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ABSTRACT  

Plants have developed many different mechanisms to promptly respond to their changing 

and often times stressful environment. For this, plasma membrane (PM) protein 

abundance and localization are under tight regulation. PM proteins destined for 

degradation are ubiquitinated and sorted by the ESCRT (Endosomal Sorting Complex 

Required for Transport) machinery via endosomal vesicles to the vacuole for degradation. 

In higher plants, the TOL (TOM1-like) proteins works as a molecular player in the first 

steps in the protein degradation of ubiquitinated PM proteins, functioning as alternate to 

the ESCRT-0 complex. The detailed mechanism for this starting point is however still 

unclear. In this study I could demonstrate that different members of the TOL proteins have 

different localization, playing a role between the PM and the cytoplasm, which points 

toward different functions of the TOLs. Additionally, I could show that the TOLs interact 

with phospholipids, most strongly with phosphatidic acid known as important lipid in stress 

responses, as well as ubiquitin via their conserved ubiquitin binding domains. I generated 

a ubiquitin binding deficient TOL6 allele by mutagenizing essential amino acids, which 

was unable to rescue the pleiotrophic phenotype of a higher order TOL mutant (tolQ) and 

showed pronounced differences in its subcellular localization to the wild type allele. 

Ubiquitin receptors, containing ubiquitin binding domains, are frequently subjected to a 

regulatory mechanism termed coupled monoubiquitination, whereby their own 

ubiquitination affects their ability to bind ubiquitin. I found various TOLs to be ubiquitinated 

in vivo. Moreover, for TOL6 I could show that only the cytosolic pool of TOL6 is 

ubiquitinated, while the PM associated one is not. A constitutively ubiquitinated TOL6 

localized more to the cytoplasm and partially lost its ability to rescue the tolQ phenotype. 

Thus, TOLs function upstream in the ESCRT pathway, where they bind to ubiquitinated 

cargo via their conserved ubiquitin binding domains and their localization and function is 

potentially regulated by a mechanism termed coupled monoubiquitination. This study, 

which focused on the localization, regulation and interactions of TOLs thus closed a gap 

in the knowledge about the degradation of ubiquitinated PM and thus the fine-tuning of 

the response to the environment and adaptation of higher plants.   
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ZUSAMMENFASSUNG 

Pflanzen haben unterschiedliche Mechanismen entwickelt, um schnell auf ihre sich 

ändernde Umgebung zu reagieren und dafür wird die Anzahl und Lokalisierung von 

Plasmamembran (PM)-Proteinen exakt reguliert. Die zum Abbau bestimmten PM-

Proteine werden ubiquitiniert und mittels der ESCRT-Maschinerie (Endosomal Sorting 

Complex Required for Transport) über endosomale Vesikel zur Vakuole zum Abbau 

sortiert. In höheren Pflanzen sind die TOL (TOM1-like)-Proteine verantwortlich für die 

ersten Schritten beim Abbau von ubiquitinierten PM-Proteinen und können somit als 

Alternative zum ESCRT-0-Komplex betrachtet werden. Der detaillierte Mechanismus ist 

jedoch noch unklar. In dieser Studie konnte ich zeigen, dass verschiedene Mitglieder der 

TOL-Proteine eine unterschiedliche Lokalisierung haben und eine Rolle zwischen dem 

PM und dem Zytoplasma spielen, was auf unterschiedliche Funktionen der TOLs hinweist. 

Außerdem interagieren die TOLs mit Phospholipiden, am stärksten mit PA 

(Phosphatidsäure), ein wichtiges Lipid bei Stressreaktionen, sowie mit Ubiquitin, über ihre 

konservierten Ubiquitin-Bindungsdomänen. Ein ubiquitinbindungs-defizientes TOL6-Allel, 

welches durch Mutagenisierung essentieller Aminosäuren erzeugt wurde, konnte den 

pleiotrophen Phänotyp einer TOL-Mutante höherer Ordnung (tolQ) nicht retten konnte und 

zeigte deutliche Unterschiede in seiner subzellulären Lokalisation im Vergleich zum 

Wildtyp-Allel. Ubiquitin-Rezeptoren, die Ubiquitin-Bindungsdomänen enthalten, 

unterliegen häufig einem Regulationsmechanismus, der als gekoppelte 

Monoubiquitinierung bezeichnet wird, wobei ihre eigene Ubiquitinierung ihre Fähigkeit 

beeinflusst Ubiquitin zu binden. Darüber hinaus werden verschieden TOLs in vivo 

ubiquitiniert und im spezifischen wird TOL6 nur in der zytosolischen Fraktion ubiquitiniert, 

während dies bei den PM lokalisierten TOL6 Proteinen nicht der Fall ist. Ein konstitutiv 

ubiquitiniertes TOL6 war stärker im Zytoplasma lokalisiert und verlor teilweise seine 

