cause a similar effect.  

 

Inhibitor (Abbr.) MW [g/Mol] Solvant Stock solution Final concentration 

Fosmidomycin (FOS) 183,1 DMSO 100 mM 100 µM 

FR-900098 197,13 DMSO 100 mM 100 µM 

LK1 183,1 H2O 100 mM 100 µM 

LK2 197,13 H2O 100 mM 100 µM 

Table 6. Inhibitors of DXR used in this experiment. 
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Figure 36. Localization of  his-tagged GFP-DB-CVIL in transformed BY-2 cells after treatment with 

different inhibitors of DXR.   

Confocal images were taken after treatment with different inhibitors of DXR, under standard conditions (3 hours 

pretreatment, followed by 15 h induction with 10 µM dexamethasone). Control- Cells were treated with the 

same volume of solvant (DMSO). Inhibitors- All inhibitors were tested at 100 µM and caused a significant 

translocation of the GFP fusion protein to the nucleus/nucleolus. White bars = 10 µM. 
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Table 7. Quantitative analysis of H6-GFP-DB-CVIL localization in BY-2 cells treated with inhibitors of 

DXR.  

Percentage of cells showing a partial localization of the fluorescence to the nucleus and nucleolus (without 

taking care of the total intensity of this translocation) and the plasma membrane. For each treatment more than 

100 individual cells were counted. 
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Test of the prodrugs provided by Sarah Ponaire 

In as second set of experiments, we tested the capacity of the six prodrugs synthesized by Sarah 

Ponaire to inhibit the in vivo isoprenylation (more precisely: geranylgeranylation) of H6-GFP-DB-

CVIL. This test was performed for two major reasons. First of all as a proof of concept to validate the 

bioassay with yet untested inhibitors. This part of the experiment should lead to a qualitative result: 

The prodrug inhibits the isoprenylation of the fusion protein and thus leads or not to a shift of the 

fluorescence from the membrane to the nuclear compartment. 

In addition, it was desirable to see how the prodrugs will act in comparison to Fosmidomycin or the 

direct drug “role models”, LK1 and LK2. This aspect was also important to check whether the 

bioassay may prove to be valuable for a statistical approach, as one of the primary goals of creating a 

prodrug is to enhance the bioavailability of a compound and gain a higher effect/activity at the target 

site. 

As all inhibitors with the exception of LK1 were very well eficient at 100 µM, we started testing the 

six prodrugs at 50 µM to detect a first “all-or-nothing-effect” (Figure 37). 
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Figure 37. Confocal microscopy images showing the subcellular localisation of H6-GFP-DB-CVIL fusion 

protein after treatment with a series of prodrug molecules (SP1 – SP6) derived from Fosmidomycin, an 

effective inhibitor of DXR.  

The tested molecules can be divided in two groups. A-  Non-methylester prodrugs (derived from LK1).  B- 

Molecules with a methyl group bound to the N-atom. Cells were pre-treated for 3 h with 50µM of each inhibitor 

(solvant: methanol) before expression of H6-GFP-DB-CVIL was induced by addition of dexamethasone (10 µM 

final concentration). At the chosen concentration, the majority of all treated cells showed partial or very 

dominant delocalization of the fluorescence from the plasma membrane to the nucleus/nucleolus. The images are 

overlays from pictures in transmission light and fluorescence mode and were acquired as described in chapter 

4.5.20. Bars = 10 µM. 

 

At 50 µM final concentration, all the six prodrugs were able to induce a mislocalization of the H6-

GFP-DB-CVIL fusion protein in at least 50 % of treated cells. The cells were counted by the operator 

of the fluorescence microscope at low magnification (using a 10x apochromatic objective) and divided 

in three major groups - according to their respective phenotype - to facilitate a statistical evaluation 

(Table 8): 

1. cells in which the fluorescence emitted from the nucleus was clearly dominant 

2. cells with significant amounts of fluorescence still emitted from the PM (nucleus and 

membrane were more or less equal in fluorescence intensity) 
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3. cells in which the fluorescence was mainly associated with the PM and looked like the 

untreated control (important: no fluorescence at all visible in the nucleolus). 
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Table 8. Statistical approach to compare the impact of six different pro-drugs on the in-vivo localization 

of the prenylable fusion protein H6-GFP-DB-CVIL. 

 

The results obtained at a final concentration of 50 µM indicated, that especially SP2 and SP4 caused a 

fluorescence shift comparable to that observed after treatment with 50 µM Fosmidomycin. 

Surprisingly, in the case of the Fosmidomycin treatment at 50 µM, we observed a very high ratio of 

cells with a mislocalized GFP fusion protein (more or less all cells), a result slightly different from 

previous data obtained after treatment at 40 µM, which indicated at least 30 % of total cells with a 

fluorescence in the PM (Gerber et al., 2009).  

Among the six prodrugs, SP2 and SP4 appeared to be very active. In both cases, more than 80 % of 

counted cells showed a dominant fluorescent signal from the nuclear region of the cell, indicating a 

significant inhibition of GGPP biosynthesis through the MEP pathway. The other compounds did not 

act as well as Fosmidomycin. In summary, a general tendancy could be observed, clearly indicating 

that the methylated analogs of the respective prodrugs were far more efficient than their non-

methylated counterparts. This corroborates the results obtained with LK1 and LK2 (Kuntz et al., 2005) 

as well as those obtained with Fosmidomycin and FR-900098 (Ortmann et al., 2005). 

At 50 µM however, it was not possible to determine whether the prodrugs SP2 and SP6 were better 

inhibitors than Fosmidomycin. To adress this issue, we therefore conducted a second set of 

experiments, using the inhibitors at a final concentration of 5 µM. 
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Table 9. Statistical approach to compare the impact of six different pro-drugs on the in vivo localization of 

the prenylable fusion protein H6-GFP-DB-CVIL.  

The cells were treated with 5 µM of the respective inhibitor like described above. Cells were counted by view 

and sorted in three main categories. Unfortunately, there is no data available for the SP6 treatment. 

 

At 5 µM, two major results are noteworthy (Table 9). First of all, the efficiency of Fosmidomycin to 

induce a mislocalization of the fusion protein drops dramatically. More than 30 % of the cells treated 

with 5 µM Fosmidomycin did not show any fluorescence translocation to the nucleus and gave a 

phenotype similar to that of the untreated control cells. In addition, the percentage of cells with a 

dominant fluorescence signal emitted by the nucleus (among the remaining cells with a partial 

mislocalization) decreased by more than 50 %. By contrast, SP2 as well as SP4 did only show a 

slightly reduced efficiency to induce a dominant mislocalization of the GFP fusion protein from the 

PM to the nucleus. In the case of SP2, 74 % of the cells were still significantly inhibited by the 

treatment at 5 µM. For SP4, the value higher than 90 % indicated that there was almost no detectable 

loss of efficiency after a 10-fold dilution from 50 µ to 5 µM. 

As both inhibitors successfully induced a mislocalization of the geranylgeranylated GFP fusion protein 

at 5 µM, we decided to further test SP2 and SP4 at a final concentration of 0,5 µM. Unfortunately, the 

overall physiological state of the cell line worsened dramatically, which was indicated by a more or 

less spontaneous loss or important reduction of the fluorescence intensity. This phenomenon occurred 

gradually over a couple of weeks and concerned most of the cells within a population and forced us to 

stop the statistical approach at this point, to avoid a bias caused by the bad physiological state of the 
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cell line. This was one of the major reasons to establish a protocol for the reselection of a homogenous 

cell line with satisfying fluorescence levels  (for more details see chapter 2.3). 

Nevertheless, we could observe that at least 50 % of the remaining fluorescent cells still showed a 

partial mislocalization (of the fluorescence to the nuclear compartment of the cells) after treatments 

with SP2 and SP4 , indicating that both inhibitors are still partially efficient at a concentration of 0,5 

µM. 

By contrast, neither a treatment with Fosmidomycin nor a treatment of the cell line with LK1 of did 

cause any statistically relevant mislocalization at 0,5 µM. The data obtained with LK2 at this 

concentration was not statistically exploitable due to the bad condition of the cell line, even though 

more than 90 % of the remaining, fluorescent cells looked like untreated control cells at 0,5 µM (data 

not shown). 

 

 

Discussion of the results: 

During her thesis, Esther Gerber (2005) had already used statistical approaches based on this visual 

bioassay, in order to determine the contribution of various externally fed pathway 

intermediates/isoprenols to the prenylation and the localization of the GFP-DB-CVIL fusion protein, 

in the presence or not of inhibitors of both isoprenoid biosynthetic pathways (chapter 2.1.2.1). 

The experiments described in this chapter were conducted under similar conditions; cells tested under 

pre-defined standard conditions were counted by view after different treatments.  

However, the test of the prodrugs synthesized by Sarah Ponaire includes a whole new aspect: For the 

first time, novel drugs specifically designed on the basis of known pathway inhibitors were tested 

under standardized conditions and the generated data were exploited in both a qualitative and a 

quantitative/statistical way. This means that, besides answering the question, if an inhibitor candidate 

efficiently blocks the MEP pathway, the exploitation of the same set of data will allow a direct 

comparison of the efficiency of this compound with established MEP pathway inhibitors. 

By testing the inhibitors at different concentrations, we were able to first define a starting point for the 

experiments, which consisted in a concentration that inhibited the majority of cells (> 95 % of cells 

showing a dominant mislocalization).  

The results obtained at 100 µM clearly proved that Fosmidomycin and FR-900098 as well as LK2 

were applied at saturating concentrations. We therefore decided to start our direct comparison at 50 

µM. At this concentration, Fosmidomycin, SP2 and SP4 were very active, causing a partial 

mislocalization in nearly 100 % of the cells. The other tested prodrugs did not act as well at this 

concentration, even though they were able to induce a partial mislocalization in at least 50% of treated 
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cells.  At 5 µM, only SP2 and SP4 proved to be more efficient than Fosmidomycin, wheras the other 

inhibitors only induced a barely detectable effect. 

Obtaining only two out of the six compounds with a higher efficiency than the respective model drugs 

might appear deceiving at first view.  However, it is a fine exemple confirming the prodrug concept. 

The efficiency of a prodrug in an in vivo assay depends indeed on several parameters, such as the 

transfer through biological membranes and the stability of the prodrug against hydrolysis or esterases. 

All the six prodrugs tested in these experiments were able to induce to some extent a localization shift 

of the prenylable GFP fusion protein, which indicates that the active drug entered at least partially the 

plant cell, where it could inhibit the DXR enzyme (located in the plastidial compartment). This point is 

important to mention, as it indicates that: i) the prodrugs were soluble in the BY-2 medium; ii) they 

successfully crossed the plant cell wall; iii) they were imported inside the plant cell across the PM. 

How this transport took place and which transporters were involved remains unclear, even though data 

from bacteria suggest that a cAMP dependent glycerol-3-phosphate transporter could be a likely 

candidate. Until today, a similar transporter has only been identified in the mitochondrial membrane of 

plant cells (Shen et al., 2006).  

By relating the results to the structural features of the tested molecules, another important observation 

can be made. The data obtained for all inhibitors showed that the methylated prodrugs displayed a far 

better activity than their non-methylated counterparts. This result correlates with observations obtained 

with Fosmidomycin, FR-90098, LK1 and LK2 in bacterial systems. Interestingly, the best performing 

methylated prodrug SP4 also shared the same promoieties with the best performing non-methylated 

prodrug SP3. 

Although the better performance of the methylated drugs, such FR-900098 or LK2, is thought to be 

attributed to the hydrophobic interaction of the methyl-group at the catalytic site of the DXR enzyme, 

the methyl group may also have an influence on the lipophilicity of the prodrug and be responsible for 

an overall better import rate of the prodrug in tobacco BY-2 cells. Other factors could be the different 

preferences of endogenous esterases for the three types of substituents used to synthesize the prodrugs 

or the rate of spontaneous hydrolysis (that may occur either in the extracellular medium or the 

cytosol). 

Only recently, Amanda Brown and Tanya Parish (2008) were able to demonstrate that the resistance of 

Mycobacterium tuberculosis and Mycobacterium smegmatis to Fosmidomycin is mainly due to a lack 

of uptake of the molecule by the cell. Interestingly, the recombinant DXR of Mycobacterium 

tuberculosis was however sensitive to Fosmidomycin in earlier studies (Dhiman et al., 2005). This 

lack of uptake may occur for two reasons. First of all, Mycobacteria are known to be particular 

antibiotica resistant, mainly because of the nature of their cell wall which is nearly impermeable to 

commonly used antibiotics. Secondly, no genomic evidence has been found in these mycobacteria for 

a transporter system, similar to the one used by E.coli or other susceptible bacteria. Furthermore, the 
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porins, which could also participate to the antibiotic import, are neither abundant nor particularly 

active in mycobacteria (Trias et al., 1992). 

Therefore, it is very promising that all of the methylated prodrugs (SP2, SP4 and SP6) were shown 

able to inhibit the growth of Mycobacterium smegmatis on solid medium, when applied on paper discs 

(results communicated by Sarah Ponaire). Interestingly, the zones of inhibition were growing in size in 

the following order: SP4>SP2>SP6. This trend was also observed when testing the N-methylated 

inhibitors in our bioassay and indicates that in both cases, the prodrug with the acyloxybutylester 

groups protecting the phosphonate moiety (SP4) was the most efficient (Figure 38). 

Although both model systems used for testing the efficiency of the prodrugs cannot be completely 

compared due to physiological differences in cell wall architecture and uptake mechanisms, this result 

is nevertheless very encouraging. Wether the passive import of the prodrug is improved or is 

recognized with a higher affinity by esterases remains to be determined, but an explanation is not 

obvious. However, our results clearly show that the observations made with this visual bioassay are of 

biological relevance and that knowledge gained from experiments with tobacco BY-2 cells may be 

applied to other model systems, such as Mycobacterium smegmatis. 

 

Figure 38. Comparison of the results obtained with the N-methylated prodrugs by two different 

approaches. 

 

Of course, as a further proof of concept, the inhibitors have to be tested for their potential to act as 

bleaching herbicides. Such experiments are underway with tobacco seedlings and hopefully I will be 

able to present recent data during my defence. 
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2.2 Development of an image-based chemical screening 

system for inhibitors of the plastidial MEP pathway 

 

By successfully testing novel drug candidates in vivo, we illustrated the possibility to establish the 

existing bioassay as qualitative and quantitative approach for the identification and evaluation of MEP 

pathway inhibitors. 

However, all analyses performed so far with the bioassay were relying on the performance of a single 

microscope user, observing biological processes and counting individual cells through the eyepiece of 

the microscope. Although all parameters of the bioassay had been optimized and provided us with a 

sufficiently robust and repeatable protocol, further developments were required, in particular to reduce 

the unvolontary bias of results by the user and to increase the speed and reproducibility of the 

application.  

Therefore a major emphasis of my thesis was to further improve the initial test system and to evaluate 

its potential for miniaturization, automatization and, if possible, high-throughput applications. 

 

 

2.2.1 Introduction: State of the art of modern drug screening 

Over the last decade, technological advances have dramatically changed the importance of image-

based assays for modern cell biology. In the past, classical, non-microscopic approaches have been 

systematically used to investigate protein functions and interactions or to screen small-compound 

libraries in high-throughput. Thanks to the knowledge and tools developed during the evolution of 

various technologies in the last few years, including proteomics and genetics approaches (Uetz and 

Hughes, 2000; Rual et al., 2005; Foster et al., 2006; Gavin et al., 2006), protein and DNA microarrays 

(Hughes et al., 2000; Smith et al., 2005; Starkuviene et al., 2007) or RNA interference experiments 

(Carpenter and Sabatini, 2004) (Baum and Craig, 2004; Moffat and Sabatini, 2006), fluorescence 

microscopy has become a powerful method to study protein functions and interactions in the living 

cell (Starkuviene and Pepperkok, 2007; Terjung et al.). This was in particular accomplished due to the 

availability of a great variety of fluorescent proteins and fluorophores (Zhang et al., 2002; Verkhusha 

and Lukyanov, 2004; Miyawaki et al., 2005), which can be used to tag a protein of interest and to 

reveal information about its localization, its interaction with other cellular components and proteins or 

even to visualize biochemical reactions, e.g. the effect of a given treatment at a cellular level. This 

may give conclusions on the physiological relevance of the protein, in contrast to classical, 

biochemical assays, where an isolated protein is tested in an artificial environment. In this way, data 
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acquired by fluorescence microscopy can help to complement the above mentioned genetic and 

proteomic approaches.  

Because of the availability of automated microscopes and more powerful image analysis softwares, 

multiple features of a cell can be measured, analyzed and compared, even over a certain period of 

time. 

Previously, researchers were often forced to inspect their acquired microscopic images by eye, which 

is a time-consuming and subjective task, even for an experienced user (Eggert et al., 2004; Lang et al., 

2006; Lamprecht et al., 2007). Nowadays, modern, automated image acquisition platforms provide 

highly quantitative data and allow image-based screens of several thousand compounds a day 

depending on the experimental set-up. In addition, fluorescence microscopy also allows following 

reactions at different scales. For instance, changes at the subcellular level can be observed using high 

resolution (Wouters et al., 2001; Watson et al., 2005), whereas a population of cells can be monitored 

using low resolution (Burnett et al., 2003; Wu et al., 2004), providing the examinator with lots of data 

for every single image. This combination of high throughput-screening  (HTS) methods and automated 

image acquisition and analysis has therefore been dubbed “high-content-screening” (Giuliano et al., 

1997; Giuliano et al., 2003; Carpenter, 2007b, , 2007a; Starkuviene and Pepperkok, 2007).

Nevertheless, image-based chemical screening still remains a field in development, the majority of 

users belonging to the pharmaceutical industry (Hoffman and Garippa, 2007). This means, that even 

though the technologies are pushed by those companies, only few results of large screens have been 

generally published and made available for a great number of users (Gururaja et al., 2006; Richards et 

al., 2006; Wilson et al., 2006). In addition, not every academic research unit, that has developed a 

biological assay with the potential for high-throughput/content screening will be able to use modern 

image platforms, as all the hardware and software components of a complete screening pipeline (not 

counting the time for development and validation) represent a significant financial investment , 

although commercial solutions are provided by different companies (Smith and Eisenstein, 2005).  

Another trend in high-content screening microscopy goes to multidimensional image read-out. This 

approach is also known as multiplexing (Levenson et al., 2005; Mansfield et al., 2005). Technically, it 

consists in using multi-color fluorescence microscopy and several distinct fluorescent markers in the 

same cell system. Of course, the spectral properties of the used fluorescent dyes and fluorophores as 

well as the detection gain and the computing ability of the microscopy platform are limiting factors, 

although this can be partially resolved by linear unmixing of fluorescent signals, "a method allowing 

the reliable separation of even strongly overlapping fluorescence signals..." (Zimmermann et al., 2003; 

Zimmermann, 2005).  Multiplexing is particularly interesting, if more than one phenotype needs to be 

analyzed. As a side effect, changes in the morphology of the cells can also be monitored, which can 

reveal a potential toxicity event during the screening experiment. For example, multiple fluorophores, 

staining nucleus, cytoplasm, microtubules, golgi or endoplasmatic reticulum could be detected in 
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parallel, revealing additional information about cellular changes, as part of a small compound screen 

(Perlman et al., 2004; Tanaka et al., 2005). As a result, a pre-selection of drug-candidates can be 

performed at an early stage in the whole screening pipeline. This aspect can be quite important, 

considering that up to 30% of potential drug candidates are rejected because of toxicity issues (Kola 

and Landis, 2004). Likewise, efficiency can be increased and the costs, significantly reduced (Kola 

and Landis, 2004; Starkuviene and Pepperkok, 2007).  

However, one of the most critical steps still remains analysis of images, especially in purely cell- 

based assays. Although there are several commercial softwares for numerous purposes, many 

applications - especially those with complex cellular phenotypes - require custom-made solutions. 

This chapter will focus on the key steps that are necessary for the development of a screening pipeline 

(Carpenter, 2007b) to demonstrate the feasibility of establishing a high-throughput compound screen 

on the basis of our protein prenylation assay (Figure 39). 
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Figure 39. Principal steps involved in the development of an image-based drug screening assay. 
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2.2.2 Biological assay development 

2.2.2.1 Reproducibility of inhibitor effects on a population of BY-2 cells 

The results described in the previous chapters provided critical evidence for an essential role of the 

MEP pathway in the biosynthesis of the prenyldiphosphate GGPP and in the prenylation of the H6-

GFP-DB-CVIL fusion protein in BY-2 cells (Gerber et al., 2009). As the inhibition of both processes 

leads to a characteristic phenotype - the mislocalization of the fluorescent fusion protein from the PM 

to the nucleus - the microscope assay developed during the thesis of Esther Gerber can be used as a 

qualitative test system to identify potential inhibitors of the MEP pathway or the prenyltransferase 

PGGT1. The importance of the MEP pathway as a target for the development of novel inhibitory 

agents (antibiotics, antimalarial drugs, bleaching herbicides) has been described in detail before. 

However, the acquisition of images at high magnification (HM) only allows observing the effects on a 

few cells within the treated population and its non-quantitative side can cause user-generated bias. 

Counting cells by eye as it has been done for the statistical analysis of the localization of the GFP-BD-

CVIL protein after treatment with pathway-specific inhibitors (Figure 12) takes hours, is highly 

subjective and barely manageable. In addition, this kind of experiment does not provide an image that 

could be reanalyzed with a closer look for other features of the cells such as specific phenotypes that 

might not be evident at first sight and remain unseen during the examination of the whole population 

(Levsky and Singer, 2003; Carpenter, 2007b). Especially, the results obtained after treatment of the 

H6-GFP-DB-CVIL lines with squalestatin demonstrated that the effects on the morphology and 

localization of the fusion protein could be more complex than initially expected (partial delocalization, 

roundish cell shape versus “all-or-nothing” – phenotype). Some important aspects can escape to the 

human eye during a visual observation and sometimes, it is difficult to make conclusions of biological 

significance by analysis of single cells. Therefore, it was important to check the reproducibility of the 

results with a random collection of cells. Furthermore, the quality of the acquired digital images had to 

be high enough for an automatic identification and measurement of biological features, such as the 

nuclear fluorescence observed in inhibitor-treated TBY-2 cells.  