Fähigkeit, den tolQ-Phänotyp rückgängig zu machen. Daher funktionieren TOLs in den 

Anfangsschritten des ESCRT-Pathways, wo sie über ihre konservierten Ubiquitin-

Bindungsdomänen an ubiquitinierte Proteine binden, und ihre Lokalisierung und Funktion 

wird möglicherweise durch einen Mechanismus reguliert, der als gekoppelte 

Monoubiquitinierung bezeichnet wird. Diese Studie, die sich auf Lokalisierung, 

Regulierung und Wechselwirkungen von TOLs konzentrierte, schloss somit eine 
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Wissenslücke über den Abbau ubiquitinierter PM und damit die Feinabstimmung der 

Reaktion auf die Umwelt und die Anpassung höherer Pflanzen. 
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1 INTRODUCTION 

In multicellular organisms the plasma membrane (PM) functions as a boundary between 

the extracellular and intracellular space. At the PM, external and internal stimuli are 

continuously transmitted via receptors, channels, lipids or other proteins localized at the 

PM. Thus, the protein composition and abundance at the PM, which is extremely important 

for development, cell survival and physiological responses, is highly regulated. One 

important mechanism involved in regulating protein composition is a process termed 

endocytosis. Endocytosis is responsible for the internalization of cellular components 

localized or synthesized at  the PM (Paez Valencia et al., 2016).  

Endocytosis internalizes PM proteins and extracellular substances via endocytic vesicles, 

which are released from the PM, transported through the cytoplasm and fuse to 

endosomes (Paez Valencia et al., 2016). In mammals and yeast, early endosomes (EE) 

are the first organelle reached by the PM cargo, while in plants, the Trans Golgi-Network 

(TGN) is the same compartment as the EE, forming the Trans Golgi-Network/Early 

endosome (TGN/EE) (Dettmer et al., 2006; Lam et al., 2007). The PM proteins destined 

for degradation are frequently ubiquitinated and sorted into endosomal vesicles by the 

ESCRT (Endosomal Sorting Complex Required for Transport) machinery (Dettmer et al., 

2006; Paez Valencia et al., 2016).  In higher plants, the TOL (TOM1-like) proteins seems 

to be responsible for initiating and guiding the ubiquitinated PM protein for degradation to 

the vacuole (Korbei et al., 2013). The detailed mechanism for this starting point is still 

unclear.  
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1.1. The endosomal system 

In eukaryotic cells, membrane trafficking is essential for various cellular processes 

including the communication between cells and their surrounded environment as well as 

nutrient exchanges (Geldner and Jurgens, 2006; Paez Valencia et al., 2016). Proteins like 

transporters and receptors, which are synthesized in the Endoplasmic Reticulum (ER), 

are transported to the PM via intermediated endomembrane compartments by the 

secretory pathway (Dettmer et al., 2006; Otegui and Spitzer, 2008). The secretory 

pathway is also responsible for secreting enzymes and peptide ligands from ER to the 

extracellular environment (Otegui and Spitzer, 2008). When new protein are synthesized, 

they are first sorted to the TGN before being transported to the vacuole (Dettmer et al., 

2006; Paez Valencia et al., 2016) or to the PM. Reciprocally, substances like transporters 

and receptors are internalized from PM via the endocytic pathway and transported to the 

vacuole/lysozyme for degradation or recycled back to the PM (Dettmer et al., 2006; 

Paczkowski et al., 2015). Thus these two pathways intersect in post-Golgi compartments 

of the endomembrane system where secretion and endocytosis meet (Richter et al., 

2009).  

Another important trafficking route in the post-Golgi endomembrane system is 

endocytosis. Endocytosis is a process where cells internalizes parts of their PM 

components and other substances by forming endocytic vesicles (Otegui et al., 2001). 

Many PM proteins are cycling between the endosomal compartments and PM (Geldner, 

2004; Geldner and Jurgens, 2006). When endocytosed PM proteins are not recycled back 

to the PM (recycling pathway), they passes on to the vacuoles/lysosomes for degradation 

(Richter et al., 2009). Figure 1 shows clearly the specific routes of proteins trafficking in 

mammals. 
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Figure 1 Secretory and endocytic pathway: (adapted from Albert et al, 2008). Proteins are transported from ER to the PM or to the 

lysosome (via endosome) by Secretory pathway (red arrow). In endocytic pathway (green arrows), proteins are internalized in vesicles 

from the PM and delivered to the early endosome and then to the lysosome (via late endosome). Many endocytosed proteins are 

retrieved from early endosome to the PM for reuse, some from early and late endosome to the Golgi apparatus (blue arrows).  

In animal and yeast, the endosomes are classified in four classes: early, recycling, 

intermediate and late endosome based on their biochemical function and composition 

(Henne et al., 2011). The early endosome is the first compartment to receive endocytosed 

cargo. From there recycled endosome, endocytosed cargos are recycled back to the PM 

(Otegui and Spitzer, 2008; Paez Valencia et al., 2016). The early and recycled endosome 

mature to form the late endosome or multivesicular bodies (MVB) (Huotari and Helenius, 

2011). The MVB has a sorting function in recycling of vacuolar cargo receptor back to the 

TGN and sorting of PM proteins for degradation (Otegui and Spitzer, 2008). The 

endocytosed membrane proteins are sorted into domains of the endosomal membranes, 

which invaginates and pinches off to form ILVs (Raiborg et al., 2003).   
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The MVB fuse with the vacuole/lysosome, releasing the ILVs into the vacuolar lumen for 

degradation by hydrolases (Huotari and Helenius, 2011). Eventually, proteases and 

lipases in the lysosomes digest all of the internal membranes produced by the 

invaginations within the MVBs (Huotari et al., 2012; Raiborg et al., 2003). The invagination 

processes are essential to achieve complete digestion of endocytosed membrane 

proteins, because the outer membrane of the MVB becomes continuous with the 

lysosomal membrane, and for example lysosomal hydrolases inside the lysosomes could 

not digest the cytosolic domains of endocytosed transmembrane proteins, if the protein 

were not localized in internal vesicles (Fig. 2) (Huotari et al., 2012; Raiborg et al., 2003). 

Thus, the endosomes and the endomembrane system are important players in regulation 

of protein composition of PM, TGN and vacuoles/lysosomes (Fig. 2) (Huotari and 

Helenius, 2011; Otegui and Spitzer, 2008). 

        

 

  
 
Figure 2 Endocytic pathway  : (adapted from  (Huotari and Helenius, 2011)). Maturation of early endosome to late endosome occurs 

through the formation of MVB, which contain large amounts of invaginated membrane and internal vesicles. MVB moves inward along 

microtubules (MT), continually shedding transport vesicles that recycle components to the PM. They gradually convert to the late 
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endosome either by fusion with each other or by fusion with pre-existing late endosome. The late endosomes (LE) no longer send 

vesicles to the PM.  

 

In plants, differently to animal cells, the TGN acts as an EE, receiving the endocytosed 

cargoes from the PM (Dettmer et al., 2006; Lam et al., 2007). At the TGN/EE, the 

endocytic and secretory pathway meets and many events like sorting and recycling take 

place (Dettmer et al., 2006; Viotti et al., 2010). The TGN/EE is important sorting point 

where many transport routes can starts leading the cargoes for example back to PM or to 

vacuole for degradation (Gendre et al., 2011; Scheuring et al., 2011). A group of vesicles 

that bud from TGN/EE sorting specific cargoes could potentially be seen as recycling 

endosomes and regulate the distribution and abundance of proteins they are carrying 

(Kleine-Vehn and Friml, 2008), but the presence of such specialized compartments is still 

not well defined (Paez Valencia et al., 2016; Robinson and Pimpl, 2013). The TGN is 

associated with the RAB GTPases RABA4b, RabA1, RABA2 and RABA3, vacuolar H+ 

ATPase subunit VHA-a1 and the SYP41/SYP61/VTI12 SNARE (soluble NSF attachment 

protein receptor) complex in plants and is derived from the trans-most Golgi cisternae by 

cisternae maturation (Chow et al., 2008; Kang et al., 2011). The endosomes derived from 

TGN are able to internalize the limiting membrane and form ILVs thereby maturing into 

late multivesicular endosomes or MVBs and later fuse with the vacuoles (Isono and 

Kalinowska, 2017). The composition of multivesicular endosomes are based on three 

Rab5-type GTPases (RABF2a/RHA1, RABF2b/ARA7, and RABF1/ARA6) and the Rab7-

type GTPase RABG3f (Heard et al., 2015). In the endosomal pathway of plants, many 

different mechanisms occur to recycle protein cargo or to sort them to the vacuole for 

degradation (Fig. 3) (Paez Valencia et al., 2016). 
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Figure 3 General overview of endocytic and endosomal trafficking : (adapted from (Paez Valencia et al., 2016)). 