The use of TBY-2 cells as a suitable model to investigate effects of various treatments on the whole 

cell level has various advantages, including the efficient uptake of exogenous compounds and the 

short reproduction time. However, as discussed in detail in chapter 3.3 (Generation of transgenic 

tobacco BY-2 cell lines) an important problem was the heterogeneity of fluorescence of liquid 

suspensions derived from the first generation calli. This problem has been solved successfully and was 

an important prerequisite for the further development of a statistically significant screening system. 
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Results: 

In order to demonstrate the feasibility and reproducibility of such an image-based approach, TBY-2 

cells expressing the His6-tagged GFP-DB-CVIL fusion protein were treated with the MEP- or MVA 

pathway inhibitors, OC (30 µM) or MV as well as with a combination of both inhibitors according to 

standard protocols. Images were acquired at low magnification using a Nikon E800 microscope. Low 

magnification fluorescence microscopy uses a resolution of 500 µm to 1mm and is used to monitor 

phenotypic effects on entire cell populations. Medium-magnification fluorescence microscopy by 

definition is applied for subpopulation analysis at a resolution between 10-50 µM, whereas high-

magnification fluorescence microscopy focuses on intracellular events and uses resolution of 1 µm or 

lower (Lang et al., 2006). The phenotypes of the untreated control and the MV-treated cells were more 

or less identical, with the majority of fluorescence at the cell periphery, especially at the boundary 

between cells in the files. In addition, GFP fluorescence was also clearly visible at the peri-nuclear 

membrane, whereas the GFP fluorescence in OC-treated cells was mostly localized in the nucleus. The 

combination of both inhibitors gave the same results as cells treated with OC alone (Figure 40). 

 

 

Figure 40. Reproducibilty of  results on a random population of treated BY-2 cells. 
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Low magnification fluorescence images of large numbers of cloned BY-2 cells expressing His6-GFP-DB-CVIL. 

Images were taken with a Nikon E800 micrsocope equipped with a DXM11200 CCD color camera 

(Specifications: 20 x 0,45 objective; filters: Ex460-500, DM505, EM510-560). A  Untreated cells   B-D   cells 

treated with 30 µM OC  (B), 5 µM MV(C) and 30 OC plus 5 µM MV (D).  The white bar represents 50 µm.            

                                                       

2.2.3 Image acquisition and analysis 

Cellular imaging is a process that involves multiple steps and usually starts with the acquisition of an 

image by a specialized detection device. In our case, this device was a confocal fluorescence 

microscope, that visualizes and collects signals from the sample and generates a digital image, which 

may be defined as “a two-dimensional pixel array of information extracted from a particular biological 

event (..)” (Lang et al., 2006). In a second step, this information has to be processed by an image 

analysis software to convert it into exploitable parameters. Depending on the nature of the experiment 

and the kind of information that is needed, multiple parameters may be extracted and analyzed at the 

level of either the entire cell population or only one cell, sometimes (like in our case) at both levels. 

The process of analysis of information from microscopy images normally can be divided into several 

distinct steps:    - identification of single cells  

                          - measurement and calculation of various values for each cell 

                          - analysis of the data 

In general, microscope based cytometry methods take advantage of fluorescence to identify cells. 

Various algorithms for edge detection, thresholding and watershed seperation are able to provide the 

user with good initial separation between the fluorescent features within the cells and the non-

fluorescent background (Gordon et al., 2007). How these features (e.g. the GFP fluorescence emitted 

by the nucleus in inhibitor-treated BY-2 cells) can be used for the detection and counting of cells, will 

be shown in detail in the following chapter.   
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2.2.3.1 Automatic image processing as tool to determine the impact of drugs 

and inhibitors on the H6-GFP-DB-CVIL-line 

Automatic image analysis was performed to study and quantify the effects of different treatments on 

the H6-GFP-DB-CVIL cell line with a time-saving and reproducible method that reduces as much as 

possible the influence of the user and leaves a visual “trace” of the analysis. 

Therefore, overview images, taken under well-defined conditions, were analyzed with professional 

image processing software. 

Image analysis with ImageJ 

For image analysis, we first used ImageJ (http://rsb.info.nih.gov/ij/index.html), version 1.41 – 1.43, 

the core program of which was developed by Wayne Rasband, a researcher at the National Institutes 

of Health (NIH). 

ImageJ is a Java-based image-processing program, publicly available, inspired by NIH Image for the 

Macintosh (Abramoff et al., 2004). The use of the Java programming language makes ImageJ 

independent from any individual operating system. It can be installed on every platform able to run a 

system-specific Java runtime environment (JRE). The code of the program is open-source and because 

of a constantly increasing user community, over 400 individual plug-ins are available, significantly 

increasing its functionality. ImageJ supports a large number of different file formats. Many proprietary 

out-put formats are directly related to microscopy. 

The MBF ImageJ bundle used in this study provides an excellent selection of the most important plug-

ins for microscopy users and is available with a richly illustrated on-line manual. It is developed, 

released and maintained by Tony J. Collins, who is currently working at the McMaster Biophotonics 

Facility (MBF: www.macbiophotonics.ca). 

Important pre-requisites when starting with the image analysis 

One of the major aspects when working in fluorescence microscopy is the level of saturation of the 

images. For instance, within an optimal scenario, all images taken in the green channel – displaying 

the localization of the geranylgeranylable protein- should be acquired with a minimum of saturation to 

reduce signals corresponding to unspecific background noise or non-specific fluorescence associated 

with cellular structures. For the subsequent image analysis, it is quite important to be able to 

differentiate any object from its surrounding background. This process is referred to as 

“segmentation”.   Most of the programs operating in the microscopes and used for image acquisition, 

such as the LSM image browser or the AxioVison software (Table 12: List of all software packages 

and programs relevant to this study), offer the option to control the saturation levels of the images 

during or after the acquisition process.  

http://rsb.info.nih.gov/ij/index.html
http://rsb.info.nih.gov/nih-image/
http://www.macbiophotonics.ca/
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The general principle of the particle analysis with ImageJ 

(http://www.macbiophotonics.ca/imagej/particle_analysis.htm) will be explained in the following 

sections, using an image of OC-treated cells (40 µM final concentration OC; acquired with the E800 

epifluorescence microscope from Nikon), where the delocalization of the GFP-DB-CVIL protein is 

clearly visible. 

The overall process can be divided into the following parts:   

 - “thresholding” 

 - “watershed separation” 

 - “particle analysis” 

The process was adjusted to fit our purposes (later sections). 

 

a) Thresholding 

One of the first steps in automatic particle analysis is the “thresholding”. The image needs to be 

converted into a “binary” image, for instance into a black and white image. This can be achieved by 

using the menu command “Image/Type/8-bit”. Depending on the image parameters, such as 

luminosity and brightness, the contrast may be enhanced, with “Process/Enhance Contrast” (Figure 

41). 

http://www.macbiophotonics.ca/imagej/particle_analysis.htm
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Figure 41. First steps of the Segmentation process. A- Conversion of the RAW image to a binary image 

file. B- Enhancement of the contrast 

 

The thresholding is necessary as the software has to discriminate between the background and the 

borders of the object to be analyzed. The principle is quite simple: A threshold range is set, either 

manually or automatically, and all the pixels within this range are converted to black and those with 

values outside this range, converted to white (colors can be inverted). 

During this process, the pixels within the range are displayed in red, whereas the background remains 

black. By moving the scroll bars in either direction, pixels at the periphery of objects are added or 

deleted from the image, as it is demonstrated in Figure 42. 

Automatic thresholding (GFP-DB-CVIL BY-2 cell line treated with 40 µM KC) results in removing 

most of the pixels related to membranes. Only the strongest signals coming from the fluorescent nuclei 

remain visible. 

This step is particularly important as it bears the danger of user-generated bias. To guarantee as much 

as possible reproducibility, the MBF ImageJ bundle comes with a whole collection of plug-ins, using 

different algorithms for image thresholding (Overview: “Plugins/Segmentation”). 
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Figure 42. Automatic thresholding   

A- The threshold range can be adjusted automatically. Red pixels show objects that are within the threshold 

range; B- after pushing the “apply” button, the image is converted to black and white. 

 

b) Segmentation process: Watershed separation 

When using cell suspensions in microscopy, it is almost unavoidable to obtain images without  

overlapping cells or cells clumped and clustered into small groups, even if the dilution of the cells has 

been optimized before. 

To minimize counting errors due to features, such as - in our case - nuclei, that are slightly in contact 

each other, watershed separation was used (“Process/Binary/Watershed”). The principle of watershed 

seperation is quite simple (Roerdink and Meijster, 2001). This technique is based on the so-called 

“Euclidian Distance Map” (EDM). Any black pixel in the image is replaced with a grey pixel, whose 

intensity is proportional to its distance from the next white pixel. The intensity increases the closer it 

gets to the the center of the object. In summary, the algorithm is eroding objects from a binary image 
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until they disappear. Then, it dilates them back, until they touch another black pixel. At the point of 

contact, a watershed line is drawn (Figure 43).  

 

Figure 43. Overlapping objects can be separated using the watershed method 

 

 

c) Particle analysis 

There are several different options for counting particles with ImageJ. The menu command “Plug-

ins/Particle analysis” shows a variety of plug-ins coming with the MBF ImageJ bundle. Among those 

are the “cell counter” and the “nucleus counter” plug-ins. 

In the context of our screening system, the default particle-counting menu “Analyze/Analyze 

particles” proved to be sufficient. 

The desired parameters for particle-counting can easily be adapted for this purpose. By setting the 

minimum size of the object and the degree of circularity to a certain level, all objects not 

corresponding to the selected requirements will be excluded. 

Other menu points concern the visual output of the results in graphical or tabular form. The submenu 

point “Show: Outlines” for example allows to display the outlines of the detected objects with a 

reference number (Figure 44). 

The “nucleus counter” plug-in mentioned before summarizes and automatizes many of the steps 

discussed before. 
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Figure 44. Automatic Nucleus-Counting with ImageJ. A- Particle Analysis; B- Automatic particle-counting 

 

Optionally, a summary of the results can be displayed and exported to other applications such as 

Microsoft Excel.  

In addition, ImageJ offers the possibility to create macros with the integrated macro editor (“Plugins/ 

Macros/Record or Edit”). This feature allows organize the entire segmentation and particle analysis 

process by creating a customised step-by-step analysis pipeline. 
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2.2.3.2 Limitations of the test system 

As shown in the previous chapter, detecting and counting of cells, which exhibit a shift of the GFP 

localization to the nucleus, for instance, after a specific inhibitor treatment, is achievable with modern 

image analysis software like ImageJ. 

Nevertheless, these results also suggested that in order to get a clearer picture of the effects of an 

inhibitor treatment in statistical terms, it was necessary to develop a quick and inexpensive method to 

also detect the cells unaffected by the treatments. But, in contrast to other model systems like yeast or 

bacterial cells, tobacco BY-2 cells display a great variety of phenotypes in a given population of cells, 

such as significantly different sizes and shapes. In addition, they grow in files (optimally in tetrades, 

four cells in a row) or clusters. On a regular microscope slide these tend to overlap depending on the 

dilution of the cell suspension, which makes automatic detection/recognition of individual cells nearly 

impossible with the software solutions at our hand. Of course, there are several possible solutions, 

including the development of a custom-made algorithm, but this is usually very time-consuming and 

involves the work of software experts, as well as a whole cascade of follow-up validation experiments.  

We also discussed the possibilty of fixing the cells before examination by standard protocols, which is 

however inconvenient for monitoring a treatment over a certain period of time.  

A direction that has not been explored so far either for eliminating at least the problem of 

heterogenous cell shapes, would be the generation of protoplasts and their analysis by flux cytometry. 

Different protocols for the formation of protoplasts have been described previously (Kajita et al., 

1980; Tamaru et al., 2002). However, this approach was not considered during this work for several 

reasons: First, we did not have such a device at our hand and secondly, because of the fact that the 

digestion reaction might trigger a massive stress response in cells, which could have a direct effect on 

the localization of the H6-GFP-DB-CVIL. For instance, we could observe that cells that were exposed 

to different stress factors (high temperatures, no agitation over-night) were less sensitive to inhibitor 

treatments. Preliminary tests showed that addition of MeJa to cells treated with 40 µM oxoclomazone 

could partially complement the inhibitor effects, suggesting that different hormones might influence 

the pool of prenyldiphosphates in response to biotic or abiotic stress. 

Therefore, we decided to choose a less rude approach for counting untreated cells. Finally, I decided to 

stain the nucleus with another fluorophore, as this technique already proved valuable for the detection 

of inhibitor-treated cells before. This approach should theoretically allow to easily determine the ratio 

of affected (GFP fluorescence in the nucleus) to non-affected cells (GFP fluorescence mainly localized 

at the PM). 
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Results: 

In a first attempt, we tested different commercial nuclear stains. These nuclear stains were pre-selected 

upon certain criteria, including, “availability in our laboratory”, “easy application” and “low cost”.  

Different fluorescent DNA stains were tested that are commonly used to visualize nuclei (in dead and 

living cells): DAPI (4'-6-diamidino-2-phenylindole) and two different Hoechst stain variants, Hoechst 

33258 and Hoechst 33342. The latter is supposed to be more lipophilic due to an additional ethyl 

group. The goal was to to establish conditions to stain living cells by addition of the DNA stains 

directly to the growing cells and thereby avoid cell fixation and subsequent washing steps, that are 

normally used prior to examination by fluorescence microscopy (e.g. (Banu et al., 2009)). All three 

stains were tested under multiple conditions (1- 5 µg/ ml final concentration; incubation between 10 

min and 2h; in presence of small concentrations of different detergents). However none of these 

conditions led to satisfying results.  

We had also a closer look at the results obtained with other nuclear stains in BY-2 cells, such as the 

Syto stains (Invitrogen) (Rose and Meier, 2001; Dhonukshe et al., 2005; Jeong et al., 2005). The main 

flaw of these DNA stains is however that they serve as marker for DNA and RNA, and tend to stain 

relatively unspecifically all DNA/RNA containing cell compartments (nucleus, mitochondria and 

chloroplasts). As for Hoechst 33342, unspecific interactions with cellular membranes due to the 

lipophilic character of the molecule have been reported and also observed during my experiments 

(Figure 45). 

In conclusion, none of the used stains appeared suitable under our conditions, even though they are 

commonly used to determine cell viability and nuclear morphology in combination with other stains, 

such as propidium iodide (Ormerod et al., 1993; Yuan et al., 2002). In addition, the intenisty of the 

nuclear staining did not look very convincing, especially given the fact that most probably the best 

images have been used for the publications.  
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Figure 45. Various nuclear stains and their phenotypes in tobacco BY-2 cells. 
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2.2.4 Optimization of the assay 

2.2.4.1 New features: Inducible nuclear staining of the cell line (NLS-mRFP) 

Due to the difficulties to efficiently stain living tobacco BY-2 cells a new strategy was chosen, 

consisting of transforming the existing GFP-BD-CVIL cell line with an estradiol-inducible vector 

(Zuo et al., 2000), driving the expression of a RFP protein, C-terminally fused to a NLS (nuclear 

localization signal). 

 

a) Nuclear import in eucaryotic cells 

In eukaryotic cells, ions, small neutral proteins and macromolecules (< 40 kDa) are thought to enter 

the nucleus by diffusion (Görlich and Kutay, 1999), whereas larger proteins only gain access to the 

nucleus by selective targeting through the nuclear pore complex (NPC) (Feldherr et al., 1984; Rout et 

al., 2000; Fahrenkrog and Aebi, 2003; Vollmar et al., 2009), a large multi-protein complex embedded 

in the nuclear envelope (NE), consisting of about 30 different proteins, called nucleoporins (Dingwall 

and Laskey, 1992; Raikhel, 1992; Sorokin et al., 2007). 

The NPC functions as a gateway between the cytoplasm and the nucleoplasm. Import and export of 

most proteins are complex and energy-dependent processes, which are mediated by specific soluble 

carrier proteins, often referred to as “caryopherins” (Radu et al., 1995), which can be divided into two 

groups: the importins  (Görlich et al., 1994) and the exportins (Stade et al., 1997). 

Protein import into the nucleus is achieved in two steps, the docking and the translocation. Docking 

involves the action of caryopherins, which bind their protein cargo after recognition of nuclear 

localization signals (NLS) for import (Jans et al., 2000; Lange et al., 2007; Kosugi et al., 2009). In the 

classical nuclear import cycle of eukaryotes, importin alpha recognizes and binds the NLS and links it 

to importin beta to form a trimeric complex (Görlich et al., 1995). This step takes place at the 

cytoplasmic site of the NPC and is energy-independent. Importin beta mediates the interaction with 

the NPC. Then, the NPC, usually 8-10 nm wide and about 45 nm long, increases its diameter up to 40 

nm, allowing the trimeric complex to be translocated into the nuclear compartment (Keminer and 

Peters, 1999). The interactions of the caryopherins with their cargo proteins are regulated by the small 

Ras family GTPase (Ran), which provides the energy for the translocation process. As soon as the 

complex enters the nucleus, RanGTP binds to importin beta, resulting in a conformational change and 

the dissociation of the importin alpha – cargo complex (Lee et al., 2005). Finally the cargo is released 

into the nucleus, and importins alpha and beta are exported back to the cytoplasm (Kutay et al., 1997; 

Hood and Silver, 1998; Matsuura and Stewart, 2005) to prepare a new round of nuclear import (Figure 

46). 
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Figure 46. Simplified model of the classical Ran-dependent nucleocytoplasmic import cycle of proteins 

(modified from Sorokin et al., 2007).  

In the cytoplasm, the adaptor protein importin α recognizes its cargo via the NLS motif and establishes the 

interaction with importin β, leading to the formation of a trimeric complex. Importin β mediates the contact with 

the NPC, which afterwards increases the diameter of its central core/channel and translocates the cargo complex 

inside the nucleus, where it is dissociated by the action of RanGTP. After the release of the cargo, importins α/β 

are transported back to the cytoplasm to prepare a new nuclear import cycle. Designations: NPC, nuclear pore 

complex; CF, cytoplasmic filament; CC, central core; NB, nuclear basket; ONM, outer nuclear membrane; INM, 

inner nuclear membrane, α/β; caryopherin/importin α/β; NLS, nuclear localisation signal; mRFP, monomeric 

RFP. 

 

b) Nuclear localization signals 

By definition, a nuclear localization signal (NLS) is a “short stretch of amino acids that mediates the 

transport of proteins into the nucleus” (Cokol et al., 2000). This polypeptide may be localized at 

various positions within the protein sequence. In general, before active protein transport to the nucleus 

can occur, importins have to discriminate between their cargo and other cytosolic proteins. This step is 

of central importance and occurs when the importin alpha recognizes specific amino acid sequences 

within the protein, the above mentioned NLSs.    

NLS are distributed into three broad classes. The first two classes contain either one (= monopartite) 

or two (= bipartite) stretches of basic amino-acids and can be considered as the best characterized 

targeting sequences (Boulikas, 1993). They are also sometimes referred to as classical NLS (cNLS) for 

nuclear protein import (Kalderon et al., 1984a).  

The most prominent as well as a very frequent example for a monopartite NLS is the SV40 large 

tumor antigen NLS (Kalderon et al., 1984b; Lassner et al., 1991), which is in fact a highly 

conservative repeat of positively charged residues (PKKKRRV). The bipartite NLSs are examplified 
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by the nucleoplasmin NLS (Dingwall and Laskey, 1991; Robbins et al., 1991; Stewart et al., 2001), 

which contains two stretches of basic amino acids, usually separated by a spacer of 10-12 residues 

(KR-10-12aa- KKKL/K). 

The third class of NLS includes those resembling to the NLS of the yeast Mat 2 protein, in which 

charged, polar residues are interspersed with non-polar ones (VRILESWFAKNIEPYLDT) (Hall et 

al., 1990). 

In an experimental context, two aspects about NLS are particularly interesting: First of all, a deletion 

of a known NLS usually disrupts nuclear import. Moreover, after fusion to a NLS, non-nuclear 

proteins will be imported into the nucleus. Both experimental approaches, disruption and introduction 

of promising peptide sequences, are routinely used to confirm NLS motifs (Tinland et al., 1992; 

Moede et al., 1999). However, for a small fraction of nuclear proteins (less than 10 %), NLS have 

been experimentally determined (Cokol et al., 2000; Nair et al., 2003). 

In silico approaches lately focused on improving the prediction of NLS sequences and led to the 

development of publicly available databases and tools to analyze and predict NLS motifs like NLSdb,  

PredictNLS  and LocTree (Cokol et al., 2000; Nair et al., 2003; Nair and Rost, 2005, , 2008).  

Interestingly, in proteins containing both NLS motifs and DNA-binding regions, up to 90% of the 

predicted NLS motifs co-localized with putative DNA-binding regions (LaCasse and Lefebvre, 1995; 

Nair et al., 2003). 

 

c) Construction of the vector 

The goal of this experiment was to stably transform the existing TBY-2 cell line (GFP-DB-CVIL) 

with a second, inducible gene construct, which specifically stains the nuclear region of BY-2 cells. 

Therefore, the NLS sequence of the large SV40 T-antigene was fused N-terminally to the coding 

sequence of a mRFP (monomeric red fluorescent protein) and put under the control of an estradiol-

inducible promotor. The resulting vector was then used to stably transform the GFP-DB-CVIL cell 

line. The following section describes the components of the NLS-mRFP-vector (Figure 47 and Figure 

48): 
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1. NLS: 

The NLS chosen for this experiment was the NLS of the large SV40 (simian virus 40) T-antigen 

(PPKKKRKV), which is known to be sufficient to target several proteins to the nucleus of 

mammalian and plant cells (Kalderon et al., 1984b; Raikhel, 1992; Hicks et al., 1995; Xiao and Jans, 

1998; Launholt et al., 2006), In Arabidopsis thaliana, this NLS proved to be specific enough to 

mediate nuclear targeting after fusion to a RFP (Lee et al., 2001). Subcellular localization studies also 

revealed that this classical, monopartite NLS targets T7 RNA polymerase not only to the nucleus of 

mammalian cells (Dunn et al., 1988; Lieber et al., 1989) but also to the nucleus of tobacco TBY-2 

cells (Lassner et al., 1991). In addition, Lee et al. (2001) showed that transformation of tobacco 

protoplasts with a SV40:RFP construct resulted in an efficient targeting of the fusion protein to the 

nucleus, making this protein as a promising candidate.  

 

2. Fluorochrome: 

For the colocalization studies and the experimental test system, we chose an enhanced RFP (red 

fluorescent protein) described by Campbell et al. (2002). The mRFP (monomeric RFP) is a 

substantially modified version of the RFP from Discosoma coral (DsRed or drFP583) (Matz et al., 

1999), which was improved in major characteristics, especially in the context of dual color imaging 

with GFP, one of the most important aspects relevant to a visual test system. For instance, the 

enhanced fluorophore is stable and bright, has a significantly shorter maturation time and its emission 

peak occurs at approximately 605 nm, thus facilitating the optical separation from the emission of the 

sGFP (synthetic GFP) (Chiu et al., 1996), which is a codon-optimized version of the green fluorescent 

protein  (GFP) from Aequorea victoria (Shimomura et al., 1962; Prendergast and Mann, 1978; Tsien, 

1998) (Prasher et al., 1992),  with an emission peak at 488 nm. 