 

1.2. Clathrin mediated endocytosis 

One of the most important endocytic mechanisms in plants and animals is clathrin-

mediated endocytosis (CME) (Paez Valencia et al., 2016). The clathrin coat assembles 

into triskelia composed of three clathrin heavy chains (CHCs) and three clathrin light 

chains (CLCs) (McMahon and Boucrot, 2011). CME is well-established mechanism where 

PM bends into the cytoplasm to form a clathrin-coated pit (McMahon and Boucrot, 2011). 

The trafficking pathway involves transport vesicles coated with clathrin and adaptor 

protein (AP) complexes. The expression of dominant negative variants of clathrin heavy 

chain interfere with endocytosis of the auxin efflux carriers PIN1 and PIN2 (Dhonukshe et 

al., 2007). Clathrin adaptors are important for forming a connection between the clathrin 

coat and specific membrane phospholipids and cargo proteins thereby providing 

specificity to the cargo to be selected and captured within the clathrin coated pit and later 



                                                                                                                              INTRODUCTION 

 

7 
 

the clathrin coated vesicle (Paez Valencia et al., 2016). Clathrin interacts with cargo via 

adaptor proteins and the AP-2, which is the most important adaptor for endocytosis 

initiation (Di Rubbo et al., 2013). AP-2 interacts with specific phospholipids and cargo 

proteins at the membranes and additional with specific monomeric adaptors, which 

together help form the clathrin-coated-vesicles (Di Rubbo et al., 2013; Gadeyne et al., 

2014). The TGN and some endosomes also have the same budding mechanism whereby 

clathrin-coated vesicles are formed (Paez Valencia et al., 2016). CME is divided in five 

steps: nucleation, clathrin coat assembly, membrane scission, and uncoating (McMahon 

and Boucrot, 2011).  In mammalians, CME is initiated by adaptor proteins complex AP-2, 

which can be activated by binding cargo-sorting motifs and PtdIns(4,5)P2 (Honing et al., 

2005; Peters and de Groot, 2012) and by binding clathrin and Ptdlns3P (Fingerhut et al., 

2001; Rapoport et al., 1997) as well as by phosphorylation (Fingerhut et al., 2001). In 

addition, the AP-2 is also activated by interacting with other accessory adaptor proteins 

such as EGFR-phosphorylated substrate protein 15 (Eps15), intersectin, and muniscin 

proteins such as FCHo (Fer/CIP4 homology domain only), which could potentially be 

recruited to the initiation sites before the AP-2 (Henne et al., 2011; Henry et al., 2012).  

The AP-2 complex has a crucial role in CME in animals but in plants, on the contrary 

plants without AP-2 can still be viable (Fan et al., 2013; Kim et al., 2013). The main reason 

is that in plants there are two adaptor complexes: the AP-2 complex was demonstrated to 

be involved in CME of Arabidopsis thaliana, which binds at the same time to clathrin, cargo 

protein and (Ptdlns(4,5)P2 at PM (Paez Valencia et al., 2016) and plants have additionally 

kept an ancestral adaptor complex called TPLATE, that plays a role in the CME nucleation 

complex (Gadeyne et al., 2014).  It consists in eight core subunits (TPLATE, TASH3, 

LOLITA, TWD40-1, TWD40-2, TML, AtEH1, and AtEH2), which assemble at distant sites 

of CME initiation, proceeding the recruitment of AP-2 (Gadeyne et al., 2014). Differently 

to AP-2, the TPLATE plays important role in plant development (Gadeyne et al., 2014). 

The TPLATE in plants can interact with clathrin (both CHCs and CLCs), AP-2, proteins 

containing the ANTH domain, and dynamin-related proteins (DRPs) (Fig 4) (Gadeyne et 

al., 2014). Some of the TPLATE subunits TASH3, TML, AtEH1, and AtEH2 contain 

conserved domains that are present in Eps15, intersectin, and muniscins which are 

involved in membrane interactions, cargo recognition, and binding and recruitment of 

accessory proteins (Zhang et al., 2015).   
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Besides that, there is also a family of genes encoding monomeric adaptors of the AP180 

N-Terminal Homology (ANTH) and EPSIN N-Terminal Homology (ENTH) domain families  

(Holstein and Oliviusson, 2005; Zouhar and Sauer, 2014).  