In silico analysis of the amino-acid sequence by different methods also strongly emphasized the high 

probability of a nuclear targeting of the NLS:mRFP fusion protein.  
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Figure 47. Amino acid sequence of the NLS-SV40-mRFP fusion protein 

The starting methionine is indicated by a blue letter; black letters, N-terminal fusion peptide added by PCR to the 

mRFP sequence; red letters, mRFP sequence. The position of the SV40 peptide (PKKKRKV) is indicated by the 

blue box. Designations: MW, molecular weight; IEP, isoelectric point. 

 

 

3.Vector: 

For the transformation of the transgenic H6-GFP-DB-CVIL TBY-2 line, a chemical induction system 

based on the regulatory mechanisms of vertebrate steroid hormone receptors (Zuo et al., 2000) was 

chosen. The multiple advantages of inducible promoters over common promoters have been the 

subject of several reviews (Gatz, 1997; Zuo and Chua, 2000). One of the most important aspects is the 

high flexibility of the inducible system in terms of controlling the expression of a transgene in a time 

and dose-dependent manner and of minimizing undesired toxic effects linked to constitutive 

expression. 

The general principle of action of this XVE system (NLS-mRFP vector) is the same as for the GVG 

system used to create the H6-GFP-DB-CVIL cell line (Gerber, 2005). 

Both expression systems use a combination of a trans-acting factor, consisting of a chimeric 

transcription activator (XVE for per10 and GVG for pTA7001/2) and a cis-acting transcription unit 

under the control of a target promoter.  

The central element of the chimeric transcription factor is the hormone-binding domain (HBD) of 

vertebrate steroid hormone receptors. In vivo, these receptors usually act as receptor molecules and 

transcription factors at the same time (Beato, 1989) and their hormone-binding domains are known to 

have repressive effects on covalently linked, neighbouring domains in the absence of their ligands, a 

regulatory transcription mechanism referred to as de-repression (Gatz et al., 1992; Picard, 1993). 
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In the per8/10 vector, the hormone-binding of the human estrogen receptor (hER) domain is fused C-

terminally to a chimeric, constitutively active transcriptional activator, consisting of the DNA-binding 

domain (DBD) of the bacterial repressor LexA and the trans-activating domain of VP16. The resulting 

transcription factor XVE (LexA-VP16-ER) is set under the control of the strong constitutive promoter 

G10-90 (Zuo et al., 2000). 

The chimeric transcription factor of the pTA7001 vector, GVG (GAL4-VP16-GR), combines the 

DNA-binding domain of the yeast transcription factor GAL4 with the trans-activating domain of VP16 

and the HBD of the rat glucocorticoid receptor under the control of the CaMV 35S promoter (Aoyama 

and Chua, 1997).  

The second transcription unit of each vector contains a binding site for these chimeric transcription 

factors (XVE or GVG). Therefore, eight (GVG: six) copies of the LexA operator sequence (GVG: 

Gal4 UAS) were fused to the minimal region of the CaMV 35S promoter. 

The XVE system used for the transformation is known to be highly inducible by estrogen (up to 8-fold 

higher induction than the 35S promoter within 24 h), to bind estrogen with a very high affinity (0,05 

nM) (Mueller-Fahrnow and Egner, 1999) and to be activated by relatively low inducer concentrations 

(8 nM to 5µM). This is also due to the fact that VP16 interacts very well with a wide range of general 

transcription factors. In addition, there is no detectable background expression as the DBD (DNA-

binding domain) of LexA does not resemble structurally to the DBD of most known eukaryotic 

factors. 

Lately, several studies used the XVE system to successfully transform tobacco BY-2 cells (Zuo et al., 

2000; Magyar et al., 2005; Dohi et al., 2006). For these reasons, the chimeric sequence, consisting of 

the SV40 NLS and the mRFP gene (Figure 47) was inserted into the target expression cassette of 

pER10 (Oligos: BO4-MH-NLS-mRFP-F1 5’- CCG CTC GAG ATG CCT CCT AAG AAG AAG CGC AAG 

GTC GCC TCC TCC GAG GAC GTC – 3’; BO4-MH-NLS-mRFP-R1 5’ – CTAG ACT AGT CTA TTA ggc 

gcc ggt gga gtg gcg – 3’). 

This vector is based on the pER8 vector described by Zuo et al. (2000), in which the plant selection 

marker for hygromycine resistance has been replaced by the gene for neomycine phosphotransferase II 

(Hyg
R
  Kan

R
). 

 

 

Figure 48. Schematic diagram of the NLS-mRFP vector (modified after Zuo et al., 2000) 

For better understanding only the region between the right (RB) and left borders (LB) is shown (not to scale). 

PG10-90 is a strong constitutive promoter driving the expression of the chimeric transcription factor consisting of 
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the DNA-binding region of LexA, the transcription activation domain of VP16 and the regulatory region of the 

human estrogen receptor (hER); TE9, polyadenylation sequence. The plant selection marker is the gene of 

neomycine phosphotransferase II (NPTII) driven by the nopaline synthase promoter (PNOS); TNOS, nopaline 

synthase poly (A) addition sequence. OLexA; eight copies of the LexA operator sequence; - 46, 35S minimal 

promoter. NLSSV40; nuclear localisation sequence from SV40 fused in frame to the mRFP gene. T3A poly(A) 

addition sequence. The direction of transcription is indicated by arrows.                                                                                                                         

 

d) The N-terminal fusion of the SV40-NLS peptide efficiently targets mRFP to 

the nucleus of the double transformed tobacco BY-2 cell line   

To investigate if the NLS fusion protein localize to the nucleus and can be properly co-expressed with 

the GFP fusion protein of the H6-GFP-DB-CVIL line, three days-old BY-2 cells (L2.9) were 

transformed with the pER10-NLS-mRFP vector by agroinfection (chapter 4.5.5). Calli were selected 

on TBY-2 solid medium supplemented with 30 µg/ml hygromycin and 50µg/ml kanamycin. First calli 

appeared after 3-4 weeks of growth in the dark and at 26°C and were subcultured twice on solid 

medium until liquid pre-cultures (10 ml with antibiotics) were started. These pre-cultures were grown 

for 7-10 days under permanent shaking, until they reached an optimal density. After parallel induction 

with estradiol and dexamethasone for 15 h, the pre-cultures were screened visually by fluorescence 

microscopy. Pictures were acquired using the microscope settings described in Table 23 (Properties of 

the fluorochromes and fluorescent proteins used in this work). Twelve cultures out of 36 (33,3 %) 

showed cells expressing both fluorescent proteins. 

The most promising cell line (N-20) showed bright fluorescence in both channels and had a significant 

ratio of positive cells (>50 % of total cells), making it a good candidate for first tests and further re-

selection efforts to obtain a performing cell line suitable for statistical approaches. 

 

 

Figure 49. Double-transformed TBY-2 cell line  (N-20) showing different intracellular localization of 

fluorescent fusion proteins (after induction) 

All channels: Four TBY-2 cells growing in a tetrade with red and green fluorescence induced at the same time 

(+ DIC). GFP- the GFP-DB-CVIL fusion protein is visualized after induction with 10 µM dexamethasone and is 

mainly localized to the PM and cytosol. RFP- The monomeric RFP fused to the C-terminus of the SV40 NLS is 

visualized after induction with 5 µM estradiol and is predominantly found in the nuclear compartment. 
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GFP/RFP- Overlay of the GFP and RFP channels. Induction time with both elicitors was 15 h. Images were 

acquired using a LSM510 confocal laser scanning microscope equipped with an inverted Zeiss axiovert 100 M 

microscope. Dual color imaging was performed using dual excitation/emission scanning in the multitracking 

mode (Zeiss LSM). White bars represent 20 µm. 

 

e) The newly created double fluorescent cell line NLS-mRFP/H6-GFP-DB-

CVIL shows no visible cross-induction of fluorescence after treatment with 

estradiol or dexamethasone 

In order to establish a reliable visual test system, it was necessary to verify that the two co-existing 

induction systems in the NLS-mRFP (estradiol) and H6-GFP-DB-CVIL (dexamethasone) lines only 

respond to their specific inducers. As both chemical-inducible systems are based on a similar principle 

of induction (see chapter c)) - the action of chimeric trans-activators whose transcriptional activities 

are regulated by specific hormones and/or structurally related compounds (Zuo et al., 2000) - the cell 

line was separately treated with both inducers under standard conditions. In addition, fluorescent cell 

dyes were used in parallel as negative controls (Figure 50). 

 

Figure 50. Expression of fusion proteins is tightly regulated by their specific inducers. 

No cross-induction of fusion gene expression was visible. Induction time for dex (10 µM final) and est (6 µM 

final) was 15 h in all experiments.  + Dex / + Est: control experiments with both inducers with the GFP fusion 

protein targeted to the PM (G) and the mFRP fusion protein located in the nucleus (R). +Dex (+OC) / + FM4-

64: Dexamethasone alone is only inducing the expression of the GFP fusion protein (G). The negative control 
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with FM4-64 (5 µg/ml; membrane stain) shows no signals from the nucleus (R). For better understanding, cells 

were treated with 50 µM Oxoclomazone (OC) 3 h before induction, to indicate the position of the nucleus. 

+FDA / + Est: Estradiol only is not able to induce GFP fusion protein expression (G). FDA (7,5 µM final) is 

used as negative control, also indicating that the cells were alive during the imaging process. G and R indicate 

the green and the red channel, respectively. Bars = 20 µm. 

 

Simultaneous treatment of the cell line with both inducers (24 h induction, 10 µM Dex, 6 µM Est) 

resulted in a phenotype with green fluorescence predominantly located at the peripheral membrane 

region and red fluorescence mainly located in the nuclear compartment. 

After treatment with dexamethasone only (24h, 10 µM Dex), the observed cells did not show any 

detectable signal in the red channel (RFP). As negative control, the cells were treated with the plasma 

membrane stain FM4-64 (5µg/ml, 5 min treatment). This amphiphile molecule is known to be a potent 

membrane stain and a marker of membrane traffic and the endocytotic pathway in animal cells, fungi 

and plant cells (Belanger and Quatrano, 2000; Bolte et al., 2004; van Gisbergen et al., 2008). It was 

also used in previous studies from our lab, for instance, to show that the H6-GFP-DB-CVIL fusion 

protein is located in the plasma membrane of TBY-2 cells (Gerber et al., 2009). FM4-64 fluorescence 

is clearly visible in the red channel, whereas no detectable signal appear in the nuclear region (for a 

better understanding, the cells have been treated with 50 µM OC to indicate the position of the 

nucleus).   

Cells treated with estradiol only (24h, 6µM Est) showed an accumulation of red fluorescence in the 

nuclear region and no detectable green fluorescence. As a negative control, the viability cell stain FDA 

(Fluorescein diacetate) (Widholm, 1972; Kovarik and Fojtova, 1999) was used (7,5 µM final, 2 min). 

Green fluorescence could be observed in the whole cell, which also indicated that the cells were living 

when the image was taken. 
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f) 24 hours are sufficient to obtain homgenous red fluorescence   

Another important aspect was the optimal duration of the induction times for both fusion proteins, in 

order to find out at which time point the intensities of the emitted signals were sufficiently strong and 

homogenous for detection and image acquisition. To address this issue, the cellular localization of the 

NLS:mRFP reporter protein was examined at various times after induction with estradiol by 

fluorescence microscopy. Seven day-old cells were diluted 6-fold in MS-BY-2 medium and 3 ml were 

dispatched into the wells of a 6-well plate. These cells were then cultured at 26°C in obscurity and 

under permanent shaking. Induction with 6 µM estradiol (solubilized in benzene/ethanol 1:1) took 

place at 48, 36, 24, 18, 15, 12, 6 and 3 hours before observation. The settings for image acquisition in 

the red channel did not change during the whole experiment. 

To determine the level of saturation, images were converted to a rainbow scale with the Zeiss LSM 

image browser. Red signals indicate saturation. As seen in Figure 51-A, nuclear localization of the 

NLS:mRFP protein could already be observed 3 hours after the induction. Nevertheless, it took at least 

24 h until most of the signal arising from the nuclei was saturated (red dots). 

 

 

 

Figure 51. Time course of induction for the NLS-mRFP.  

In vivo targeting of the NLS-mRFP fusion protein after induction with estradiol [6 µM] (and in the presence of 

10 µM dex – not shown). The red fluorescent signals were examined at different time points after induction.      

A- Overlay of transmission microscopy images with the RFP channel. B- Same images as in A shown in LSM 

image browser rainbow mode (red indicates saturated areas). Saturation is already reached after 24 h of induction 

with both elicitors. All images were acquired with the same microscope settings (red channel, LSM510 

microscope; EC-Plan-Neofluar, 10x/0,3 M27) 
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g) Cloning of transgenic BY-2 cells: generation of a cell line with strongly 

reduced heterogeneity  

To generate a performing double-transformed cell line was a process of constant selection and 

engineering of the initial GFP-DB-CVIL TBY-2 cell line in order to obtain a clonal selection of cells 

responding appropriately to different stimuli. To achieve this goal, the most promising double-

fluorescent cell line (N-20) was chosen for a rigorous re-selection process as described in chapter 

4.5.5.3. 

  

 

Figure 52. Two different clonal selections of the double-transformed  cell line N-20. 

The most promising cell line N-20 was re-selected in order to obtain a performing cell line. The resulting cell 

lines (N20-22 and N20-25) are characterized by a high ratio of bright fluorescent cells (> 95%). Images were 

taken as described in previous chapters. Cells were induced for 24 h with 10 µM dexamethasone and 6 µM 

estradiol (final concentrations). White Bars represent 50 µM. 

Two liquid cultures started from these secondary calli showed bright fluorescence in both channels as 

well as a high ratio of fluorescent cells (> 95 %) and were maintained for further experiments (Figure 

52). 
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h) Response of the double-transformed cell line to various treatments 

As the major emphasis of this project was the development of a tool to screen for inhibitors of the 

MEP pathway and the prenylation reaction itself (Figure 53), it was necessary to verify that the newly 

generated cell line showed the same phenotype in response to various treatments as the initial cell line 

H6-GFP-DB-CVIL despite the presence of a second, inducible fusion protein. 

 

 

 

Figure 53. Simplified scheme showing the pathways for isoprenoid biosynthesis in plant cells.  

Dashed arrows represent multiple enzymatic steps. The MEP and the MVA pathways are boxed. The enzymatic 

steps specifically inhibited by mevinolin (MEV), oxoclomazone (OC), and fosmidomycin (FOS) are indicated. 

HMG-CoA, hydroxymethyl glutaryl-CoA; MVA, mevalonic acid; IPP, isopentenyl diphosphate; DMAPP, 

dimethylallyl diphosphate; FPP; farnesyl diphosphate; GGPP, geranylgeranyl diphosphate; GAP, glyceraldehyde 

3-phosphate; DXP, deoxyxylulose 5-phosphate; MEP, methylerythritol 4-phosphate; GPP, geranyl diphosphate. 

Enzymes are indicated in italics: HMGR, HMG-CoA reductase; DXS, DXP synthase; DXR, DXP 

reductoisomerase. 

The double-transformed TBY-2 cell line was treated for 18 h with different inhibitors affecting key 

enzymes of the MEP and MVA pathways. Induction with 10 µM dexamethasone and 6 µM estradiol 

took place 24 h before observation (Figure 54).  

As expected, inhibition of the cytosolic MVA pathway by mevinolin did not show any effect on the 

predominant localization of the green fluorescent fusion protein at the periphery of the treated cells, 

which is very similar to the fluorescence pattern of untreated cells. In contrast, inhibition of DXS and 

DXR activity by oxoclomazone and fosmidomycin at 40 µM final concentrations resulted in the 
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previously described, nearly complete translocation of GFP-DB-CVIL to the nucleus, which is 

consistent with the results obtained in our previous study (Gerber et al., 2009). 

In all cases, the NLS-mRFP protein could be induced and co-expressed without affecting the 

expression or localization of the GFP-DB-CVIL protein.   

As a further proof of the concept, Dr. Elisabet Gas-Pascual – postdoctoral researcher in the Bach 

group - generated different cell lines targeting HMGR and DXR genes with an artificial micro-RNA 

(amiRNA) strategy (Schwab et al., 2006) in order to confirm the effects of the inhibitors on their target 

proteins on a biological level (Figure 54). DXR-silenced cells exhibited a phenotype similiar to FOS 

and OC treatment, whereas the silencing of HMGR did not have any effect on the localization of GFP-

DB-CVIL. 

These first results further confirmed the hypothesis that plastidial isoprenoid synthesis is the major 

contributor to the geranylgeranylation of GFP-DB-CVIL and once again proved the use of 

transformed BY-2 cells valuable for the study of isoprenoid precursors. 

 

 

 

Figure 54. Two Channel imaging of the N-20 cell line after various treatments. 

The cell line was treated with different inhibitors affecting the MVA pathway (mevinolin) and the MEP 

pathway (Fosmidomycin, oxoclomazone). Induction of the cell line with estradiol and dexamethasone was 

carried out 24 h before observation. The cell line was treated with specific inhibitors 18 h before observation. 

Fosmidomycin (FOS) and oxoclomazone (OC) clearly shift the localization of the GFP fusion protein to the 
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nucleus, whereas mevinolin (MEV) treatment has no visible effect on the cells. In addition, we used two new 

cell lines with RNA-silencing constructs as “biological controls”. For instance, DXR silenced cells show the 

same phenotype as those inhibited in vivo by fosmidomycin. HMGR silencing however does not have any 

visible effect on the localization of the GFP fusion protein. These results underline the specificity of the test 

system for the MEP pathway.  White bars represent 20 µm. 

i) The mRFP fluorescence can be used for the identification/counting of cells  

The proposed approach to count the total number of fluorescent tobacco BY-2 cells in an image 

consisted of staining the nucleus, as this technique was succesfully applied to identify cells that 

showed a mislocalization of the GFP fluorescence to the nucleus in response to the treatment with the 

MEP pathway inhibitor oxoclomazone (Figure 44).  Figure 55 shows and explains three different 

scenarios for the detection of cells, ranging from selected cells to whole-population images. 

 

Figure 55. Use of the mRFP fluorescence (red channel) to detect and count BY-2 cells. 
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A 7-day-old BY-2 cell line was diluted tenfold in fresh medium and treated with both inducers, according to the 

self-developed protocol. Estradiol (5 µM) and dexamethasone (10 µM) were added 24 h and 15 h, respectively, 

before examination of the cells by fluorescence microscopy. All images shown in the figure were obtained by 

multi-channel scanning using a 10 x “Enhanced Contrast Plan-Neofluar” universal objective (EC Plan-Neofluar 

10x/0,3 M27), adapted for general observations in fluorescence microscopy. Images were split into green, red 

and white channels, before being analyzed. For the detection of cells only the red channel was relevant. The 

image analysis “pipeline” is shown on the left. The single steps mentioned are part of standard image analysis 

softwares used during this work, such as ImageJ and CellProfiler and can be combined in form of a “macro” or a 

“pipeline”. The analysis shown in this figure was done with ImageJ. Three different scenarios are shown. A – a 

“file” of tobacco BY-2 cells (here consisting of 7 cells). This is the easiest scenario, all cells are in one single 

plane and individual cells could also easily be counted by an experienced observer. B – a group of cells (s = 

small; b= big) with individual cells being superimposed. Due to the overlap of individual cells, it is challenging 

to identify the exact borders of single cells (a task that is by the way nearly impossible to accomplish for any 

default image analysis software). The red fluorescence of the nuclei allows the identification of single cells 

without difficulties. Out-of-focus nuclei might also be eliminated by adjusting the threshold. C – a large group of 

cells that represents a medium-sized (512x512 pixel) field of view. This is a realistic scenario that is usually 

observed. Cells of different sizes and forms are randomly positioned in the z-plane and overlaps occur 

frequently. However, it is possible to identify and count individual (fluorescent) cells. After the nucleus 

detection, a mask can be created that might be useful for the subsequent analysis of the green-channel. No size 

bars are shown, as this would lead to a misidentification by the software. 

To obtain statistical data, we combined the analyzed images of the red and green channels. The 

detected nuclei in the red channel are used as a mask that serves as landmark for the zone we intend to 

investigate in the green channel, the nucleus (Figure 56). This proved to be a promising approach for 

the analysis of rather simple scenarios and its applicability for more complicated scenarios has to be 

further investigated. Critical points are the homogeneity and intensity of the fluorescence. This 

protocol can however be saved and be re-used for the quick analysis of multiple images or sets of 

images, given that the image acquistion settings are identical. Therefore, the more constant the 

conditions of treatments, the less follow-up adjustments for the image analysis have to be done. 

 

 

Figure 56. Flow diagram showing the principal steps of image processing and analysis. 

Image analysis is performed with freely available software, such as ImageJ (Abramoff et al., 2004). At first, a 

multi-channel image is split into the red and the green channel. After adjusting the threshold of the red channel, 

the signals of the nuclei are converted to a layer mask, which is applied to the image of the green channel. After 

adjusting the threshold of the green channel, automatic particle counting is performed. The ratio of red to green 
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signals indicates the amount of total fluorescent cells versus those showing a delocalization of the GFP fusion 

proteins to the nucleus. This is most likely caused by an inhibition of the MEP pathway or of the prenylation of 

the GFP fusion protein. This statistical approach allows us to estimate the efficiency of a potential inhibitor at a 

given concentration in vivo. 
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j) The mRFP fluorescence emitted at the nucleus can be used to find the 

optimal focal plane for the acquisition of images in double fluorescence mode 

Modern image-based screening approaches typically use multi-well plates to be able to efficiently 

screen chemical libraries at a medium to high throughput (Lang et al., 2006; Carpenter, 2007b; 

Starkuviene and Pepperkok, 2007). This requires the acquisition of several images from every well, a 

task that is commonly accomplished by automated microscope platforms. One of the major challenges 

of these systems until these days remains the focusing technology (Liron et al., 2006). Depending on 

the application, individual routines often have to be developed in order to acquire images of satisfying 

quality for later image analysis. Fluorescence-based focusing has several disadvantages, including 

photobleaching and possible phototoxicity (Santos et al., 1997; Gordon et al., 2007) however 

observations made during manual focusing with the double-fluorescent cell line indicated that the 

maximal intensity in the red channel (nuclear-localized mRFP) correlated with the focal plane, found 

by a human observer. These early results suggested that the fluorescence emitted by the mRFP could 

be used for later autofocusing purposes, especially keeping in mind, that one of the main features we 

are interested in, is the change of subcellular localization of the prenylable GFP fusion protein from 

the periphery of the cell to the nucleus after inhibition. 

To confirm these early observations, a series of multichannel images of BY-2 cells (expressing both 

fluorescent proteins) spanning a total distance of 50 µm in the Z-plane was acquired at different focal 

planes. Afterwards, each optical slice of this Z-stack was analyzed using ImageJ software (Figure 57). 

The images of the green channel were analyzed by the edge finding algorithm of ImageJ, whereas the 

integrated density was calculated for the red channel. The results clearly show that - for the green 

channel - the sharpest image (as perceived by a human observer) of the Z-stack (identified by the edge 

finding algorithm of ImageJ) is also the image with the highest integrated density in the red channel, 

which is defined as “the sum of the values of the pixels in an image or selection” (ImageJ online 

manual: http://rsbweb.nih.gov/ij/docs/menus/analyze.html). This correlates very well with general 

observations about fluorescence images that indicate a maximum of image contrast at the Z-stage 

height corresponding to the focal position (Santos et al., 1997; Gordon et al., 2007). Therefore, a 

fluorescence-based autofocusing approach could use the nucleus-located maximum of red 

fluorescence to define the plane of focus and acquire additional pictures at an offset from this position 

(in both directions). This vertical series of images could then be summed up into a single projection or 

used to choose the best focal plane for each fluorophore. In an optimal scenario, two different images 

in different focal planes should be taken, when working with different fluorophores/wavelength, due 

to the chromatic aberration of optical lenses (objectives), which means that different 

colors/wavelength of light are focused to different points. (Dunn and Wang, 2000).  

 

http://rsbweb.nih.gov/ij/docs/menus/analyze.html
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Figure 57. Correlation between the focal plane and the strongest signals in the red channel. 
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2.2.4.2 Miniaturization of the assay 

 

The trend towards miniaturization and the right choice of the format 

In the last decade, rapid technological advances, in particular, the advent of automated microscopes 

and more powerful software solutions, made it possible to perform compound screens on the basis of 

visual phenotypes and thereby also pushed the development of higher density formats for these image-

based chemical assays. 

Modern microscope-based screening approaches typically use multi-well plates, as these allow to 

significantly increase the number of tested compounds per day and to save reagents and consumables 

at the same time due to the miniaturisation of the experimental setup (Mayr and Fuerst, 2008). 

The most common format for classical medium (up to 10000 compounds/day) to high throughput 

(between 10000-100000 compounds/day) screening assays are 96- or 384-well plates with average 

working volumes of 100-200 µl and 50 µl per well, respectively. Nowadays, most of the assays are 

adapted to this format and make it the favorite choice for screening assays adopted by pharmaceutical 

and biotechnological companies (Fox, 2006; Lang et al., 2006). Nevertheless, there are also examples 

of applications for even smaller formats, like the 1536-well plates, with a volume downscaled to 5 µl 

and a hypothetical throughput rate of up to 200000 compounds per day (“ultra-high-throughput”) or 

ultra-density formats like the 3456-well plates, with assay volumes downscaled to 1-2 µl (Fox, 2006; 

Klumpp et al., 2006; Zheng, 2006). 

Despite the possible efficiency gains connected with these high-density formats, there are severe 

technical hurdles for their use in routine HTS assays, most importantly, the adaptation of automated 

liquid handling and dispensing technology, which is better established for the bigger 96 and 384-well 

formats  (Houston et al., 2008; Mayr and Fuerst, 2008). 

In this context, it is important to make general considerations about the desired application of the 

bioassay. Our goal was to significantly decrease the working volume for the assay and to use a format 

fulfilling the requirements of modern cellular imaging platforms, capable of (automatically) acquiring 

images at a (reasonable) medium to high throughput rate. However, the image quality should still be 

sufficiently good to monitor whole cell populations, on the one hand and to measure intracellular 

events, on the other hand.  

Ideally, multiple images at different positions and different magnifications should be acquired from 

each well. This kind of read-out however would be extremely time-consuming and take several hours 

in order to process an entire multi-well plate. Therefore, it was necessary to find the right balance 

between high content and a reasonable throughput or in other words, between time, cost and quality, 

which Mayr and Fuerst called “the magic triangle of HTS”. 
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Results: 

In order to find the format that provided us with the largest flexibility, as far as the quality of the 

image acquisition, the growth conditions of the TBY-2 cells and the general liquid handling were 

concerned, it was first necessary to take a closer look at some of the characteristics of the model 

system used in the bio-assay. 

TBY-2 cells usually grow in files and individual cells (in the exponential growth phase), easily 

reaching 50 to 100 µm in length and more than 30 µm in width, with the nucleus having a diameter 

between 10 and 20 µm (personal observations, after measuring hundreds of cells). Previous results 

already indicated that the images taken in a medium to low magnification-mode (10 x objective – 

resolution in the µm range) could be exploited by image analysis software and provide sufficient 

information for the analysis of the observed phenotypes (chapter 2.2.3.1 Automatic image processing 

as tool to determine the impact of drugs and inhibitors on the H6-GFP-DB-CVIL-line). For images 

acquired with the 10 x objective (EC-Plan Neofluar 10x/0.30 M27), the field of view ranges from 

about 900 µm x 900 µm to 1272 µm x 1272 µm (stack size: x-plane x y-plane) in the largest possible 

configurations. A field of this size (approximately 1 mm x 1mm) allows studying up to 100 cells on a 

conventional microscope cover slide, depending on the dilution factor of the culture. In order to obtain 

data from a statistically significant number of cells for each treatment, images from multiple fields 

should be collected from each well. Typically, 96 plates have an internal diameter at the bottom of the 

well of approximately 5 mm. The diameter of the next larger format, the 384 well plates is already 

significantly smaller of about 3 mm. Considering the size of the cells and the image field, as well as 

the need to acquire multiple images, all formats smaller than 96-well did not make any sense for our 

experimental system.  

The diameter of a conventional round-shaped well allows the acquisition of at least 9 independent 

fields of more than 1 mm x 1 mm, without interfering with the walls of the wells. However, one of the 

limitations reamains the possible read-out pattern, which cannot exploit the whole surface of the well. 

In order to maximize the surface for the read-out, commercial square-shaped micro-array plates (with 

glass-bottoms) could offer an interesting alternative to round 96-well plates (Figure 58). 

Figure 58 shows a field of view of 1 mm
2
 that was acquired using an inverted fluorescence microscope 

and a 96-well plate with a glass-bottom that resembles a conventional cover slide in thickness (96-well 

glass bottom plate No. 1.5, γ – irradiated MatTek Corporation - Ashland, MA – USA). In order to be 

able to use 96-well plates, a special stage adaptor for multi-well plates was purchased from Zeiss. In 

contrast to the image acquisition for cells from a normal cover slide, the situation is a little more 

complex for cells in a well as hardware and software have to cope with cells in a three-dimensional 

space (a suspension of cells with a height of several mms). This means that not all of the visible cells 

are in the right focal plane and align perfectly parallel to the z-axes. Nevertheless, this lack of 
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“substrate flatness” (Liron et al., 2005) should partially be solved by the presence of a reference point 

for the focusing software, such as the red fluorescence emitted by the nuclear-localized mRFP fusion 

protein. 

Results obtained by manual focusing clearly demonstrated that it is possible to resolve subcellular 

details at a satisfying resolution (Figure 58) (1024 x 1024 pixels x 8) and deliver enough information 

to distinguish the phenotypes of interest.  

 

Figure 58. Image acquisition takes place in 96-well glass bottom plates. 

 

Besides the quality of the image acquisition process, another important factor for the miniaturization 

of the assay was the nature of the biological material, which sets distinct limits for the downscaling 

process and needs the adaptation of various parameters for the significantly smaller format (adjusting 

minimal and maximal fill volumes; agitation; minimizing the evaporation; liquid handling technology 

etc.) 

In this context, it is essential to keep in mind, that this bioassay, in contrast to most cell-based imaging 

approaches, is based on the observation of living cells. The majority of image-based screens at a high-

throughput rate are usually performed with fixed cells (Starkuviene and Pepperkok, 2007). TBY-2 

cells are grown in liquid medium, which means that the treated and induced cultures require 

permanent shaking for more than 20 hours to prevent cell sedimentation, as this may lead to sub-
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optimal nutrient and oxygen supply and could interfere with the expression of the fluorescent reporter 

proteins.  

The influence of suboptimal agitation in this small-scale system (volume 100 – 200 µl) on the 

expression of the reporter proteins was observed in several independent experiments, in which 

different shaking conditions for the BY-2 cultures were tested.  

Therefore, 7-day old cells were diluted (1:10) in fresh BY-2 medium and then induced by addition of 

10 µM dexamethasone and 5 µM oestradiol. Then 200 µl of this dilution were transferred into the 

wells of a 96-well plate (conventional round-shaped wells, with conical bottom) and incubated for 20 

hours in the dark under permanent shaking (160 rpm or 320 rpm). Cells that were shaken at 150 rpm 

(which corresponds to the shaking frequency of 6-well plates and culture flasks) showed a normal 

induction of the GFP fusion protein, whereas the mRFP fusion protein was barely expressed. 

However, in cells that were cultivated at 320 rpm clearly the expression of the NLS-mRFP protein 

could clearly be detected by fluorescence microscopy (Figure 59). 

 

Figure 59. Influence of different shaking conditions on the expression of both fluorescent reporter 

proteins in transgenic tobacco BY-2 cells incubated over night in the wells of a 96-well microtiter plate. 

A 7-day-old culture was diluted tenfold in fresh culture medium before the inducers dexamethasone (10 µM) and 

estradiol (5 µM) were added. Afterwards 200 µl of the cell suspension were given into the wells of a 96-well 

glass-bottom microtiter plate and shaken under different conditions (150 rpm and 320 rpm) before being 

examined by fluorescence microscopy as described previously. White bars = 10 µm. 

The gas-liquid mass transfer properties of shaken 96-well plates have been investigated in detail by 

Hermann et al. (2003) and revealed that the oxygen transfer rate (OTR) measured in the wells was 

strongly influenced by different parameters, such as the surface tension of the medium, the material of 

the well, the filling volume and the shape of the well (Hermann et al., 2003). In round-shaped wells, 

for example, due to the high surface tension, no liquid movement occurred until a critical shaking 

intensity was reached: for 200 µl water shaken at shaking diameter of 25 mm, the rate had to exceed 
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300 1/min. On the other hand, frequencies above 450 1/min could not be used, the liquid risking to 

spill out of the well (Hermann et al., 2003). As a general rule, one can say that the OTR increases 

proportionally with shaking amplitude and frequency due to an increase in the total surface that is 

available for oxygen (gas) transfer. The same effect was observed by replacing roundish wells by 

rectangular or square wells, which can be explained by the increase of the turbulence of the system 

due to the effect of the corners. A higher fill volume on the other hand decreases the oxygen transfer 

rate if all other parameters stay constant (Duetz et al., 2000; Hermann et al., 2003; Betts and Baganz, 

2006). 

These results correlate very well with the initial tests made to test the compatibility of the bioassay 

with different shaking conditions in standard 96-well microtiter plates. No agitation of the fluid 

(diluted cells in BY-2 medium) was observed for 250 µl until around 300 1/min (using a Heidolph 

unimax 1010 shaker, 10 mm). Therefore a frequency of 320 rpm and higher was used.  However the 

limitation for further testing was the maximal speed of the available shaker (500 1/rpm). In addition, 

these results were obtained for wells with a conical bottom. The use of an inverted microscope 

required 96-wells with a flat-bottom for the imaging process, and the hydrodynamic behaviour of a 

BY-2 culture in a flat-bottomed well differs from a conventional deep-well and preliminary results 

indicate that the speed has to exceed 500 rpm to assure an optimal agitation of the cells for a filling 

volume of 200 µl. This result now prompted us to purchase 96-well glass-bottom plates with a square-

shaped cross-section area /ground profile. Besides increasing the OTR at lower shaking frequencies 

compared to round wells, it should also confer an additional advantage for the read-out process by 

significantly increasing the total surface of the well. 
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2.2.4.3 Automatization of the assay 

A prerequisite for an image-based screening system is a certain degree of automatization as far as 

repetitive tasks are concerned. The use of the “AutofocusScreen for LSM” macro provided by Zeiss 

allows the automatization of different steps of the image acquisition process. First tests performed 

with the 96-well-glass bottom plates indicated that all features could be used, including the autofocus 

routine and the automatic well-readout (Figure 60). However, in order to find the right balance 

between speed and image quality, the protocol still requires refinement and further validation before 

reproducible and exploitable data sets may be obtained. 

 

Figure 60. Automatic image acquisition from multiwell plates.  
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Images from multiple locations can be taken using the “AutofocusScreen for LSM” macro, developped in a 

collaboration between Carl Zeiss MicroImaging GMBH (Jena, Germany) and the Group of Dr.Jan Ellenberg at 

the European Molecular Biology Laboratory (EMBL, Heidelberg, Germany). Is is freely downloadable at 

http://www.zeiss.de/LSM-Macros. Well positions that want to be scanned can be defined by simple mouse 

clicking. Steps X and Y define the distance between two acquisition locations. The exact position (here marked 

by a red cross) will be defined by the user at the beginning of the image acquisition procedure. The user has also 

the option to define multiple tiles (with no or partial overlap to each other) around this position. The size of the 

scanned image will also be defined by the user and the scanning settings he choses. Autofocus can be hardware- 

or cell-based, acquiring the emitted laser light or the emitted light of the sample, respectively (the above shown 

image displays a cell-based scan across the Z-axis, using the green channel). Initial experiments with tobacco-

BY-2 cells however showed that at multiple positions in the Z-axis above the glass bottom, a significant amount 

of cells could be visualized in the respective focal plane. This factor however will have to be adjusted for the 

scanning of multiple wells, as BY-2 cells will sediment quite fast (within minutes) to the bottom of the well, 

resulting  in a significant change in the conditions and number of cells in the Z-axis. 

  

2.2.4.4 Data exploration and validation of the assay 

 

Follow-up experiments – drug working concentration and toxicity assessment 

One important aspect about a cell-based assay is the fact that it gives an idea of the so-called “drug 

working concentration”, which can be compared to known compounds, run as controls. Very often, the 

working concentration is referred to as “desired pharmacological” activity, to distinguish it from the 

concentration at which it becomes toxic. 

In addition, before being admitted to preclinical trials, a positive hit in a compound screen has to 

undergo numerous tests, to rule out mutagenic or carcinogenic activities (Pritchard et al., 2003). Once 

again, fluorescence microscopy plays an important role in toxicity studies, measuring for example 

chromosome aberration and DNA damage (Tice, 1988; Fenech, 2005), effects on calcium 

homeostasis, mitochondrial transmembrane potential and the permeability of cellular membranes 

(Abraham et al., 2004). As suggested earlier, the use of nuclear stains, such as DAPI and PI for testing 

the cell viability in response to a treatment could be included in standard screening protocols. 
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2.3 Generation of transgenic tobacco BY-2 cell lines  

The generation of transgenic tobacco BY-2 cell lines was an early step in the development and 

improvement of the screening system (chapter 2.1.3.1) and according to the published “standard 

protocols”, a routine method. Nevertheless, it proved to be a time-consuming challenge, as within cell 

suspensions of supposedly clonal origin (primary suspensions derived from primary calli), important 

variations were regularly observed. These variations not only concerned the morphology of the cells, 

but also more importantly the homogeneity and the fluorescence intensity level. Therefore, attempts 

were made to re-select homogenous cell lines of transgenic BY-2 cells with high intensity levels of 

fluorescence (Figure 61), resulting in the protocol described in chapter 4.5.5.3. 

 

 

Figure 61. GFP and RFP fluorescence in primary and secondary suspensions. 
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A- and C- Heterogeneity of GFP and RFP fluorescence in a suspension of transgenic BY-2 cells derived from 

primary calli. Arrows indicate cells with missing fluorescence or significant variations in fluorescence intensities 

(red and green fluorescence). B- and D- Cell suspensions derived from re-selected calli (secondary calli). The 

fluorescence is strong and homogenous in both channels. Nevertheless some cells (less than 5%) show 

heterogeneity in fluorescence. Possible reasons are discussed in the main text. White bars indicate 20 µm. 

What are the reasons for such variations?  

According to Anne Carpenter in her 2007 review in Nature Methods on “cellular imaging by 

fluorescence microscopy”, variations from cell to cell might occur for various reasons including 

differences in cell cycle position, stochastic variations in gene expression, pre-existing amounts of 

proteins and metabolites in each cell and micro-environment differences (due to cell medium or cell-

to-cell-contacts). 

However, these are only a few examples, and in order to better understand the impact of multiple 

factors on the growth and expression capacity of transgenic tobacco BY-2 cells, possible causes of 

variations will be shortly reviewed and discussed in the context of the results and observations made 

during these studies. 

 

a) Expression noise and cell-to-cell variations 

Variations in the expression of proteins in a population of genetically identical cells may occur for 

various reasons and there are many aspects that may contribute to this behavior (Levsky and Singer, 

2003). For instance, several studies in bacterial and yeast model systems have shown that a certain 

amount of this cell-to-cell variation resulted from so-called “expression noise”, that may be defined as 

stochastic fluctuations in the expression of a gene (Elowitz et al., 2002; Raser and O'Shea, 2004). In 

2005, a study by Pedraza and van Oudenaarden focused on the expression noise in gene networks, and 

showed that these stochastic variations were caused by intrinsic noise at the level of the gene (e.g. 

number of mRNA copies), transmitted noise from upstream genes and global noise affecting all the 

genes (Pedraza and van Oudenaarden, 2005). 

Other studies however suggested that expression noise was rather a minor source of total cell-to-cell 

variations (Colman-Lerner et al., 2005) and showed that the differences may be caused by other 

factors, such as the capacity of individual cells to express proteins from genes (expression capacity). 

For instance, differences may occur in the levels of cellular components needed for protein expression 

(e.g variations in the global pool of housekeeping genes, cell cycle position or fluctuations of 

environmental conditions discussed later). As an example, Gordon et al. (2007) monitored the 

expression levels and maturation rates of YFP (yellow fluorescent protein) in exponentially growing 

yeast cells with a pheromone-inducible gene expression system. Interestingly, they observed that the 

total amount of the reporter protein YFP could vary up to a factor 4 in inducer-treated yeast cells 

(Saccharomyces cerevisiae), whereas the maturation rates of the protein only showed little variations 
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(39 min +/- 7 min). Even though these studies used less complex model systems than plant cells, this 

could explain the variations in fluorescence levels observed during this work.. 

 

b) Natural heterogeneity of transgene expression in tobacco BY-2 cells 

The visual reporter system used during this work was based on transgenic tobacco (Nicotiana tabacum 

L.) BY-2 cells. Tobacco BY-2 cells are often referred to as the HeLa cells of plant molecular biology 

and were used in hundreds of studies focusing on various aspects of  plant physiology (Geelen and 

Inze, 2001; Hemmerlin et al., 2004; Nagata et al., 2009). Under standard growth conditions, the cell 

duplication time is around 14 h (Nagata et al., 1992) and the cell divisions can be synchronized, which 

allows cell-cycle related studies (Hemmerlin and Bach, 1998; Kumagai-Sano et al., 2006; Kuthanova 

et al., 2008). In addition, they can easily be transformed, either by particle bombardment (Klein et al., 

1988) or Agrobacterium tumefaciens-mediated gene transfer (An, 1985).   

Although they are not able to form chloroplasts and have to be grown under heterotrophic conditions, 

they nevertheless contain active proplastids and leucoplasts (Nagata et al., 1992) and have been shown 

to be an excellent system to study the synthesis of sterols and isoprenoids (Wentzinger et al., 2002; 

Hemmerlin et al., 2004). 

Given the higher complexity of plants, such as tobacco (Nicotiana tabacum L.), compared to bacteria 

or yeast, variations in the expression levels of endogenous and reporter proteins from one cell to 

another can easily be imagined. This aspect is particularly interesting in connection with the 

observations made during my thesis, where transgene expression in individual cells of the newly-

generated H6-GFP-DB-CVIL TBY-2 cell line proved to be unstable and heterogenous in many cases 

(Figure 61).  

These often dramatic changes in the brightness of fluorescent cells, as well as the unstable ratio of 

fluorescent to non-fluorescent cells in a supposedly clonal cell line led me very early in my work to 

hypothesize that the cultured cell suspensions, derived from primary calli (the first calli obtained after 

Agrobacterium tumefaciens-mediated transformation), could contain (epi-)genetically different cells. 

The heterogeneity of callus cultures is a well-known phenomenon for many plant species and 

consequently, the selection of highly productive cell lines that show the desired attributes is a common 

step, especially for commercial efforts to produce secondary metabolites in vitro (Verpoorte and 

Memelink, 2002; Georgiev et al., 2006; Georgiev et al., 2009). Therefore, a simple method to generate 

more homogenous cell lines, derived from secondary calli, was established and constantly improved 

over time, leading to the final protocol summarized in Table 10.  

This method proved to be highly efficient, as we succeeded to obtain several secondary suspension 

cultures of the double-transformed mRFP-cell line that exhibited a high percentage of bright 

fluorescent cells (> 95%) under our experimental conditions. This result was very satisfying, as 
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homogenous and stable expression of transgenes is highly desirable, especially for the design of a 

reliable, statistical test system.  

Cloning procedure Nocarova and Fischer, 2009 Thesis (2006-2010) 

Transformation method Agrobacterium tumefaciens Agrobacterium tumefaciens 

culture preparation from primary 

calli 

1 ml of fresh calli in 30 ml medium 

(+ AB) by pipeting 

small calli (diameter ~ 5 mm) in 10 

ml medium (+ AB) with a spatula 

subculturing of primary 

suspensions 
after 7 days: 1,5 ml in 30 ml medium after 7 days: 1-2 ml in 40 ml medium 

cloning of secondary calli 

7-day-old transgenic cells are 

diluted 1:3 and mixed with 4ml of 

similarly prepared WT cells in a ratio 

1: 1000 

7-day-old WT cells are diluted 1:10 

(3 ml + 27 ml of medium) and mixed 

with 7 day old transgenic cells (60 

µl) in a ratio 1:500 

dilution factors and ratios 

7-day-old wild-type: 1:3                          

7-day-old transgenic cells: 1:3         

transgenic:wild-type:    1:1000 

7-day-old wild-type: 1:10                                           

7-day-old transgenic cells: -                 

transgenic:wild-type:    1:500 

spread on solid medium (+ AB) 500 µl on Ø 6 cm Petri dish 
7 ml on Ø 12 cm Petri dish 

(sufficient to cover the surface) 

calli appearing (after 3-6 weeks) ~ 25 ~ 25 - 100 

Table 10: Comparison of the cloning procedures of transgenic tobacco BY-2 cells. 