 

 

Figure 4 Clathrin mediated endocytosis :   (Adapted from (Paez Valencia et al., 2016)) 
 

 

1.3. The role of ubiquitin in the endocytic system  

 The sorting mechanism of endocytosed PM protein destined for degradation depends on 

the post-translational modification of the cargo proteins by ubiquitin or ubiquitination 

(Komander and Rape, 2012). Ubiquitination acts as a principal signal for endocytosis of 

PM proteins and acts as a key regulator in sorting process of endocytosed membrane 

proteins destined for degradation (Leitner et al., 2012; Scheuring et al., 2011). 

Ubiquitination plays an important role in the regulation of endocytic and vesicular 

trafficking pathway, by regulating many different processes like endocytosis, vesicular 

trafficking, cell-cycle control, stress response, DNA repair, signaling, transcription and 

gene silencing (Dubeaux and Vert, 2017; Piper et al., 2014). Ubiquitinated proteins are 

sorted via recognition of their ubiquitin moieties by different ubiquitin binding proteins 

termed ubiquitin receptors (Prag et al., 2007). 
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During ubiquitination, an ubiquitin protein is added via an isopeptide bond between the 

carboxyl terminus of ubiquitin with the amino-group of a lysine residue in the target protein. 

Three important enzymes are involved in ubiquitination: ubiquitin-activating enzymes (E1), 

ubiquitin conjugating enzyme (E2) and a ubiquitin ligase (E3) (d'Azzo et al., 2005; Fujita 

et al., 2002). Ubiquitin ligases, works as a platform that coordinate substrate recognition 

with ubiquitin transfer (Fujita et al., 2002). The E3 ligase and adaptor proteins bind directly 

to the substrates and the selection of  substrate residue destined for ubiquitination is 

realized by a particular architecture of the substrate/ligase complex which determines the 

orientation to the thioester-linked ubiquitin (Piper et al., 2014). The addition of ubiquitin 

can follow different patterns according to the E2 and E3 enzymes involved, whereby a 

single ubiquitin can be added to the target protein, resulting in monoubiquitination, or 

several ubiquitins can be added to different lysine residues on the target protein resulting 

in poly-monoubiquitination (d'Azzo et al., 2005; Sigismund et al., 2004). Furthermore, an 

ubiquitin can be added to an already covalently attached ubiquitin via one of the seven 

internal lysines (K6, K11, K27, K29, K33, K48, and K63) of ubiquitin, resulting in 

polyubiquitin chains (Varadan et al., 2004). The resulting linkage types are structurally 

different, depending on the lysines used. While the K48-linked di-ubiquitin is relatively 

compact, the K63-linked di-ubiquitin adopts an open conformation (Tenno et al., 2004; 

Varadan et al., 2004). These differences are important for ubiquitin binding proteins, which 

bind to different ubiquitination patterns with different affinities (Galan and Haguenauer-

Tsapis, 1997; Terrell et al., 1998). The number and spatial orientation of added ubiquitin 

entities are crucial for protein’s destiny (Hicke and Dunn, 2003; Ikeda and Dikic, 2008; 

Kim et al., 2007). In this context, K48-poly-ubiquitination of soluble proteins results in their 

cytosolic degradation by the 26S proteasome (Finley et al., 1994).  

In order to remove damaged proteins from the cell surface or simple for programed 

biological response, ubiquitination can be used as a quality control mechanism and PM 

proteins are sorted to the vacuole for degradation by ubiquitination process (Piper et al., 

2014). Ubiquitin can also work in the context of other weaker internalization signals like 

the aggregate effect of multiple ubiquitin and non-ubiquitin signals become sufficient for 

incorporation into clathrin-coated vesicles (Boname and Lehner, 2011). 

Monoubiquitination and K63-ubiquitination are signals that control endocytosis and 
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vacuolar sorting of PM proteins and K63-ubiquitination is the major poly-ubiquitin chain 

that operates in the internalization steps leading to lysosomal/vacuolar degradation 

(Boname and Lehner, 2011).  The attachment of single ubiquitin to a membrane bound 

protein facilitates sorting ILV of late endosome/multivesicular bodies followed by 

lysosomal degradation, which potentially requires K63-polyubiquitination (Piper et al., 

2014; Raiborg and Stenmark, 2009). For some PM proteins, ubiquitination is not essential 

for their internalization, but it still plays a role later in the endocytic pathway for other 

trafficking steps (Huang et al., 2007; Huang et al., 2006).  