 

Such variations in the expression levels among independent transgenic lines (from the same initial 

transformation event) might also arise from the inserted sequence itself. Changes can indeed be 

induced by the methylation degree of chromosomal insertion regions (Pröls and Meyer, 1992), the 

locus of the insertion (Iglesias et al., 1997), the number of insertion copies or transgene silencing (van 

Leeuwen et al., 2001; Schubert et al., 2004; Francis and Spiker, 2005). For instance, only recently 

experiments demonstrated that the integration site of a transgene significantly influences its 

susceptibility to RNA silencing, rather than affecting its initial expression level (Fischer et al., 2008). 

In the past, several studies (Müller et al., 1996; Down et al., 2001) helped to get a clearer picture of the 

variations of transgene expression in genetically identical clones. However, the most interesting 

contribution to this poorly understood topic came very recently from Eva Nocarova and Lukas 

Fischer. In April 2009, they reported a method to clone transgenic tobacco BY-2 cells with the goal to 

reduce the high natural heterogeneity of transgene expression. The cell lines generated in their 

laboratory “repeatedly produced only a low frequency of cell lines with well-balanced and stable 

fluorescence in all cells”. These observations corroborated the results obtained during the generation 

of both cell lines (H6-GFP-DB-CVIL and SV40-mRFP/H6-GFP-DB-CVIL) during my thesis and with 

the results of my co-worker Dr. Elisabet Gas-Pascual. 
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In order to identify the sources of such heterogeneity, Nocorava and Fischer transformed tobacco BY-

2 cells with a gene encoding a free GFP under the control of the CaMV 35S promotor driving the 

constitutive expression of the transgene. Then, they monitored the expression levels of GFP in primary 

calli and the derived suspension cultures (primary suspensions) as well as in secondary calli and 

suspensions they obtained by a simple cloning procedure (Table 10: Comparison of the cloning 

procedures of transgenic tobacco BY-2 cells.). Interestingly, only about 40 % of the (primary) calli 

obtained after Agrobacterium-mediated transformation showed homogenous GFP fluorescence. The 

remaining calli displayed heterogenous GFP expression, either in a mosaic (m) or sectorial (s) 

distribution pattern within the calli. In addition, up to 90% of the (primary) suspension culture lines 

derived from all primary calli consisted of cells with heterogenous levels of GFP fluorescence. On the 

other hand, secondary calli, obtained with their cloning method, showed homogenous fluorescence in 

approximatley 90% of the cases, whereas only little more than 40 % of secondary suspensions had 

homogenous GFP fluorescence intensities (Figure 62). 

 

 

Figure 62. Results obtained by Nocarova and Fischer (2009). 

The scheme shows the frequencies of BY-2 calli and derived suspensions with homogenous and heterogenous 

GFP fluorescence. Please note that the secondary lines were generated by cloning of primary heterogenous 

suspensions. In addition, calli and derived suspensions were both screened and evaluated by fluorescence. It is 

important to consider that the terms “homogenous” and “heterogenous” do not describe the intensity of the 

fluorescence, but only if a culture shows well-balanced and stable fluorescence in the cell population. Values 

were rounded to nearest, reasonable values considering the error margins indicated by the authors (M = mosaic 

arrangement of fluorescence; s = sectorial arrangement, with sharp borders). 
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Molecular analysis of the primary clones by Nocarova and Fischer (2009) by Southern hybridization 

identified two causes for the observed heterogeneity: 

First, genetic heterogeneity due to the presence of cells with different T-DNA insertions, and second 

epigenetic heterogeneity, caused by transgene silencing at the transcriptional level in connection with 

DNA-methylation, as treatment with the DNA-demethylation drug 5-azacytidin (Christman, 2002) 

reactivated GFP expression in some lines. In many cases this heterogeneity could be resolved by 

subsequent cloning, but nevertheless a certain fraction showed what the authors called a “permanent 

expression heterogeneity” which could, for example, be due to temporal changes in the accessibility of 

promotor sequences to transcription factors (van Leeuwen et al., 2001). 

In another context, not related to the initial heterogeneity of transformed cell lines, we made an 

interesting observation: We suddenly lost all the mRFP fluorescence in one of the double-transformed 

cell lines, whereas the level of GFP fluorescence remained completely untouched. After elimination of 

all evident sources of error (replacing the inducer, subculturing the two-week old line, replacing the 

medium), the culture was incubated over a whole 7-day-growth cycle in presence of 10 µM 5-

azacytidine, a nucleotide analog that cannot be methylated, and, remarkably, the mRFP fluorescence 

could be partially restored (Figure 63). 

 

 

Figure 63. Restoration of RFP fluorescence after treatment with 5-azacytidine. 

A Double fluorescent cell line that suddenly lost mRFP expression. B and C. Cells were treated with 10 µM 

azacytidine for one week. RFP fluorescence could be recovered, but many dead cells were due to overall toxic 

effects. Even though the concentration was scaled down 10-20x compared to values that are indicated in the 

literature for treatments, the concentration still seemed to be to high for the use in tobacco BY-2 cells (good 

uptake rate and fast metabolism). All images are shown as merged images taken in green and red fluorescence, 

as well as white light mode. White bars = 50 µm. 

 

As this result clearly suggested a DNA methylation event, we searched the literature for common 

sources of such sudden drops in gene expression levels of transgenes in plant cultures. As we had 

already observed the same phenomenon in the original H6-GFP-DB-CVIL cell lines during the 

inhibitor tests with fosmidomycin-derived prodrugs (chapter 2.1.6.2), this point was quite important, 
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given all the efforts put into the generation of the cell lines. Schmitt et al. (1997) reported indeed that 

the antibiotics kanamycin, hygromycin and cefotaxim caused a DNA hypermethylation at CpG sites in 

the genome of tobacco plants grown in vitro, as shown by the SssI methylase accepting assays and 

genomic sequencing with sodium bisulfite. Interestingly, these methylations occurred in a time and 

dose-dependent way, and were not reversed when the progeny was not grown anymore in the presence 

of the antibiotics (Schmitt et al., 1997).  

The methylation of plant genomes is a common process, which can affect up to 30 % of the cytosine 

residues (Adams and Burdon, 1985). It also occurs as part of the “natural” gene regulation in plants 

(Finnegan et al., 1993; Finnegan et al., 1998). However, increased DNA methylation was observed in 

several cases associated with PTGS (post-transcriptional gene silencing) and TGS (transcriptional 

gene silencing) or different forms of stress (De Wilde et al., 2000; Matzke et al., 2004; Halpin, 2005; 

Meng et al., 2006). For instance, transgene silencing was induced in petunia, after a period of high 

light intensity and temperature (Meyer et al., 1992), whereas high temperatures alone were shown  

sufficient to silence different transgenes in tobacco (Vaucheret et al., 1995; Neumann et al., 1997; 

Köhne et al., 1998). Thus, the frequent major breakdowns of the air-conditioning system of our growth 

chambers, which occurred during my experiments, might also have contributed to the observed 

silencing. 

However, although recovery of the mRFP expression by azacytidine treatment had confirmed our 

assumption that the sudden loss of fluorescence, due to a DNA methylation event, could explain the 

heterogeneity of the cells, we did not maintain and subculture the recovered lines, as azacytidine is a 

powerful mutagenic agent, which has toxic effects on cells. 

In conclusion, these results are interesting in different ways. First, they helped to explain the 

heterogeneity in the fluorescence levels of the transgenic cell lines generated in this work. This 

heterogeneity was observed in our lab independently from other sources, and various approaches were 

discussed how to eliminate or reduce it. Finally, we developped a simple and inexpensive method to 

generate secondary calli, and the resulting transgenic lines proved to be more homogenous. For the 

GFP-DB-CVIL line, 23 out of 48 suspension cultures (~ 48%) derived from primary calli showed 

fluorescent cells. However, the majority of these lines displayed weak ratios of fluorescent cells to 

non-fluorescent cells. The four lines with the best ratios and highest fluorescence intensities were 

chosen to reselect calli with our protocol. Two out of 15 secondary lines showed strong, homogenous 

fluorescence and a very high ratio of fluorescent to non-fluorescent cells. 

For the double transformation of the GFP-DB-CVIL line with the SV40-mRFP gene construct, 20 

appearing calli were screened and about seven out of them showed strong fluorescence in the first 

generation of cell suspension cultures (35%). In order to obtain a more homogenous line, calli from 

suspension cultures were reselected and four promising cell lines were obtained, but only the best  

performing line was subcultured in liquid medium (Figure 64).  
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Figure 64. Scheme of the cloning procedure used for the selection of homogenous, transgenic tobacco BY-

2 cell lines. 

A – Selection of H6-GFP-DB-CVIL cell line. B – Selection of the double-transformed H6-GFP-DB-CVIL/NLS-

mRFP cell line. The selection of primary and secondary calli was performed on antibiotica-supplemented solid 

plates. As the expression of both fluorescent reporter proteins was inducible, no pre-selection by fluorescence 

microscopy could be used to eliminate non-fluorescent calli (it was tried by incubation of the calli in presence of 

the inducers, but no fluorescence could be detected with this method). The selection criteria for cultures used in 

the cloning procedure were based on the properties optimal for the bioassay (homogenous, bright fluorescence 

and high ratios of fluorescent to non-fluorescent cells.). Rounded values for statistical evaluation are indicated if 

available. F = flourescent; NF = non-fluorescent. 

Quite independently, Nocarova and Fischer (2009) developped a very similar strategy to generate 

secondary calli in order to obtain homogenous cell lines with high ratios and intensities of transgene 

expression (see Table 10: Comparison of the cloning procedures of transgenic tobacco BY-2 cells.). 

Although the emphasis of my thesis was not the development of a cloning technique to obtain 

secondary cell lines, the results ressemble those of Nocarova and Fischer in many ways. Of course, in 

my case, the purpose of the re-selection process did not include a statistical evaluation of its 
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efficiency. Even though each plate contained between 25 and 100 calli emerging over a period of 1-2 

weeks, only the fastest growing calli were transferred to new plates and were used to start secondary 

liquid suspension cultures. Liquid cultures were launched by dissociating a small portion of the callus 

with a sterile spatula in 10 ml of antibiotica-supplemented medium. Afterwards, it took 1-2 weeks 

before a normal weekly subculturing and screening could begin (see chapter 4.5.5.3). As soon as 

positive cultures were found, no more calli were screened for obvious reasons, what explains that the 

statistics obtained during the selection processes in this thesis are not really extensive and therefore 

not comparable to those obtained by Nocarova and Fischer.  

However, in contrast to the reporter system used by Nocarova and Fischer (2009), which is based on a 

constitutively expressed GFP, the selection of well-performing cultures for both cell lines, the single-

transformed H6-GFP-DB-CVIL and the double-transformed SV40-mRFP/GFP-DB-CVIL cell line, 

was by far more challenging, as the expression of both transgenic fusion proteins was inducible and 

optimal expression conditions had to be established first. 

 

c) Culture conditions 

Other important factors, which play a key role for the successful set-up as well as for the 

miniaturization of the assay, are changes in growth conditions, such as the inoculum ratio, agitation, 

aeration and temperature.  

Growth conditions for tobacco BY-2 cells, subcultured on a weekly basis in 250 ml erlenmeyer flasks 

were more or less constant during my thesis: 0,75-2 ml of a 7-day-old, stationary liquid suspension 

culture were used to inoculate 40 ml of TBY-2 medium supplemented with the required selection 

markers and the cells were grown in the dark on a rotary shaker at 154 rpm and at 26°C (Hemmerlin et 

al., 2004; Gerber, 2005; Gerber et al., 2009). Nevertheless, given the various problems with the culture 

room facilities, conditions were not always as stable as desired. In addition, downscaling the whole 

test system from commercial 6-well plates to high-tech glass bottom 96 well plates (see chapter 

2.2.4.2) made it necessary to re-examine all growth conditions to determine optimal conditions for this 

smaller format. 

For instance, agitation of plant culture cells plays an essential role as it provides homogeneity of the 

culture, in respect to nutrients, enhances mass and heat transfer and reduces at the same time cell 

clumping and formation of aggregates, a phenomenon often observed in plant cell cultures, due to 

secretion of extracellular polysaccharides (EPS) for exemple: (Scragg, 1995; Kieran et al., 1997; 

Abdullah et al., 2005). For example: Insufficient mixing triggers the formation of aggregates and some 

heterogeneity in oxygen and nutrient supply inside the cell population. Therefore, sub-optimal 

agitation conditions may also explain the differences in transgene expression levels observed during 

my thesis (Figure 59). 
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Aeration of plant suspension cultures is also an important parameter as it leads to desorption of 

volatile products and removes metabolic heat. Oxygen supply is hence a very critical factor, as excess 

or lack can both have negative effects. Without going into details, the mass transfer coefficient, KLa is 

a function of agitation and aeration at the same time and is part of an equation commonly used to 

optimize growth conditions in modern bio-reactor systems (Georgiev et al., 2009). Plant cells grow 

relatively slowly and are known to be particularly sensitive as far as their optimal oxygen supply is 

concerned. They adapt their metabolism even to minor changes in gas composition. This may result in 

an alteration of growth characteristics and of production of secondary metabolites (Verpoorte and 

Memelink, 2002). Under sub-optimal growth conditions, one can easily imagine that an insufficient 

supply of the prenylation precursor, GGPP and its hydrolyzed product geranylgeraniol (GGol) in some 

cells could result in the shift to the nucleus of a part of the fluorescent GFP-DB-CVIL protein. This 

view is supported by the fact that exogenous GGol is able to completely reverse inhibition of the MEP 

pathway, whereas the control experiments statistically had always a fraction (< 5%) of cells with 

signals from the nuclei (Figure 12). 

Finally, the temperature is a major factor for the cultivation of plant cell cultures. Conditions are 

dependent on the plant species and even for the same species optimal temperatures may vary as far as 

the synthesis of a distinct metabolite is concerned (Ten Hoopen et al., 2002 ; Georgiev et al., 2004; 

Georgiev et al., 2009).  

Of course, all these parameters have to be adapted to the scale of the system, the cell culture line, the 

culture conditions and the growth phase. Figure 65 illustrates, for instance, the changes induced in cell 

growth by the modification of the inoculum size over a small period of time (2 days). 
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Figure 65. Influence of different fractions of inoculum on the biomass accumulation in multi-well plates 

(taken from Georgiev et al., 2009)  

Cultivation of Nicotiana tabacum CV BY2 HAS in the microtiter plate cultivation system BioLector (48 well 

plate, 26°C, 800 rpm, 3 mm shaking diameter, and 500 μl volume) with different fractions of inoculum: 20% 

(closed circles), 40% (open circles), and 60% (closed triangles). Please note the differences at the time window 

used for our test system (18-24 h). 

 

d) Possible improvements: 

Shake-flasks have been used in laboratories all over the world to grow small-scale cultures, but, as 

discussed earlier in this chapter, there are great differences in the expression of reporter 

proteins/fluorescence due to differences in the culture conditions. 

Thus, modern cell culture systems (e.g. bioreactors) are able to monitor multiple parameters during the 

growth of the cultures and to acquire kinetic data that will help to investigate the effect of these 

parameters (agitation, aeration, temperature, inoculum ratio, pH etc.) and to find optimal conditions 

(Buchs, 2001). For modern-day applications (e.g. HTS platforms), different types of bioreactors are 

available, such as the different models of the so-called “slug bubble reactor” described by Terrier et al. 

(2007), which can deal with volumes up to 70 L and that was successfully tested for Nicotiana 

tabacum cell suspension cultures. 
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Of course, purchasing an out-of-scale bioreactor for our studies would not make sense, but fortunately 

the same concept is nowadays also available for small scale cultures (Anderlei et al., 2004; Samorski 

et al., 2005). 

Cultures growing in shaking flasks, for example, can be monitored by the “respiration activity 

monitoring system” (RAMOS, HiTec Zang GMBH, Herzogenrath, Germany and Kühner, Birsfelden, 

Switzerland), which continously measures the oxygen transfer rate (OTR) and the carbon dioxide 

transfer rate (Anderlei et al., 2004). 

On a smaller scale, the BioLector (commercialized by mp2-labs, Aachen, Germany) is an example of a 

culture system in a microtitration plate (MTP) that is able to carry out cell growth and fluorescence 

measurements under defined conditions of shaking (Samorski et al., 2005). 
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33  CCoonncclluussiioonn  aanndd  PPeerrssppeeccttiivveess  

Isoprenoids, also referred to as terpenoids, represent the largest class of plant natural products and are 

implicated in nearly all the fundamental processes of plant growth, development and secondary 

metabolism, including isoprenylation of proteins. Higher plants synthesize their isoprenoids through 

two different routes, the cytosolic mevalonic acid (MVA) pathway and the plastidial 2-C-methyl-D-

erythritol 4-phosphate (MEP) pathway. By contrast, the malaria parasite Plasmodium falciparum, as 

well as many pathogenic bacteria rely exclusively on the MEP pathway for the synthesis of their 

isoprenoids. As this pathway does not occur in mammals, it represents an attractive target for the 

design of antibiotics, antimalarial drugs and bleaching herbicides. Given the long periods necessary 

for the development and commercialization of new drugs, the fast rise of drug-resistance in pathogenic 

microbia and weeds poses a serious threat to human health and underlines the urgency to explore new 

ways for rapid identification of novel anti-infective and herbicidal compounds. 

 

Isoprenylation of proteins, which has been recognized as a fundamental process in all eukaryotes, 

consists in the formation of a chemically stable thioether bond between a cysteine residue belonging to 

a carboxyterminal CaaX motif of a protein and a C15 (farnesyl) or a C20 (geranylgeranyl) isoprenyl 

chain. In the laboratory, an experimental system to visualize isoprenylation of proteins in living 

tobacco BY-2 (TBY-2) cells was available. This test system was based on a stably transformed TBY-2 

cell line, expressing a dexamethasone-inducible GFP fused to the prenylable, C-terminal basic domain 

of the rice calmodulin CaM61, which naturally bears a CaaL geranylgeranylation motif. After 

induction, the resulting fusion protein (GFP-DB-CVIL) was predominantly targeted to the plasma 

membrane (PM). 

The use of pathway-specific inhibitors of both isoprenoid biosynthetic pathways revealed that 

inhibition of the MEP pathway (by oxoclomazone OC and fosmidomycin Fos) as well as inhibition of 

the geranylgeranyltransferase type 1 (PGGT-1) shifted the localization of the GFP-BD-CVIL protein 

from the PM to the nucleus/nucleolus. By contrast, inhibition of the MVA pathway (by mevinolin) or 

protein farnesyltransferases did not affect the localization of the chimeric fusion protein. Chemical 

complementation assays with pathway-specific intermediates and isoprenols further confirmed that the 

MEP pathway mainly provided the isoprenoid precursors for the prenylation of the fusion protein 

(Gerber, 2005). 

However, at the end of this previous study, different questions remained unsolved such as the 

chemical nature of the prenyl moiety of the GFP fusion protein and whether the effects that were 

observed after inhibition of the MEP pathway could be observed with other drugs interfering with this 

pathway.  
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The three major parts of the present work are the following: 

I- Biological assay development (Figure 66) 

II- Optimization of the assay to fit the requirements of image-based drug screening 

(Figure 67) 

III- Image acquisition and analysis (Figure 68) 

 

To address the above issues as well as to optimize this visualization system from a qualitative assay to 

a statistically trustable screening system, I generated a stably transformed cell line expressing a His-

tagged version of the GFP-DB-CVIL fusion protein. In contrast to the initial GFP-DB-CVIL line, 

which consisted of a population of clones obtained without a selection step on solid medium, the new 

cell line was obtained after a simple cloning procedure. 

In a first step, this new cell line was used in our laboratory to purify and analyze the tobacco 

prenylated GFP fusion protein, thereby demonstrating that it was strictly geranylgeranylated and 

carboxylmethylated in vivo.  

Before extending our studies with this cell line, all major experiments with inhibitors of both 

isoprenoid biosynthetic pathways as well as the chemical complementation assays were repeated and 

the results confirmed the general observations made by Esther Gerber. Interestingly, during the course 

of this work, I could show that exogenous DX was able to reverse the inhibition induced by OC, but 

not that of DXR induced by Fos. It has also been demonstrated that addition of 5 µM GGol could 

overcome only inhibition effects triggered by both OC and Fos, but not those induced by inhibition of 

geranylgeranyltransferase PGGT-1. As a result, the chemical complementation with DX and GGol 

provided us with an elegant method to discriminate different inhibitor-induced effects. 

 

In order to determine the impact of MVA derived prenyldiphosphates on the localization of the H6-

GFP-DB-CVIL fusion protein, we tried to modulate the pool of endogenously available FPP by 

blocking several early steps of sterol biosynthesis including squalene synthase (by squalestatin SQ), 

squalene epoxidase and oxidosqualene cyclase. The corresponding inhibitors used were respectively 

squalestatin (SQ), Terbinafine (Tb) and Ro 48-8071 (Ro). Among these inhibitors, only SQ was 

shown to trigger a partial mislocalization of the fusion protein H6-GFP-DB-CVIL to the nucleus, an 

effect that was completely overcome by addition of DX or GGol, but not by squalene, suggesting 

some sensitivity of the protein prenyltransferase (implicated in the prenylation of the H6-GFP-DB-

CVIL) to SQ. Clearly, further experiments will have to be conducted to confirm this assumption. 

 

In this work, the bioassay was used for the first time to test novel drug candidates that were 

specifically designed on the basis of known inhibitors of DXS and DXR, the two first enzymes of the 
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MEP pathway. Whereas the DXS inhibitors tested so far were shown to be inefficient, all the members 

of Fos-derived prodrugs were able to shift the H6-GFP-DB-CVIL from the PM to the nucleus. 

In order to prove that the present bioassay was not only able to serve as a qualitative approach for the 

identification of new drug candidates, but also as a statistical tool to compare performances of a drug 

candidate with other known inhibitors in vivo, I performed a quantitative analysis of the intracellular 

distribution of H6-GFP-DB-CVIL in response to different concentrations of the prodrugs. This was 

done by determining the ratios of inhibited to non-inhibited cells at a given concentration for six Fos-

derived prodrugs. Interestingly, the best performing prodrugs in the bioassay with TBY-2 cells showed 

the same order of efficiency when tested on Mycobacterium smegmatis cells, suggesting that 

knowledge gained from plant cells might be transferred to other organisms. Nevertheless, keeping the 

potential of MEP pathway inhibitors as herbicides in mind, these results are very promising and set the 

course for the development of a chemical drug screen, with both biomedical and agricultural 

applications. 

 

A major purpose of my thesis was to demonstrate the feasibility of establishing a medium to high-

throughput compound screen on the basis of the initial protein prenylation assay. To address this issue, 

a systematic step-by-step protocol was developed, and each key-step for the development of a 

chemical drug screen was individually considered and if possible directly applied. 

Clearly, the prerequisite for such a test system was the presence of a homogenous and highly 

fluorescent cell line, displaying high ratios of fluorescent to non-fluorescent cells. This cell line was 

obtained after a rigorous clonal selection process and successfully used to demonstrate the 

reproducibility of effects on single cells with a whole population of cells. An essential aspect and one 

of the novel contributions of this work was therefore the acquisition of images at low magnification, 

showing groups and sub-populations of cells. The advantage of such an approach is the fact that an 

image can be stored and used to give the relevant biological information that might just be overseen or 

misinterpreted by a microscope user at a given moment. With the software ImageJ, I could thus show 

that it was possible to detect and quantify cells displaying a mislocalization of the fusion protein by a 

rather simple image analysis approach, using the nucleus as a reference point.  

One major challenge was, however, the detection of untreated cells, due to the fact that BY-2 cells are 

very diverse in shapes and sizes and grow in files of different sizes. In addition, because they are 

growing in a liquid medium, it is nearly impossible to avoid superimposed cells, whatever the dilution. 

This is clearly an unsolvable obstacle for image analysis softwares tested so far and even specific 

plug-ins for the detection of cellular features are adapted to more simple model systems such as 

bacterial, yeast or tissue cells. Perhaps a custom made algorithm might cope with this problem and 

resolve it, but this would need a bio-informatician working on this for a significant amount of time and 

many follow-up experiments would have to be performed. A possible solution to the problem of cell 
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shape heterogeneity might be the generation of protoplasts and their analysis by flux cytometry, but 

the necessary digestion of the cell wall would probably trigger stress responses biasing the 

observations.  

 

Because of the unavailability of a suitable nuclear stain allowing counting of cells, I decided to 

generate a double-fluorescent cell line expressing a nuclear-targeted mRFP (NLS-mRFP) under the 

control of an estradiol-inducible promotor. With this cell line, I could demonstrate that there was no 

cross-induction of the GFP and mRFP expression by estradiol or dexamethasone and establish a time-

scale for the estradiol-induced gene expression, which was of great importance for other approaches 

used in our laboratory such as the silencing of DXR and CAS genes in TBY-2 cells by an artificial 

micro-RNA-mediated strategy. The use of the nuclear-targeted, bright fluorescent mRFP allowed 

identifying and counting untreated cells at different magnifications and even in complex scenarios 

with superimposed cells. 

 

In a next step, the whole initial bioassay was downscaled and adapted for the use of 96-well plates 

with a glass bottom. The first results as images obtained with the 96 well plates were very encouraging 

and a first proof of concept for the use of this high-density format with plant suspension cells in a 

fluorescence microscopic approach was achieved. As a first measure to improve the growth and 

imaging conditions, multi-well plates with square surfaces (microarray plates) were purchased. The 

square surface promises better aeration of the cultures and maximizes the surface for image 

acquisition. Of course, different parameters still have to be adapted, such as the optimal scanning 

speed and image acquisition settings to guarantee a satisfying throughput rate and exploitable data. 

The automatization of the assay implies combination of automatic focusing routines, automatic stage 

movement and automatic imaging. Fortunately, basic software solutions for this kind of applications 

exist and first tests showed that the three processes can be handled. Of course, the automatic focusing 

remains the most critical point, as the cells will sediment after a certain period of time in the well.  

The present work clearly demonstrated that an integrated approach using 96 well plates and automatic 

image acquisition and analysis will allow the use of the bioassay as a screening system for inhibitors 

of the MEP pathway and protein geranylgeranyltransferases. In addition, it will be possible to monitor 

potential toxic effects triggered by an inhibitor treatment. The use of different stains (cell-death and 

viability stains) should be of great interest in this context. 

 

The availability of this bioassay will be of great use to address open questions and for many 

applications in agriculture and medicine. For instance, one can imagine applying this test to the search 

of compounds that interfere with the bio-activation of clomazone, which is P450-mediated or more 

generally the search of new herbicides. To elucidate mechanisms underlying the intracellular transport 
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of prenylated protein in TBY-2 cells is also an interesting topic. According to Esther Gerber (2005), 

the classical secretory pathway appeared not to be involved as a transit route of the GFP-DB-CVIL to 

the PM of TBY-2 cells. Interestingly, human KRAS4B shares several features with the GFP-DB-

CVIL fusion protein (e.g. the polybasic domain and the CaaX-motif) but how both proteins are 

transported to the PM remains largely unknown. The use of the bioassay in combination with 

inhibitors of CaaX-processing and compounds interfering with the membrane anchorage of H6-GFP-

DB-CVIL might be a promising strategy to investigate this aspect. 

The bioassay can also be very useful to screen unknown chemical compounds. By testing unknown 

inhibitors provided by Dr. Bernard Weniger (data not shown), I made an interesting observation. 

Whereas none of the compounds was efficiently inducing a mislocalization of the fusion protein to the 

nucleus, several treatments triggered toxic effects. One compound in particular displayed an unusual 

phenotype, with barely detectable signals from the PM and nucleus; instead, the GFP fluorescence 

seemed to be trapped in the cytoplasm. Interestingly, this compound was identified as a prenylated 

anthracenoid, isolated from the stem bark of an african tree, and shown to have the highest activity in 

tests against leishmania, further validating the experimental system as a tool to detect cytotoxic 

effects. This could somehow indicate that the transport of H6-GFP-DB-CVIL might be mediated by 

protein-protein interactions, which are impaired by the prenylated compound. Several, prenyl-binding 

proteins are known, such as Rho-GDI or the delta-subunit of phosphodiesterase in animals, and similar 

proteins might be candidates for the transport of H6-GFP-DB-CVIL from the ER to its final cellular 

destination. The identification of possible interaction partners of H6-GFP-DB-CVIL as well as of 

compounds that interfere with its transport could therefore be of great interest to develop anti-

oncogenic strategies.  
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Figure 66. Biological assay development 
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Figure 67. Optimization of the assay 
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Figure 68. Image acquisition and analysis 
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44  MMaatteerriiaall  aanndd  MMeetthhooddss  

4.1 Instruments and software 

4.1.1 Instruments 

Instrument Application  Brand  

10 ml  Pipetting aid for up to ~30 ml Drummond Scientific Co.  

-20°C Incubation and storage of samples at -20 – -25°C Liebherr 

Automatic TLC analyser  radioactice counter for TLC plates Berthold 

Bio-Photometer Concentration measurement of RNA/DNA Eppendorf 

BK 15 with rotor Nr. 11133 cooled table-top centrifuge for Falcon tubes (50 ml) Sigma 

C10 platform shaker agitation of TBY-2 cell cultures New Brunswick Scientific 

Capacitance Extender PLUS Electroporation unit Bio-RAD 

Chemical hood Chemical hood for general laboratory purposes custom made 

Cold room Climatised room (4°C) Eurovent 

Acquisition Scanner GS800  Scanner for the acquisition of 2-D-Protein Gels Bio-Rad 

DXM1200 Epifluorescence Microscopy Nikon 

Fridge Incubation and storage of samples at 4°C Liebherr 

Chemi-Smart 3000 
Imaging of EtBr-stained agarose gels/ and fluorescent 

protein gels 
Fisher BioBlock Scientific 

Gene Pulser r II Electroporation unit (transformation of Bacteria) Bio-RAD 

GFL 1803 Waterbath for incubations with integrated shaker platform GFL 

Heating plate heating of liquids with integrated magnetic stearer Fisher BioBlock Scientific 

IFF 125 C ice machine production of ice flakes TOTALINE  

Incubator 
37°C incubator with shaking platform for growing 

liquid bacterial cultures 
EHRET 

Incubator 
28°C incubator for growing agrobacterial colonies/TBY2 

cultures on agar plates 
Memmert 

LaminAir HVR 2448 Laminar flow hood for culturing plant cells Holten 

LSM Confocal Microscopy Zeiss 

Mastercycler Personal Thermocycler for PCR amplification Eppendorf 

Microcol TDC80 Automated sample collector (Liquid chromatography) GILSON 

Minipuls 2 rotating pump for liquid chromatigraphy GILSON 

Mini-Spin Table-top centrifuge for Eppendorf tubes Eppendorf 

Pipetman 
Pipettes for handling volumes between 

0.10 – 1000 μl 
Eppendorf/Gilson 

Plate reader photometric analysis of samples ? 

Polystat Waterbath for incubations between RT and 95°C Fisher BioBlock Scientific 

PowerPac 200 Power supply for electrophoresis Bio-Rad 

Precisa 240 A precision balance Precisa 

Protean 2/3 Chamber for separating protein samples by SDS-PAGE Bio-Rad 

Pulse Controller Plus Electroporation unit Bio-RAD 

Scout II analytical balance OHAUS 

Sprint hplc machine   

Table centrifuge Cooled table-top centrifuge for Eppendorf tubes Eppendorf 

Tri-Carb 2100 TR Liquid scintillation analyser PACKARD 
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Instrument Application  Brand  

Ultra Low - VIP Series Incubation and storage of samples at -80°C Sanyo 

Vortex vortex mixer VEIP Scientific 

WIDE MINI SUB CELL GT  
Chamber for separating nucleic acids by agarose gel 

electrophoresis 
Bio-Rad 

Table 11: Overview of the instruments used in this study 

 

4.1.2 Software, algorithms and databases 

4.1.2.1 Software 

Software Version Application Developper 

Adobe Photoshop  8.0 Program for editing graphics and images Adobe Systems, San Jose (USA) 

BioEdit  7.0.9 
In silico manipulation and investigation 

of DNA and protein sequences 
Tom Hall, Isis Biosciences, Carlsbad, 

CA (USA) 

Biology Workbench  3.2 
In silico manipulation and investigation 

of DNA and protein sequences 
  SDSC, San Diego (USA) 

Endnote  9.0 Tool for managing bibliographic data 
Thomson ISI Researchsoft, New York 

(USA) 

Image J software    1.31 Program for editing graphics and images Wayne Rasband, NIH (USA) 

LSM Image Browser  4.2.0.121 
Acquiring, analysing and processing 

of confocal images 
Carl Zeiss AG, Jena (Germany) 

Microsoft Office  2002 
 software package aiding in data analysis 

and supporting administrative work 
Microsoft Corporation, Redmond 

(USA) 

Nikon ACT-1  2.70 
Acquiring and processing of pictures 

captured with the Nikon DXM1200 camera 
Nikon Corporation, Tokyo (Japan) 

Vector NTI 9.0 
In silico manipulation and investigation 

of DNA and protein sequences 
Invitrogen, Karlsruhe (Germany) 

Table 12: List of all software packages and programs relevant to this study 
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4.1.2.2 Algorithms 

Algorithm Application URL (*28.02.2011) Reference/Developper 

BioMath 
Calculators 

Tm Calculations for Oligos 
http://www.promega.com/biomath/calc

11.htm 
na. 

BLAST at 
NCBI 

Basic Local Alignment Search 
Tool:collection of tools which allow 
to search nucleotide and protein 
databases of various organisms 

with different types of querys 

http://blast.ncbi.nlm.nih.gov/Blast.cgi Altschul et al. (1990) 

Clustal W 
ClustalW2 is a general purpose 

multiple sequence alignment 
program for DNA or proteins 

http://www.ebi.ac.uk/clustalw2/index.ht
ml 

Larkin et al. (2007), Higgins et 
al. (1994) 

Clustal X 
Clustal X is a windows interface for 

the ClustalW multiple sequence 
alignment program 

http://www.clustal.org/ 
Larkin et al. (2007), Higgins et 

al. (1994) 

Compute 
pI/MW 

tool which allows the computation of 
the theoretical pI (isoelectric point) 
and Mw (molecular weight) for user 

entered sequences  

http://www.expasy.org/tools/pi_tool.ht
ml 

Gasteiger et al.(2003) 

PrePS Prenylation Prediction Suite 
http://mendel.imp.ac.at/sat/PrePS/inde

x.html 
Maurer-Stroh and Eisenhaber 

(2005) 

Prosite Motif 
Scan 

Tool to scan an amino-acid 
sequence against PROSITE 

patterns and profiles 

http://www.expasy.org/tools/scanprosit
e 

Sigrist et al.(2002) 

ProtScale 

ProtScale allows you to compute 
and represent the profile produced 

by any amino acid scale on a 
selected protein – here: 

hydrophobicity/hydrophilicity scales 

http://www.expasy.ch/tools/protscale.h
tml 

Kyte and Doolittle (1982) 

Psort 
Tool for protein subcellular 

localization prediction 
http://psort.ims.u-tokyo.ac.jp/ Nakai and Kanehisa (1991) 

Tmpred 
program that makes a prediction of 
membrane-spanning regions and 

their orientation 

http://www.ch.embnet.org/software/TM
PRED_form.html 

Hofmann and Stoffel (1993) 

Translate tool 
tool which allows the translation of a 
nucleotide (DNA/RNA) sequence to 

a protein sequence 
http://www.expasy.org/tools/dna.html Gasteiger et al. (2003) 

WoLF PSORT 
Tool for Protein Subcellular 

Localization Prediction 
http://wolfpsort.org/ Horton et al. (2007) 

Table 13: List of all algorithms relevant to this study  

 

http://www.promega.com/biomath/calc11.htm
http://www.promega.com/biomath/calc11.htm
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ebi.ac.uk/clustalw2/index.html
http://www.ebi.ac.uk/clustalw2/index.html
http://www.clustal.org/
http://www.expasy.org/prosite/
http://psort.ims.u-tokyo.ac.jp/
http://wolfpsort.org/
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4.1.2.3 Databases 

Database Purpose URL 

Pfam 
The Pfam database is a large collection of protein families, each 

represented by multiple sequence alignments and hidden Markov 
models (HMMs). 

http://pfam.sanger.ac.uk/ 

Prosite 
PROSITE consists of documentation entries describing protein 

domains, families and functional sites as well as associated patterns 
and profiles to identify them 

http://www.expasy.org/prosit
e/ 

Swiss-Prot Protein 
knowledgebase 

a curated protein sequence database which strives to provide a high 
level of annotation, a minimal level of redundancy and high level of 

integration with other databases  
http://www.expasy.org/sprot/ 

NCBI Entrez 
NCBI creates public databases, conducts research in computational 

biology, develops software tools for analyzing genome data, and 
disseminates biomedical information 

http://www.ncbi.nlm.nih.gov/ 

TAIR (The Arabidopsis 
Information Resource) 

The Arabidopsis Information Resource (TAIR) maintains a database 
of genetic and molecular biology data for the model higher plant 

Arabidopsis thaliana 
http://www.arabidopsis.org/ 

TIGR 
Collection of ESTs (expressed sequence tags) from a big variety of 

organisms - All plant species for which more than 1,000 ESTs or 
cDNA sequences are available and are included in this project 

http://plantta.jcvi.org/index.s
html 

Table 14: List of all databases relevant to this study 

 

4.2 Enzymes, chemicals and consumable materials 

4.2.1 Enzymes and Molecular Biology Kits 

Enzymes and Molecular 
Biology Kits  

Application Supplier 

5'-RACE System for Rapid 
Amplification of cDNA  

Amplification of 5' - ends of mRNAs 
GIBCO BRL -  Division of Invitrogen 

Corporation (USA) 

Dnase I (RNase-free) RNA extraction protocol Fermentas Corporation (Germany) 

GeneRACER
TM 

- Kit 
RNA ligase-mediated rapid 

amplification of 5´ and 3´ cDNA ends (RLM-
RACE) 

Invitrogen Corporation (USA)  

Go Taq Polymerase Conventional PCR Promega (USA) 

NucleoBond® PC 100 
Anion exchange columns for quick 

purification of nucleic acids 
MACHEREY-NAGEL (Germany) 

NucleoSpin® Extract II PCR clean-up and gel extraction kit  MACHEREY-NAGEL (Germany) 

http://pfam.sanger.ac.uk/
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NucleoSpin® Plasmid Quick Pure 
Purification of highly pure plasmid DNA 

from bacterial cultures 
MACHEREY-NAGEL (Germany) 

Phusion Polymerase High-Fidelity DNA Polymerase Finnzymes (Sweden) 

RNase-free Dnase Set RNA extraction protocol QIAGEN (The Netherlands) 

RNasin RNase Inhibitor inhibits RNase activity Promega (USA) 

Superscript™ III Reverse 
Transcriptase  

system for the generation of first strand 
cDNA from mRNA 

Invitrogen Corporation (USA)  

T4 DNA ligase Cloning /Construction of plasmids Fermentas Corporation (Germany) 

Taq Polymerase Conventional PCR Invitrogen Corporation (USA)  

Terminal Deoxynucleotidyl 
Transferase - TdT (500 U) 

TdT catalyzes the addition of nucleotides to 
the 3' terminus of a DNA molecule - used in 

RACE PCR 
Fermentas Corporation (Germany) 

Table 15: List of all the molecular biology kits and enzymes relevant to this study 

 

 

Restriction 
endonucleases 

Tm max activity 
(°C) 

Buffer  Supplier 

 BamHI    37    REact 3    Gibco BRL   

 ClaI  37  REact 1 Buffer B+    Invitrogen Fermentas   

 EcoRI    37    REact 3    Gibco BRL   

 HindIII    37    REact 2    New England BioLabs   

 KpnI    37   
 NEBuffer 1 + 0.01% (w/v) 

BSA   
 New England BioLabs   

 NheI 37  REact 4  Invitrogen Fermentas   

 PvuII    37    REact 6    Gibco BRL   

 XbaI    37    REact 2    Gibco BRL   

 XhoI    37    REact 2    Gibco BRL   

Table 16: List of all restriction endonucleases used in this study    
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4.2.2 Chemicals 

If not indicated otherwise chemicals used during this thesis were provided by Sigma-Aldrich or Fluka. 

4.2.3 Consumable Materials 

DNA-Größenstandard:      New England Biolabs, Beverly  

            2-log DNA Ladder    (USA) 

            1 kb DNA Ladder  

Eppendorfgefäße Ambra    Eppendorf, Hamburg  

Protein-Größenstandard Mark12
TM

   Invitrogen, Karlsruhe  

Prestained Protein Marker,    New England Biolabs, Beverly 

Broad Range (6-175 kDa)    (USA) 

QIAEX II Gel Extraction Kit    Qiagen, Hilden 

QIAprep Spin Miniprep Kit    Qiagen, Hilden 

Roti
®
-Quant Bradford-Reagenz                Roth, Karlsruhe   

 

4.3 Living Material 

4.3.1 Plant material 

4.3.1.1 Tobacco cells 

The tobacco Nicotiana tabacum L. Cv. Bright Yellow-2 (TBY-2) cell line used in this work was 

provided by Professor Toshiyuki Nagata (University of Tokyo, Japan). It was initially isolated by Kato 

et al. (1972) and is derived from calli induced from young plants (Nagata et al., 1992). 

The cell suspension was maintained by subculturing the 7 days old cells (in stationary phase) as 

described in chapter 4.5.5.1.  

4.3.1.2 Arabidopsis thaliana 

Arabidopsis thaliana has over the years been established as a model plant for the study of the 

molecular biology and biochemistry of higher plants, which is due to its small genome size, mutant 

availability, a short generation cycle, and a size that allows growing many plants in parallel. In 

addition, sequencing of the Arabidopsis genome has been completed in the year 2000 (Arabidopsis 

Genome Initiative) and The Arabidopsis Information Resource (TAIR) maintains a database of 

genetic and molecular biology data for this plant including the complete genome sequence along with 

gene structure, gene product information, metabolism, gene expression, DNA and seed stocks, genome 

maps, genetic and physical markers, publications, and information about the Arabidopsis research 

http://www.arabidopsis.org/search/ERwin/Tair.htm
http://www.arabidopsis.org/about/datasources.jsp
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community (source: http://www.arabidopsis.org/). Finally different approaches such as global analysis 

of transcripts or proteomic mapping are undertaken (Initiative, 2000; Bevan, 2002; Baerenfaller et al., 

2008). 

The cultivars used in the here described experiments were exclusively Arabidopsis thaliana (L.) cv 

Columbia. 

Grains were sterilised by treating them with 1 ml of 70% ethanol containing 0,2% Twen and then 

washing them twice in 100% Ethanol before sowing them under sterile conditions on solid Murashige 

and Skoog medium (8 g/L Agar) supplemented with Sucrose at 2% and vitamines. The plates were 

wrapped with breathing tape (Urgopore) and put for 48 h at 4°C in the dark to allow stratification 

before exposing them to light in order to induce germination. The plants were grown under constant 

humidity and light conditions (long-day conditions after germination: 10 h light/21 °C) until they were 

harvested or used in experiments. 

 

4.3.2 Bacteria 

4.3.2.1 Escherichia coli 

The Escherichia coli strain XL1-Blue was the standard strain used to amplify plasmid DNA in 

bacteria. Its properties allow blue-white colour screening for recombinant plasmids. The XL1-Blue 

genotype is as follows: recA1, endA1, gyrA96, thi-1, hsdR17, supE44, relA1, lac [F´ 

proAB,lacI
q
ΔM15,Tn10 (tet

r
)]. (Genes listed signify mutant alleles. Genes on the F´ episome, however, 

are wild type unless indicated otherwise). 

Under normal conditions E.coli cells were grown at 37°C on Luria-Bertani cell medium (Table 17) 

supplemented with the suitable antibiotics. The XL1-Blue strain is tetracycline resistant and was used 

for preparation of chemical competent cells (4.5.2).  

 

Luria Bertani medium for bacteria: 

Bacto-Tryptone 1% 

Yeast Extract 0,50% 

NaCl 1% 

Pastagar B (1,5%) 1,50% 

Adjust pH to 7 with NaOH; autoclave 20 min at 1 bar 

Table 17: Composition of the culture medium used for Escherichia coli 

 

http://www.arabidopsis.org/
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4.3.2.2 Agrobacterium tumefaciens 

Agrobacterium tumefaciens is a phytopathogenic bacterium found in soils responsible for the so called 

Crown Gall disease in over 140 species of dicotyledonous plants, which is characterized by the 

formation of tumours. During infection by A. tumefaciens, a segment of DNA, the so called T-DNA 

(transferred DNA) which is flanked by short cis-acting elements (LB = left border; RB = right border) 

is transferred from the bacterium into the nuclear genome of the plant cell, a process which is 

exploited nowadays to efficiently transform plant cells with a desired gene (Zupan and Zambryski, 

1995). Agrobacterium tumefaciens-mediated gene transfer is dependent on the expression products of 

the vir genes which normally reside within the borders of the T-DNA on the ti-Plasmid (tumor-

inducing). But this two main components needed for succesful T-DNA transfer can also be located on 

different plasmids, which is the basis of “binary vector systems” (Hellens et al., 2000). 