Some ubiquitin binding domains (UBD) containing proteins are localized at CME sites and 

can function as adaptors for different subsets of ubiquitinated proteins (Mayers et al., 

2013; Sato et al., 2009). The ubiquitin moiety of ubiquitinated cargoes helps sequestration 

of the cargo into the forming clathrin-coated vesicle as well as potentially their proper 

assembly, through the interaction with UBD of the associated nucleation machinery 

(Henry et al., 2012; Kang et al., 2013). In mammals and yeast epsin and epsin15 adaptor 

protein are important to link the ubiquitinated cargoes to the clathrin-mediated endocytic 

machinery that contains ubiquitin interacting motif (UIM) domain and interact with each 

other (Klapisz et al., 2002). Epsin contains an ENTH domain, which is structurally similar 

to the VHS domain, and which binds to PtdIns(4,5)P2 as well as an UIM that interact with 

ubiquitinated cargo (Sen et al., 2012). Epsin helps binding to K63-poly-ubiquitin, which 

correlates well with the requirement of multiple ubiquitin as an internalization signal (Chen 

and De Camilli, 2005; d'Azzo et al., 2005). In plants a large number of A/ENTH-domain 

proteins are predicted in the Arabidopsis genome, which potentially function to sort cargo 

at the early endosomes for degradation, but their physiological roles are not well 

understood and they have not been found to contain UBDs (Zouhar and Sauer, 2014).  

When membrane proteins are delivered to early endosome, they can be sorted into 

intraluminal vesicles (ILVs) or can stay at the surface membrane of endosome, which can 

be recycled back to the PM (Huotari et al., 2012).  Proteins are definitively degraded when 

they reach the ILV, as this sorting step is irreversible (Piper et al., 2014). Some proteins 

function as deubiquitinating enzymes (DUBs), which removes and remodel the ubiquitin 

chains in the endosomal pathway (Nagel et al., 2017; Urbe, 2005).   DUBs ubiquitin 

peptidases, which removes ubiquitin from substrate have a critical importance in 
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controlling the levels of substrate for protein ubiquitination as well as the recycling of the 

ubiquitin molecules (Clague et al., 2012). Furthermore, DUBs contribute to the modulation 

of the ubiquitin signal by removing or trimming it, therefore reversing or reinforcing 

pathways, whereby some proteins are deubiquitinated and recycled back to the PM (Hicke 

and Dunn, 2003; Urbe, 2005). 

1.4.  Importance of ESCRT machinery in plants 

Ubiquitination is the major sorting signal for endosomal-mediated degradation. Proteins 

that are ubiquitinated are endocytosed and if they are not deubiquitinated and recycled to 

the plasma membrane, they are sorted into ILV of MVB by Endosomal Sorting Complex 

Required for Transport (ESCRT) machinery, which conducts the ubiquitinated cargo 

proteins to the vacuole for degradation (Gao et al., 2017; Isono and Kalinowska, 2017; 

Paez Valencia et al., 2016). The ESCRT machinery is evolutionarily conserved machinery 

responsible not only for the sorting of the ubiquitinated cargo, but also for membrane 

deformation and scission from the inner face of a membrane away from cytoplasm (Gao 

et al., 2017; Katzmann et al., 2003; Raiborg and Stenmark, 2009). Multiple subunits of the 

ESCRT machinery contain ubiquitin binding domains and in mammalian and fungi, four 

ESCRT complexes are described (ESCRT-0, I, II and III), which are important for 

recognition, concentration and sequestering of ubiquitinated cargo (Clague et al., 2012). 

The ESCRT-0 is the initial point for recognition of ubiquitinated cargo  at early endosomes 

and is followed by recruitment of ESCRT-I (Clague et al., 2012). In mammals/yeast the 

ESCRT-0 consists of two subunits, the STAM (Signal-transducing adapter molecule) 

proteins in mammals or Hse1 (Hbp, STAM; EAST1) in yeast, which form a multifunctional 

complex with Hrs (hepatocyte growth factor-regulate substrate) in mammals and Vps27 

(Vacuolar Protein Sorting 27) protein in yeast (Bilodeau et al., 2003; Katzmann et al., 

2003). The mammalian complex (STAM/Hrs) contains ubiquitin-binding domains like the 

Vps27/Hrs/STAM (VHS) domain, a ubiquitin interacting motif (UIM),  and a GAT (GGA 

(Golgi-localized, Ƴ-ear-containing ARF-binding protein) /TOM (Target of Myb 1)) domains 

(Mizuno et al., 2003).  

After the ubiquitinated cargo is sequestered by the ESCRT-0, which recruits the ESCRT-

I, it is passed on to the ESCRT-II complex, which also contains ubiquitin-binding subunits. 
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The ESCRT-II in turn induces deformation of the membrane and finally passes the 

ubiquitinated cargo to the ESCRT-III, which does not contain any UBDs anymore, and 

mediates further membrane deformation and scission and subunit recycling (Henne et al., 

2011; Richter et al., 2009). The affinity of ESCRT complex to the ubiquitinated cargo is 

important to keep the cargo on ESCRT – positive endosome and subsequent degradation 

(Henne et al., 2011).  

Members of two other protein families, GGA3 (Golgi-localized, Ƴ-ear-containing, ARF-

binding protein 3) and TOM1 (target of Myb1), also contain VHS domains and bind to 

ubiquitinated cargo at endosomal membranes (Puertollano, 2005; Puertollano and 

Bonifacino, 2004). ESCRT-0 subunits and GGA proteins were not identified in plants 

(Winter and Hauser, 2006), but the highly conserved TOM1 like proteins, which work as 

a functional  equivalent to the ancestral ESCRT-0 (Blanc et al., 2009), were identified. Our 

recent studies described this family of nine proteins termed TOL (TOM1-like) proteins in 

Arabidopsis thaliana (Korbei et al., 2013) which are necessary for the endocytic 

downregulation of PM localized proteins like of PIN2 and KNOLLE (Korbei et al., 2013) 

and BOR1 (Yoshinari et al., 2018) and they bind ubiquitinated cargo presumably via their 

predicted UBDs, the N-terminal  VHS and Gat domains (Korbei et al., 2013).  

The first contact between the ubiquitinated cargo and ESCRT-0, which in plants is 

replaced by TOL proteins, occurs in earlier stages in plants endosomal system (Gao et 

al., 2017; Isono and Kalinowska, 2017; Korbei et al., 2013). The recruitment of the 

ubiquitinated cargo to other ESCRT subunits occurs along the endosomal compartments, 

showing a difference distribution of ESCRT subunits along the endosomal sorting route 

(Scheuring et al., 2011) with Arabidopsis thaliana, TOL6  localized at the PM and TGN/EE 

(Gao et al., 2017; Isono and Kalinowska, 2017; Korbei et al., 2013). Another plant proteins, 

SH3P2 localized in close proximity to PM has a role on recognition of ubiquitinated cargo 

that are to be sorted into ESCRT pathway by interacting with ESCRT-I subunit VPS23 

(Nagel et al., 2017).  It was also shown that, the ESCRT-I is localized at Golgi apparatus 

and TGN but not at MVB (Scheuring et al., 2011), the ESCRT-II localized at the TGN while 

the ESCRT-III localized at MVBs (Cai et al., 2014; Scheuring et al., 2011). The differential 

ESCRT complexes localizations indicate their sequential recruitment and release from 

membranes (Fig. 4).  
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In membrane trafficking of plants there are some unique proteins that participates in 

ESCRT pathway (Gao et al., 2017; Isono and Kalinowska, 2017; Korbei et al., 2013). The 

SH3P2 that localized at PM is involved in vesicle trafficking where it binds to K-63 linked 

ubiquitin chains of membrane proteins in close proximity to PM (Nagel et al., 2017). Upon 

binding to ubiquitinated cargo at PM, SH3P2 could enrich ubiquitinated cargo at the 

endosomal membrane and, by interacting with VPS23, could pass them to the ESCRT 

machinery (Nagel et al., 2017). The SH3P2 on CCVs could function together with ESCRT-

I subunit VPS-23 and DUB AMSH3. Since SH3P2 localizes at PM, whereas VPS23 and 

AMSH3 do not, SH3P2 could also have an ESCRT-I- and DUB independent function at 

the PM (Nagel et al., 2017). ESCRT subunits involved in membrane trafficking of plants 

like FYVE/FREE1, ALG-2-interacting protein X (Alix), TOLs, VPS23.1 and the ESCRT-II 

subunit VPS36 where described to interact with ubiquitin or ubiquitin chain (Gao et al., 

2014; Kalinowska et al., 2015; Korbei et al., 2013). SH3P2 was also shown to interact with 

FYVE/FREE1 (Gao et al., 2014; Kolb et al., 2015). Thus, the ubiquitin-binding proteins 

interacts and function together increasing their affinity to ubiquitin chain therefore 

enhancing the efficiency of sorting the cargos into ESCRT-dependent endocytosis 

degradation pathway (Nagel et al., 2017). 
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Figure 5 Recognition and degradation of ubiquitinated PM-proteins by ESCRT and ESCRT-interacting proteins : (Adapted from 

(Isono and Kalinowska, 2017)). 