The LBA4404 strain used in this study (LBA4404.pBBR1MCS-5.virGN54D) disposes of  a 

constitutive virG mutant gene on a compatible third plasmid – pAL4404 (ternary plasmid - which 

increases transformation frequencies and T-DNA transfer of  a range of plant species  compared to 

binary vector systems (Van der Fits et al., 2000). This strain was used to mediate transformation of 

tobacco BY2 cells (chapter 4.5.5.2). 

The bacteria were grown on “yeast extract broth” (YEB) medium (Van Larebeke et al., 1974) (Table 

18) at 25°C. The solid or liquid medium was supplemented with the suitable antibiotics: Rifampicin 

20µg/ml (chromosomal marker) and gentamycin 40 µg/ml (Ti plasmid marker). 

 

Yeast Extract Broth (YEB) medium: 

Gibco-beef extract 0,5 % (w/v) 

Bacto-yeast extract 0,1 % (w/v) 

Bacto-peptone 0,5 % (w/v) 

Sucrose 0,5 % (w/v) 

MgSO4 0,048 % (w/v) 

Adjust pH to 7,4 with NaOH; autoclave 20 min at 1 bar 

Table 18: Composition of the culture medium used for Agrobacterium tumefaciens 

 

4.3.3 Antibiotics 

Depending on the nature of the transformation experiment, plant and bacterial media were 

supplemented with one or more antibiotics (Table 19) to facilitate the selection of positive clones: 
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Antibiotics 
Abbreviation 

Molecular 
Mass [g/Mol] 

Solvant 
Stock 

solution 
[mg/ml] 

Storage 
conditions 

Final Concentration 
[µg/ml] 

Carbenicillin    
Carb 

422,4 (disodium) H2O 500 - 20°C 500 

Hygromycine B 
Hyg 

527,5 H2O 50 4°C 30 

Ampicillin         
Amp 

371,4 (sodium) H2O 100 -20°C 100 

Kanamycin        
Kan 

582,6 (sulfate) H2O 30 -20°C 30 

Tetracycline        
Tet 

444,4 EtOH 12,5 -20°C 12,5 

Gentamycin       
Gen 

477,6 H2O 40 -20°C 40 

Spectinomycin 
Spec 

495,3 (di-
hydrochloride) 

H2O 20 -20°C 20 (15) 

Table 19: Antibiotics used to prepare selective culture media for plants and bacteria 

 

4.4 Biochemical Methods 

4.4.1 Protein extraction for BY-2 proteomics 

Before starting the extraction, the BY-2 cells were collected in 2 ml Eppendorf or falcon tubes - 

depending on the volume of the assay – and   were spinned down in a centrifuge using maximum 

speed. Directly after discarding the supernatant, the resulting pellet was frozen in liquid nitrogen. If 

the material was used for 2-D-gel electrophoresis, it was optionally washed several times in 1xPBS 

buffer before collecting the cells by filtration under vacuum (using glass fiber büchner with a porosity 

of 4). 

Frozen material then was ground to a fine powder in a ball mill (Mikro-dismembranator S, B.Braun 

Biotech international, Melsungen Germany) at 3000 rpm for 2 min. The plant material, as well as the 

PFTE shaking flasks and the grinding balls were precooled in liquid nitrogen in order to avoid thawing 

of the plant material during the process. 

For reasons of reproducibilty 300 mg of ground plant powder was dissolved in 1,7 ml of pre-cooled 

acetone with 10% TCA and 0,07% ß-mercapto-ethanol. The mixture then was vortexed vigorously for 

at least 30 seconds and the samples were precipitated ON at -20°C. The next day, the samples were 

centrifuged for 15 min at 4°C and maximum speed. 

Protein and cell debris were washed two-three times by adding 1,8 ml washing buffer (acetone, 0,07% 

beta-mercaptoethanol, solution pre-cooled at -20°C) in order to remove any remaining TCA. Then the 
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supernatant was removed very carefully and between each washing step the pellet was vortexed for at 

least 30 seconds and if necessary a sterile metal spatule was used to dissolve it completely. Before 

centrifugation (15 min, 4°C, maximum speed), the solution was incubated for 1-2 h at -20°C. For the 

last washing step 80% acetone was used. The resulting pellet was then air-dried for 15 min. 

Depending on the purpose of the protein extraction, two different follow-ip treatments were used. 

For 1-D SDS PAGE, the pellets were dissolved in 200 µl of a Laemmli 2x buffer (62,5 mM Tris-HCl 

pH 6.8, 25% Glycerol, 2% SDS, add 10 µl betameracptoethanol to the sample for a final concentration 

of 5%). Then the samples were boiled for 3 min at 95°C and then cooled down very quickly again 

before going on to protein quantification. After quantification the samples were further diluted in 

Laemmlie buffer containing 0,01% bromophenol blue. 

For subsequent analysis on a 2-D-SDS gel the pellet was dissolved in a special solubilisation buffer 

fitting the requirements of isoelectrofocusing (5-7 M urea, 2M thiourea, 4% CHAPS, Tris-HCl pH 

8.5). 

 

4.4.2 Protein quantification  

The principle of this assay is based on the observation that the absorbance maximum for an acidic 

solution of Coomassie Brilliant Blue G-250 shifts from 465 nm to 595 nm when binding to a protein 

occurs. In this case, both, hydrophobic and ionic interactions stabilize the anionic form of the dye, 

causing a visible change in color, which can be measured with a light spectrophotometre. 

By comparing the obtained values at 595 nm to a standard curve, the amount of protein could be 

determined. The concentrations of the original sample were in the following calculated taking into 

account the volume/sample and the dilution factors (Bradford, 1976). 

The assay was performed according to the “Quick Start™ Bradford Protein Assay Instruction Manual- 

section: “microplate standard assay” (volume: 250 µL) available from Bio-Rad using bovine serum 

albumin as a standard. 

 

4.4.3 SDS-PAGE 

To seperate proteins according to their molecular weight SDS-Polyacryl-amid-gel-electrophorese 

according to the protocol of Laemmli (1970) was performed. As SDS is an anionic detergent that 

denatures secondary and non–disulfide–linked tertiary structures and applies a negative charge to each 

protein in proportion to its mass. This mass:charge ratio is uniform for most proteins. as a result,  

when an electric current is applied across the gel,  the negatively-charged proteins migrate across the 

http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
http://en.wikipedia.org/wiki/Detergent
http://en.wikipedia.org/wiki/Denaturation_(biochemistry)
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gel towards the anode (+) and their distance of migration through the gel can be assumed to be directly 

related to the size of the protein (Shapiro et al., 1967; Weber et al., 1969; Laemmli, 1970). 

A typical 1-D SDS PA-gel consists of two components. First of all, the low concentrated stacking gel 

(3-6%) with large pores and a pH 6.8, creating a thin starting zone of SDS-coated proteins and the 

higher concentrated resolving gel (usually 10 -20 %), which separates the proteins more or less 

according to their size. Larger proteins are retained by the small pores, whereas smaller molecules 

migrate quicker through the gel.  

Protein concentration was estimated according to the protocol of Bradford (1976), with the Bio-Rad 

protein assay reagent (Bio-Rad) and bovine serum albumin as a standard. Vertical SDS-PAGE was 

performed as described by Laemmli (1970) using the Bio-Rad 2 minigel system. 

 

 

4.5 General Techniques in Molecular Biology 

4.5.1 Polymerase Chain Reaction (PCR) 

Amplification of DNA fragments for sublconing reactions was carried out by means of a polymerase 

chain reaction (Mullis et al., 1986). The reaction was performed in an sterile PCR tube (Eppendorf) by 

mixing the following components: 

10 x amplification buffer 2 μl, 50 mM MgCl2 0,6 μl, 10 mM solution of four dNTPs 0,5 μl, 5 μM 

forward primer 1 μl, 5 μM reverse primer 1 μl, thermostable DNA polymerase 1-5 units (Invitrogen), 

and adding template DNA and distilled H2O to total volume 20 μl. 

The amount of template DNA varies depending on its properties. The amplification reaction was 

performed in an Eppendorf Thermocycler with the following cycling parameters. Annealing 

temperatures as well as elongation times need to be adapted to suit the particular reaction conditions. 

In special cases PCRs with different salt concentration or by adding DMSO, which influences the 

secondary structures of the DNA have to be carried out before finding the optimal conditions. 

 

Step Time and Temperature Repetitions/Cycles 

Initial Denaturation 5 min at 95°C 1 

Denaturation 30-60 sec at 95°C 20 – 35 

Annealing 30-60 sec at 50-65°C 20 – 35 

Extension 1 min/kbp at 72°C 20 – 35 

Final extension 10 min at 72°C 1 

Cooling 4°C 1 
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Table 20: Cycling Conditions for standard Polymerase Chain Reactions (PCR) 

For fragments exceeding 1000 bp in size Phusion Flash Polymerase (Finnzymes) was used according 

to the manufacturer’s recommendations. PCR products were purified by the kit “Nucleospin 

Extract II” (Macherey-Nagel). 

 

4.5.2 Preparation of XL1-Blue competent cells 

Two standard methods for the transformation of competent bacterial cells are widely used: The 

calcium chloride (Dagert and Ehrlich, 1979)and the electroporation method (Okamoto et al., 1997). 

During my studies only the calcium chloride method was used. 

A glycerol stock of an XL1-blue strain containing no plasmids was thawn on ice and stroken out onto 

a LB plate containing 12,5 µg/ml tetracycline. The plate was incubated over night at 37°C until single 

colonies were visible. 3ml of LB medium (12,5 µg/ml) were inoculated sterily with a single colony 

and incubated for 12 h at 37°C under permanent shaking (200 rpm). 500 µl of this preculture were 

added to 50 ml of LBtet medium and grown at 37°C until an OD600 nm of 0,4-0,5 was reached (early log 

phase is optimal). Then the bacterial culture was transferred to a 50 ml Falcon
TM

 tube and pelleted by 

centrifugation for 10 min at 4500 rpm and 4°C. After discarding the supernatant the pellet was 

resuspended in 10 ml of sterile cold CaCl2 solution (CaCl2 60 mM; PIPES 10 mM; glycerol 15 %; pH 

7). After another centrifugation step (2500 rpm; 4°C; 10 min) the cells were resuspended in 10 ml of 

CaCl2 solution and chilled on ice for 30 min before being centrifugated under the same conditions as 

above. The resulting pellet was resuspended in 0,5 – 1 ml of CaCl2 solution to yield the final 

competent cell solution. The cells were then transferred to sterile cryo-tubes (0,65 ml) and frozen in 

liquid nitrogen before storing them at -80°C. 

 

4.5.3 Transformation of E.coli chemical-competent cells 

Calcium chloride treatment produces competent cells that will take up DNA following a heat shock 

step. There is a multitude of different protocols trying to optimize the yield of bacterial transformation 

(Tu et al., 2005). The following protocol describes the standard procedure from our laboratory: 

One tube per transformation reaction to perform is taken from the -80°C stock and thawn on ice for 5-

10 min before adding the DNA solution of interest (5 µl of ligation or 1 µl of plasmid mini 

preparation). The cells are incubated for 30 min on ice. The cells are then exposed to 42°C for 60-90 

sec (heat shock). 

Following the heat shock treatment, 300 µl of LB medium (without selective markers/antibiotics) are 

added in order to aid the bacterial cells’ recovery prior to plating them on solid LB medium containing 
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the appropriate selective marker. Positive clones are picked the next day and transferred to 3 ml of LB 

medium with antibiotics and grown for 12 h at 37°C on an incubator-shaker before being analyzed.  

 

4.5.4 Isolation of plasmid DNA from Escherichia coli 

Isolation of plasmid DNA from E. coli is a routine method in research laboratories. The protocol 

involves SDS/alkaline lysis of the bacterial cells and was mainly performed using the NucleoSpin
® 

Plasmid QuickPure kit from Machery-Nagel according to the user manual. This protocol is often 

referred to as a plasmid "mini-prep," and yields fairly clean DNA quickly and easily as the kits are 

especially designed for the rapid, small-scale preparation of pure plasmid DNA. 

However the yield and quality of plasmid DNA depends also on other factors like the type of the 

growing media, the nature of the bacterial host, the plasmid type (size, copy number, selection marker 

etc.).  

To obtain highly pure plasmid DNA, e.g. for the bombardement of BY-2 cells, alternatively a slightly 

modified protocol was used (1983). 

An overnight culture of the transformed bacteria is pelleted for 1-2 min in a microcentrifugeand 

resuspended in 100 µl of GTE buffer (50 mM glucose, 25 mM Tris-HC1- pH 8, 10 mM EDTA - pH 

8.0) by vigorous vortexing. After adding 200 µl of freshly prepared lysis buffer (0,2 N NaOH, 1 % 

SDS) the content of the tube is mixed by inversion. Now 150 µl of potassium acetate buffer (120 ml 

potassium acetate 5 M, 23 ml of glacial acetic acid, 57 ml H2O, pH 4,8) are added and the tube is again 

mixed by inversion before being centrifugated for 30 min at 4°C at 11000 g . 

The supernatant containing the cytosolic debris and the desired plasmid DNA is transferred to a new 

tube, mixed with 500 µl of isopropanol and again centrifugated under the same conditions as above. 

The resulting pellet is dried at room temperature and solubilized in 100 µl of RNAse A solution (0,1 

mg/ml)   

After 20 min of incubation at 37°c the supernatant is extracted with a 

Phenol/Chloroform/Isoamylalcohol (25/24/1) mix and centrifugated for 10 min at 11000 g. 

The aqueous phase containing the nucleic acids is transferred to a new tube. The plasmid DNA is then 

precipitated by adding 100 µl of isopropanol and 10 µl of 3 M sodium acetate (pH 4,8) and 

centrifugating the mixture for 30 min at 11000g at 4°C. The pellet is dried at RT and resolubilized 

depending on ist size in 20 – 50 µl of H2O or TE buffer (10 Tris/ 1EDTA, pH 8). 
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4.5.5 Stable transformation of BY-2 cells by agroinfection 

4.5.5.1 TBY2 cell culture 

A cell suspension of tobacco BY2 cells (Nicotiana tabacum cv Bright Yellow 2) was maintained by 

weekly subculture according to (Nagata et al., 1992), diluting 0,75 ml of 7 day old culture in 40 ml of 

fresh Murashige and Skoog medium (1962). The cells were then cultured at 27°C in the dark on a 

rotary shaker (154 rpm).  

 

 

Product 
Molecular 

weight [g/Mol] 
Stock 

solution  
weight/volume Solvant  Recipe for 1 L 

Murashige and Skoog 
(Basal salt mixture - 1L, M 

0221 Duchefa ) 
 -   -   -   -  4,3 g 

Thiamine (Hydrochloride) 337,3 1000 x 20 mg/20ml H20 
1 ml of stock 

solution 

2,4-D (2,4-
Dichlorophenoxyacetic 

acid) 
221 500 x 1 mg/ml in EtOH 

 + 9ml KOH 
(0,1 N) 

2 ml of stock 
solution 

KH2PO4 136,09 54x 20 g/L H20 
18,5 ml of stock 

solution 

Myo-Inositol 180,2 100x 10 g/L H20 
10 ml of stock 

sloution 

Sucrose 342,3  -  30 g  -  30 g (3%) 

adjust pH to 5,8 with KOH; autoclave 20 min at 1 bar (for solid medium add 0,8 % Agar) 

Table 21: Composition of the modified Murashige and Skoog medium (MS) used for the subculturing of 

TBY-2 cells 

 

Transformed cell lines were treated as the wt lines besides adding the suitable antibiotics to the culture 

medium. 
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4.5.5.2 TBY2 transformation protocol 

The genes of interest were introduced into TBY2 cells by Agrobacterium tumefaciens-mediated 

transformation using the specially adapted LBA 4404 strain.  

Therefore a single colony, harbouring the desired construct is used to inoculate 3 ml YEB in the 

presence of antibiotics and incubated at 28 °C for 24-48 hrs. Then 50 µl of this pre-culture are taken to 

inoculate 2 ml of fresh YEB (supplemented with the same antibiotics) and incubated overnight at 28° 

under permanent shaking. 

The next day the bacteria cells are collected by centrifugation at 3500 rpm for 10 min and washed 

once with 2 ml of sterile 10 mM MgSO4. The resulting pellet is resuspended in 400 µl 10 mM MgSO4 

supplemented with Acetosyringone to a final concentration of 200 µM (prepared in Ethanol) and 

incubated for 1h – 3h at room temperature. 

Four ml of a 3-day-old TBY2 culture are incubated with 100-200 µl of the acetysyringone treated 

Agrobacterium cells. The suspension is co-cultivated in petri dishes (diameter: 6 cm) for 48 h at 27°C 

and washed 4 times with sterile TBY2-medium (3500 rpm for 5 min). After the last wash the needed 

antibiotics are added and the cells are plated onto solid TBY2 medium (with selection markers) and 

cultured for 3-6 weeks until calli appear which are transferred to new plates or to liquid medium in 

order to start clonal cultures to work with. 

 

4.5.5.3 Re-selection of TBY2 calli from liquid medium 

A big problem maintaining transformed TBY2 cell lines in liquid medium was the occuring loss of 

overall fluorescence or fluorescence intensity. 

In order to restart new homogenous cell lines from an existing clonal liquid culture losing its 

fluorescence, several dilutions of the original cultures were made. The following dilution proved to 

give the best results as far as the numbers of appearing calli are concerned. 3 ml of a 7-day old TBY2 

wt culture were 10 fold diluted in 27 ml of liquid TBY2- medium. In order to get a 500 fold dilution of 

the clonal culture 60 µl of the 7-day old fluorescent cell line (pTA-H6-GFP-DB-CVIL) were added 

and after homogenizing the solution, 7 ml were plated out on dishes containing TBY-2 solid medium 

(diameter: 12 cm), supplemented with the appropriate antibiotics. After 2-3 weeks the first calli should 

appear (25 – 100 calli). They are transferred to new plates and as soon as they reached more than 10 

mm in diameter small liquid cultures were started by transferring and homogenizing half of the calli in 

10 ml TBY-2 medium (supplemented with the appropriate antibiotics). 
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4.5.6 Preparation of A. tumefaciens chemical competent cells 

The protocol used for competent cell preparation for heat shock transformation using CaCl2  is derived 

from An et al.(1988). 

An A. tumefaciens freezer stock is streaked out onto a YEB plate containing rifampicin (20 µg/ml) and 

gentamycin (40 µg/ml) and is incubated for 48 h at 28°C until separated colonies are visible. 

In order to start a miniculture a single bacterial colony is inoculated in 10 ml using YEB medium 

supplemented with the appropriate antibiotics and incubated by shaking at 28°C for 48 h.  

50 ml of YEB/Rif/Gen are inoculated with 0,5 – 1ml of the 10 ml culture and grown overnight under 

permanent shaking at 28°C until the OD600nm reaches 0,6 – 0,8. 

The cells are centrifugated for 10 min at 3000 g and 4°C and the pellet is resuspended in 1ml of pre-

cooled CaCl2 – solution. Finally the cells are aliquoted in sterile tubes (40 – 50 µl) and frozen in liquid 

N2 before storing them at – 80°C. 

 

4.5.7 Preparation of A.tumefaciens electro-competent cells  

Agrobacterium tumefaciens strains are grown for 3days at 28°C on solid YEB medium containing the 

appropriate antibiotics. One colony is used start a pre-culture in 10 ml YEB medium (supplemented 

with antibiotics) which is incubated for 2 days at 28° and permanent shaking. 2ml of the pre-culture 

are used to inoculate 100 ml YEB medium and this culture is incubated at 28°C for about 12 hours 

until the OD600nm reaches 1,0 – 1,2. The transformation competence of Agrobacterium cells is strongly 

associated with particular combinations of bacteria strains and plasmid-selection markers as well as 

the optimal phase of growth at which the competent cells are prepared for transformation (McCormac 

et al., 1998). Therefore the OD600nm  - values can vary depending on the strain used for transformation. 

After reaching the right OD600nm  the cultures are transferred to Falcon tubes and chilled on ice for 20 

min. After centrifugating the cells for 5 min at 4000 g and 4°C the resulting pellet is resuspended in 40 

ml of ice-cold, sterile MilliQ- water. This step is repeated one more time before washing the cells 2 

times in 25 ml 10 % Glycerol solution (4000 g, 5min, 4°C). Prior to the last centrifugation the pellet is 

resuspenden in 0,5 – 1ml of 10% Glycerol (ice-cold) before aliquoting the cells into sterile 0,65 ml 

Eppendorf tubes (40 µl) and storing them immediately at -80°C. 
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4.5.8 Transformation of A.tumefaciens chemical competent cells by 

heatshock 

Approximately 1 µg of plasmid DNA is added to an aliquot of competent cells thawn on ice. After 

keeping the cells on ice for 5 min they are rapidly transferred to the -80 freezer or alternatively to 

liquid N2 for 5 min before incubating them at 37°C for 5 min. 300 μl of YEB medium (without 

antibiotics) is added to each tube and the mixture is incubated for 3 h at 28°C and permanent shaking 

to allow the bacteria to recover. The recovered culture is plated onto YEB solid medium containing 

the appropriate antibiotics and incubated at 28°C.Transformed colonies should appear in 48-72 h. 

 

4.5.9 Transformation of A.tumefaciens electro-competent cells by 

electroporation 

1 µl (1-5 µg of DNA) of plasmid DNA is added to an aliquot of electro-competent A.tumefaciens cells 

thawn on ice and mixed. 

The Mixture is transferred to a pre-cooled electroporation cuvette (Bio-Rad. 2ml) and the 

electroporation is carried out as recommended by the electroporators manufacturer (Bio-Rad: 

capacitance: 25 µF – Voltage: 1,44 – 2,4 kV – Resistance: 200 Ω - pulse length: 5 msec). Immediately 

after the electroporation 300 – 1000 µl of YEB medium are added and the cells are allowed to recover 

for 1 – 3 h at RT under gentle agitation. The cells are then spread on plates containing the appropriate 

antibiotics and incubated for 3-4 days at 28°C until first colonies appear. 

 

4.5.10 Restriction of DNA fragments 

Depending on the cloning strategies, single or double digestions with commercial available restriction 

enzymes (Roche, Fermentas, NEB) were performed. 

For single digestions, approximately 200 ng of DNA is digested with 1-2 units of the relevant 

restriction enzyme (Roche, Biolabs, Fermentas) according to the manufacturers recommendations in a 

total volume of 10 µl. The mixture is incubated for 1 h at the optimum temperature of the specific 

enzyme. 

For double digestions 200-500 ng of DNA are incubated with 1-2 units of the relevant restriction 

enzymes using the commercial buffer being optimal for the chosen restriction enzyme combination. 

Depending on the efficiency of the digestion reaction, samples are incubated for 2h or more 

(overnight) at the recommended temperature. 



Material and Methods 

 

 

 

182 

After digestion the samples are analyzed by DNA gel electrophoresis and the digested DNA is purified 

with the „Nucleospin Extract II“ kit from Macherey-Nagel. 

 

4.5.11 Ligation of DNA fragments 

In order to ligate a digested DNA fragment with the desired plasmid, the 20 µl ligation mixture 

containing 60-100 ng target DNA, 20-40 ng of plasmid DNA, 10 x ligation buffer and 1 unit of T4 

DNA Ligase (Fermentas) is incubated overnight at 4°C. 

The ligation product was in most of the cases directly used to transform chemically-competent E.coli 

cells by heat shock as described. 

 

4.5.12 Cloning of blunt end DNAs into a sequencing vector using the 

Digestion – Ligation method (DIG-LIG) 

This protocol was used to clone blunt end PCR products into a subcloning vector in order to verify the 

sequence of the amplified fragment. 

It is taking advantage of the low SmaI working temperature which is close to the RT and its presence 

in the multiple cloning site (MCS) of most of the commercial cloning vectors, such as pBluescript. 

The MCS itsself is located in the LacZ coding sequence corresponding to wt beta-galactosidase and 

allows to select for positive clones by blue/white screening. 

The 10 µl Digestion-ligation mixture, containing 1 µl plasmid DNA (~30 ng), target DNA (50-100 

ng), 1 unit SmaI, 1 µl 10 x T4 ligase buffer, 1 µl T4 Ligase (Fermentas) is incubated overnight at RT. 

5 µl of this dig-lig reaction are used to transform XL1-Blue competent cells as described and they are 

plated onto LB plates supplemented with 100 µg/ml Ampicilin. The transformed cells are grown in the 

presence of X-Galactosidase and IPTG. If the digestion-ligation reaction was successful, the bacterial 

colony will be white; if not, the colony will be blue. 

 

4.5.13 Agarose Gel electrophoresis of DNA and RNA 

This technique was used to seperate or to analyze DNA or RNA fragments. The electrophoresis is 

commonly performed on an agarose gel (0,8 – 2,5% in TAE buffer) and depending on the purpose of 

the Gel electrophoresis - visual analysis, quantification or isolation of a particular band – the 

concentration is chosen. A low percentage gel will show good separation (resolution) of large DNA 

fragments (5–10kb) and higher concentrated gel will show good resolution for small fragments (0.2–

1kb). 
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Therefore 0,8 – 2,5 g Agarose ( ) are diluted in 100 ml of 1 x TAE buffer (40 mM Tris-acetate; 2 

mM EDTA), heated in the microwave until the agarose is completely dissolved. Then the 

solution is cooled to room temperature and ethidium bromide, a DNA - intercalating reagent, which 

absorbs UV light and emits visible orange light, is added (10 µg/ml) before pouring the mixture into 

the gel chambers. 

The samples are prepared with 5 x gel loading buffer (0,25% bromophenol blue ; 0,25% xylene cyanol 

; 15% glycerol) and run at 90 V in 1 x TAE buffer next to a DNA size marker (Mass-Ruler, Bio-Rad). 

Bands are visualized under UV light and acquired with the Chemi-smart 3000 image acquisition 

system. 

 

4.5.14 Glycerol stocks 

In order to create a glycerol stock of a created or imported construct a single colony of the clone 

ispicked off a plate and grown overnight in the appropriate selectable liquid medium. 

The next day 0,5 ml of the overnight culture are added to 80% sterile glycerol in a sterile screw cap 

microcentrifuge tube. Certain antibiotics, like tetracycline, should be removed first as they can display 

toxic effects over the time. This can be achieved by spinning down the culture and resuspending the 

cells in LB medium. After vortexing and adding all pertinent information on the tube the stock is 

frozen at -80°C. 

To restart a culture the glycerol stock is briefly removed from -80°C and a small portion is scraped off 

the top of the frozen glycerol stock with a sterile metal inoculation loop and streaked onto a plate with 

the appropriate antibiotics.The tube is then rapidly returned to the -80°C freezer to avoid thawing as 

freeze thaw cycles will kill the clone. 

 

4.5.15 Preparation of genomic DNA from bacteria 

The pellet of a 50 ml over-night culture is gently mixed with 2,5 ml of alkaline solution (0,2 N NaOH, 

2,5 % SDS) and incubated on ice for 30 min. Then 5ml of lysis solution (1,5 mg/ml lysozyme, 80 mM 

Tris-HCl, 10 mM EDTA, 1 % Glucose) are added and the content of the tube is mixed by inversion 

and incubated on ice for 5 min. After adding 3,75 ml of sodium acetate (3M, pH 4,8) the suspension is 

incubated on ice for 1 h before being centrifugated for 10 min at 8000 g. The supernatant is transferred 

to a new tube and the centrifugation step is repeated to get rid off the cellular debris. 

In order to precipitate the DNA 2 volumes of 100% Ethanol are added and the tube is incubated at -

20°C over-night and centrifugated for 20 min at 8000 rpm the next day. The resulting pellet is briefly 

dried and resuspended in 900 µl T10E1 and incubated on ice for several hours. After spinning the 
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solution for 10 min at 6000 g the supernatant is transferred to a new tube and is incubated for 15 min 

with 10µl RNase A (10 mg/ml). The DNA is then extracted by gently mixing the solution an equal 

amount of Phenol-Chloroform and transferring the upper, aqueous phase to a new tube after a spinning 

it at 10000 g for 10 min. A final precipitation step with 2 volumes 100% Ethanol is done before 

resuspending the air-dried pellet in an appropriate amount of T10E1. The purity of the DNA can be 

checked by electrophoresis or spectrophotometric analysis methods.  

 

 

4.5.16 Isolation of total RNA from plant tissue 

This protocol was used for total RNA extraction from Arabidopsis thaliana leaves as well as for 

Nicotiana tabacum BY2 cells. 

After grinding the plant tissues in liquid nitrogen, 200 mg of the fine powder is transferred to a 2ml 

Eppendorf tube, where it is homogenized  in 800 µl Trizol Reagent (Invitrogen) by vigorous vortexing 

and incubated on ice for 10-15 min (or alternatively 5 min on RT).  

Then 800 µl of Chloroform/Isoamylalcohol (24/1) are added and the mixture is vortexed at least for 15 

seconds before being chilled on ice for 10-15 min again. After centrifugation of the suspension for 15 

min at 4°C and 12000 g the supernatant is transferred to a new 1,5 ml Eppendorf tube and the nucleic 

acids are precipitated by adding 1 ml of ice-cold Isopropanol. The mixture is incubated for 20 min at – 

20°C before being centrifugated for 30 min at 12000 g and 4°C. Now the supernatant is discarded 

carefully and the small pellet is washed  with 500 µl 80% ethanol by centrifuging 12 min at 10000 g 

and 4°C. After discarding the supernatant the pellet is air-dried and resuspended in 20 – 50 µl of 

RNase-free water depending on its size. The concentration and purity of the RNA can be analyzed by 

spectrophotometric analysis (Table 22). 

 

 

4.5.17 Reverse transcription  

Before starting the synthesis of cDNA the extracted RNA should be treated with DNase I (Fermentas) 

in order to avoid DNA interference. The reaction is performed according to the manufacturers 

protocol, incubating 1 µg of RNA with 1µl RNase Out, 1µl 10 x buffer (+ MgCl2) and 1 µl DNase I 

in a final volume of 10 µl for 30 min at 37°C. To stop the reaction 1 µl 25 mM EDTA was 

added and the mixture was incubated at 65°C for 10 min. 

After incubating DNase I – treated RNA for 5min at 65°C with 1 µl Oligo-dt (15 tn) and 1µl dNTP-

Mix (10 mM) the mixture is chilled for 1-2 min on ice before adding 4µl 5 x reaction buffer, 1µl 0,1 M 
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DTT, 1µl SuperScript III Reverse Transcriptase (Invitrogen). The reaction mixture is incubated at 

50°C for 60 min, and at 70°C for 15 min. The synthesized cDNA can be used as the templates in PCR 

reactions. 

 

4.5.18 Spectrophotometric analysis of nucleic acids 

The concentrations of oligonucleotides, DNA and RNA were determined by absorption measurement 

in an Eppendorf spectrophotometer (BioPhotometer) according to the manufacturers’ protocol. The 

measurements were performed at 230, 260 or 280 nm in special Eppendorf UVette® cuvettes. The 

extinction value at 260 nm allows an estimation of the concentration of nucleic acid in a sample, 

whereas the ratio between the values taken at 260 nm and 280 nm (A
260

/A
280

) and 230nm and 260 nm 

(A260/A230) provides an estimate of the purity of the nucleic acid. Nucleic acid is detected at 260 nm, 

whereas protein, salt and solvents are detected at 230 and 280 nm Good quality RNA should therefore 

have an OD 260/280 ratio of 1.8 to 2 and an OD 260/230 of 1.8 or greater indicating that extracted 

DNA/RNA is devoid of these contaminants. 

To calculate the concentration of nucleic acid in the sample following equation can be used: 

 

[c] = OD260 nm x 40 µg/ml x dilution factor 

Excitation wavelength and type of nucleic acid amount of nucleic acid per 1 OD unit  

1 A260 unit of double stranded DNA  50 μg 

1 A260 unit single stranded DNA or RNA (>100 bases)  40 μg 

1 A260 unit of single stranded DNA (less then 25 
bases)  

20 μg 

1 A260 unit of single stranded DNA (30-80 bases)  30 μg 

Table 22: Overview of the conversion factors used for DNA an RNA quantification 
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4.5.19 Particle bombardment of TBY2 cells 

 

The standard vector used for transient transformation of TBY-2 cells was the pGFP-MRC vector, 

containing the coding sequence of the GFP protein. 

4.5.19.1 Preparation of the particles for bombardment 

The Plasmid DNA was purified using the NucleoSpin
® 

Plasmid QuickPure kit from Machery-Nagel 

according to the user manual. The protocol for precipitation of the plasmid DNA onto the M-17 

tungsten particles (Bio-Rad: 1,1 µm diameter) is optimized for 2 shots per petri dish. 

Therefore 1 mg (amount needed for one petri dish) of tungsten particles was resuspended by vigorous 

agitation in 1ml of 100% EtOH and incubated for 20 min at RT to allow the precipitation of the 

microprojectile beads on the bottom of the Eppendorf tube. After 2 min of centrifugation at 9.000 g 

and RT the supernatant was carefully removed and the beads were vacuum speed dried for several 

minutes. 

After this procedure the tungsten particles were resuspended in 16,5 µl of 50% Glycerol (per mg of 

beads). Then 8 µl of DNA were added at a concentration of 1µg/µl. Now 33 µl of a calcium chloride 

solution ( 2 M) were added to the DNA/beads mixture. Finally 15 µl of Spermidine at a concentration 

of 2 M were mixed with the solution before vortexing the Eppendorf tube. 

This mixture was allowed to stand for 20 min at RT prior to centrifugation for 30 sec at 350 g (1000 

rpm in a small table centrifuge). After discarding the supernatant the beads were washed 2 times in 

150 µl of 70% and 100% EtOH (30 sec at 350 g). This step was followed by vacuum speed drying for 

5 min. To complete the pretreatment process the particles were resuspended in 14 µl of 100% EtOH 

which is sufficient to do 2 bombardments with the particle gun (7 µl each). It is recommended to use 

the pretreated microprojectile beads as soon as possible after preparation.  

4.5.19.2 Preparation of the plant material for bombardment 

For transient transformation of tobacco BY-2 cells a Particle Gun system was used (Particle Inflow 

Gun, Finer et al, 1992), which was optimized after Brown et al. (1994). Four days before doing the 

bombardment, 0,75 ml of a 7 day-old culture were diluted in 40 ml of MS-BY2 medium and grown 

under standard conditions (27°C, shaking at 120 rpm in the dark).  

The day of the bombardment 3-5 ml of the cell culture were transferred under sterile conditions onto a 

Whatman paper (diameter 3 cm) using a buchner filter. The Whatman paper was then placed on top of 

a petri dish containing solid MS-BY2 medium (0,5 % Agar) and directly used for bombardment with 

the pretreated DNA-coated tungsten particles. 
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4.5.19.3 Bombardment and transient expression of desired proteins 

Each petri dish containing the TBY-2 cells transferred on Whatman Paper received two bombardments 

by the particle gun. Normally at least two independent repetitions of the experiment were completed. 

The settings used for the bombardment vary largely depending on the type of particle gun used and 

have to be adapted individually. For the particle gun used at the IBMP they were as follows: firing 

distance of the dish: 11 cm, pressure: 0,8 bar, opening time: 25 ms. After the first bombardment, the 

dish was turned 180° and the procedure was repeated. 

Following particle gun treatment the samples were incubated for 16-20 h in the dark at 26°C to allow 

transient expression of the desired proteins.  

The success of the bombardment was observed using a fluorescence microscope as described in the 

following section (4.5.20). 

 

 

4.5.20 Microscopy 

Cell imaging was performed using a LSM510 confocal laser scanning microscope equipped with an 

inverted Zeiss axiovert 100 M microscope (Carl Zeiss, Jena, Germany). For statistical observations, 

such as counting cells after various treatments, a 10x Zeiss objective (“Plan-Neofluar”) was used. At 

confocal resolution, images were taken using a a 63x, 1.2 numerical aperture water immersion 

objective (“C-Apochromat”). In both cases, differential interference contrast (DIC) images were 

recorded. 

Epifluorescence microscopy was performed using a Nikon E 800 fluorescence microscope equipped 

with a Nikon DXM1200 CCD high-resolution color camera (20x0,45 objective) and ACT-1 image 

software. 

Images were processed with the latest version of the Zeiss LSM Image Browser software (Carl Zeiss, 

Jena, Germany) and exported as Tiff or JPEG files. Final image analysis and adjustments was 

performed using either Photoshop version 8.0 (Adobe Systems, San Jose, USA) or the Image J 

software version 1.31 (Wayne Rasband, NIH, USA; http://rsb.info.nih.gov/ij). 

http://rsb.info.nih.gov/ij
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Table 23: Properties of the fluorochromes and fluorescent proteins used in this work 

 

 

4.6 Bioinformatical Analysis 

4.6.1 Molecular Biological Software 

Two software packages (Vector NTI and BioEdit) and two free applications (Biology Workbench and 

NCBI ORF Finder) were used for the in silico manipulation of nucleic and protein sequences and the 

study of DNA and protein properties. Vector NTI software suite was used for the the analysis of DNA 

sequence chromatograms generated after DNA sequencing. Details on all software are listed in Table 

12. 

 

4.6.2 Algorithms and software for prediction  

Several algorithms and software programs were used to analyze obtained nucleic acid and peptide 

sequences. An overview of the different programs used in this study is given in 4.1.2.1 and 4.1.2.2. 

Fluorochrome Purpose 
Excitation peak 

(nm) 
Emission peak 

(nm) 
Laser 

(excitation) 
Filter 

settings 

DAPI (4',6-
diamidino-2-
phenylindole, 

dihydrochloride) 

DNA staining 
(visualisation of 

nuclei) 
364 (bound to DNA) 

454 nm (bound to 
DNA) 

Diode laser (405 
nm) 

"long pass" 
(475 nm) 

Hoechst 33342 
DNA staining 

(visualisation of 
nuclei) 

350 (bound to DNA) 
461 nm (bound to 

DNA) 
Diode laser (405 

nm) 
"long pass" 
(475 nm) 

Propidium Iodide 
DNA staining 

(visualisation of 
dead cells) 

535 nm (bound to 
DNA) 

617 nm (bound to 
DNA) 

Helium-Neon laser 
(543/633 nm) 

„band pass“  
(575-615nm)  

Fluorescent 
Protein 

Purpose 
Excitation peak 

(nm) 
Emission peak 

(nm) 
Laser 

(excitation) 
Filter 

settings 

GFP (Green 

Fluorescent 

Protein) 

intracellular 
localisation of 
fusion proteins 

2 peaks: 395 nm 
/475 nm 

509 nm 
Argon laser (488 

nm) 
"band pass" 
(505-550nm) 

mRFP 

(monomeric Red 

Fluorescent 

Protein) 

intracellular 
localisation of 
fusion proteins 

584 nm 605 nm 
Helium-Neon laser 

(543/633 nm) 
„band pass“  
(575-615nm) 
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4.6.3 Database search  

Different nucleic acid databases were consulted to retrieve sequence information from genomic 

clones, ESTs, mRNAs, cDNAs and translated proteins/polypeptides in order to design oligos for 

subsequent cloning purposes, semi-quantitative or RACE-PCRs.  

The protein databases listed in table were consulted to analyze proteins and polypeptides in regard (see 

chapter 4.6.2). 

 
 

4.6.4 Image acquisition, analysis and processing software 

Agarose gel and SDS-PAGE pictures were captured with the Chemi-smart 3000 image acquisition 

system. Epifluorescence images were recorded and analyzed using Image J software, confocal 

microscopy images were acquired and analyzed with the latest version of the Zeiss LSM Image 

Browser program. All images were processed using Image J software and/or Adobe Photoshop. 

Illustrations were designed using Office 2002 PowerPoint or Adobe Illustrator CS version 11.0.0. 

Details concerning the used software are listed in Table 12. For specialised image analysis, ImageJ 

software was used. 
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66  SSuummmmaarryy  

In our laboratory, we have recently established an in vivo visualization system for the 
geranylgeranylation of proteins, based on a stably transformed tobacco BY-2 cell line (Gerber et al., 
2009). This line expresses a dexamethasone-inducible GFP fused to the prenylable, C-terminal basic 
domain of the rice calmodulin CaM61, which naturally bears a CaaL geranylgeranylation motif (GFP-
BD-CVIL). The use of pathway-specific inhibitors revealed that inhibition of the MEP pathway as well 
as inhibition of geranylgeranyltransferase type 1 (PGGT-1) shifted the localization of the GFP-BD-
CVIL protein from the membrane to the nucleus/nucleolus. In contrast, inhibiting the MVA pathway did 
not affect the localization. Chemical complementation assays with pathway-specific intermediates 
further confirmed that the geranylgeranyl diphosphate precursor for the isoprenylation of the GFP-DB-
CVIL fusion protein is predominantly delivered by the MEP pathway, thus providing us with a versatile 
bioassay that allows to screen for inhibitors of the MEP pathway, which could have significance for the 
development of pharmaceutical compounds (antibiotics, antimalarial drugs...) and bleaching 
herbicides. 
During the present work, this test system has succesfully been used to check novel herbicide and 
drugs, and to study the impact of inhibitors of sterol biosynthesis and post prenylation reactions on the 
localization of the geranylgeranylable fusion protein. 
In order to optimize this visualization system from a more qualitative assay to a statistically trustable 
high-throughput screening system, the existing GFP-BD-CVIL cell line was further transformed with an 
estradiol-inducible vector, driving the expression of a RFP protein, C-terminally fused to a NLS 
(nuclear localisation signal). This new strategy allows quantifying the total number of viable cells 
versus the number of inhibited cells after various treatments. Coupled to a semi-automatic counting 
system (based on the freely available image processing software ImageJ), it also reduces both the 
time of image analysis and the risk of user-generated bias to a minimum. Moreover, there is no cross-
induction of gene expression by dexamethasone (GFP-BD-CVIL) and estradiol (NLS-RFP), an 
important prerequisite for studies beyond attempts of establishing such a high-throughput test system. 
Finally, the assay was adapted to the use of 96-well glass-bottom plates and provided us with an 
inexpensive, visual system to screen for potential inhibitors of the MEP pathway. 
 
Dans notre laboratoire, nous avons récemment mis au point un système permettant de visualiser la 
géranylgéranylation des protéines in vivo, en utilisant une lignée cellulaire de tabac BY-2 transformée 
(Gerber et al., 2009). Cette lignée exprime une protéine GFP inductible par la déxaméthasone et 
fusionnée en C-terminal avec le domaine basique de la calmoduline de riz CaM61, qui porte un motif 
CaaL de géranylgéranylation (GFP-BD-CVIL). L'inhibition de la voie du MEP et de la géranylgéranyl-
transférase de type 1 (PGGT-1) par des inhibiteurs spécifiques se traduit par une délocalisation de la 
protéine GFP-BD-CVIL de la membrane plasmique au noyau et nucléole. Par contre, l'inhibition de la 
voie du MVA n'affecte pas la localisation de la protéine. Des essais de complémentation chimique 
avec des intermédiaires biosynthétiques ont confirmé que les précurseurs du GGPP, pour 
l'isoprénylation de la protéine de fusion, sont fournis essentiellement par la voie du MEP, nous 
permettant ainsi de disposer d'un test biologique pour le criblage d'inhibiteurs spécifiques de cette 
voie, susceptibles d'avoir des applications en pharmacie et en agriculture, tels que des antibiotiques, 
des agents anti-paludisme ou des herbicides.  
Dans la présente étude, ce test a été utilisé avec succès pour examiner l'efficacité de nouveaux 
herbicides et étudier les effets d'inbibiteurs de la biosynthèse des stérols et des réactions de post-
prénylation sur la localisation de la protéine de fusion géranylgéranylable. 
Dans le but d'optimiser ce système de visualisation et le transformer en un système de criblage fiable, 
la lignée cellulaire exprimant la protéine GFP-BD-CVIL a été retransformée avec un vecteur inductible 
par l'estradiol, contrôlant l'expression d'une protéine RFP fusionnée, en C-terminal avec une 
séquence NLS ("nuclear localization signal").  Cette nouvelle stratégie permet de quantifier le nombre 
total de cellules viables dans une population de cellules traitée par différents inhibiteurs. Couplée à un 
système semi-automatique de comptage (basé sur le logiciel ImageJ), elle réduit à la fois le temps 
d'analyse et le risque de biais générés par l'utilisateur. De plus, il n'y a aucune induction croisée de 
l'expression des gènes par la déxaméthasone (GFP-BD-CVIL) et l'estradiol (RFP-NLS), une condition 
préalable indispensable pour l'utilisation ultérieure de ce test à plus grande échelle. Finalement, le test 
a été adapté pour l'utilisation de plaques de verre à 96 puits, ce qui permet d'établir un système de 
criblage à grande échelle et bon marché, pour la recherche d'inhibiteurs potentiels de la voie du MEP. 
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