 

1.5. Ubiquitin Binding Domains (UBD) 

The ubiquitin signal is recognized and decoded by UBD. UBD are specialized domains 

that bind ubiquitin with a low affinity, allowing the proteins they contain to thus act as 

ubiquitin receptors (Dikic et al., 2009). UBDs bind to the exposed hydrophobic patch of 

ubiquitin molecule surrounding isoleucine at position 44 (I44) with weak micromolar affinity 

(Dikic et al., 2009). Allowing the ubiquitin to adopt several conformations that can be 

captured via UBD by a variable combination of conformational selection (Long and 

Bruschweiler, 2011; Peters and de Groot, 2012; Wlodarski and Zagrovic, 2009). These 

domains are found in large variety of cellular proteins and link the ubiquitin signals to 

specific cellular response like endocytosis, degradation, or translocation of modified 
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protein (Dikic et al., 2009; Piper et al., 2014). In the endocytic pathway, ubiquitin acts in 

two different ways: as a sorting signal on cargo being recognized by UBD-containing 

sorting receptors, or by modifying the endocytic machinery (Piper et al., 2014), where 

ubiquitination of subunits of the endocytic machinery has a regulatory  function (Dikic et 

al., 2009).  

In the endocytic pathway, ubiquitin recognition occurs at membranes where proteins 

diffuse only in two dimensions rather than in three (Husnjak and Dikic, 2012). Furthermore, 

the ubiquitin receptors have additional motifs that bind weakly to their ubiquitinated partner 

proteins. This increases the avidity and enhance the specificity to the selected target 

(Husnjak and Dikic, 2012). Most of UBD interacts with mono-ubiquitin but shows a binding 

preference towards a specific chain type (Husnjak and Dikic, 2012). When an ubiquitin is 

permanently attached to the cargo, a single ubiquitin is enough to sort the cargo for 

degradation (Raiborg et al., 2002; Stringer and Piper, 2011), but this single ubiquitin is 

exceptionally weak as an internalization signal and therefore ubiquitin operates better in 

chains (Bertelsen et al., 2011). Differently, to the endocytic internalization, for the MVB 

sorting K63-linked-ubiquitin chain are the key signal, rather than a mono-ubiquitin (Huang 

et al., 2013). Furthermore, the formation of the chains and their disassembly by DUBs 

occurs continuously during the transport of ubiquitinated cargo in the endocytic pathway, 

resulting in a very specific binding to the UBD-containing sorting receptors and therefore 

allowing for fine-tuning between the endocytosis, recycling or degradation pathways  

(Clague et al., 2012). Mono-ubiquitination of ubiquitin receptors can change the 

conformation of UBD containing proteins, altering their capacity to recognize and sort the 

ubiquitinated cargo (Hoeller et al., 2006). 

The TOL proteins have a crucial function in vacuolar targeting and subsequent 

degradation of ubiquitinated membrane proteins. TOL proteins contain two well-

conserved UBDs, namely the VHS domain at the N-terminus followed by a GAT domain 

(Fig. 6) (Korbei et al., 2013; Sauer and Friml, 2014). Presumably, the TOL proteins binds 

to ubiquitin via these two well conserved ubiquitin binding domains (VHS and GAT) similar 

to the non-plant organisms. 
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Figure 6 In silico analysis of the domains of proteins with VHS and GAT domains in Arabidopsis thaliana and Homo 

sapiens :  (adapted from Korbei et al., 2013). Abbreviations: VHS (Vps27/Hrs/STAM domain, in green), GAT (GGA and TOM 

domain, in blue), FYVE (Fab1/YOTP/Vac1/EEA1 domain), UIM (ubiquitin-interacting motif), DUIM (double UIM) and SH3 (Src 

homology-3) (Korbei et al., 2013). 

 

The VHS Domain 

 
Initially the VHS (Vps27-Hrs-STAM) domain (Fig. 7, left side ) was described based on 

the sequence homology by yeast Vps27p and mammalian Hr and STAM (Lohi et al., 

2002). The VHS domain is a common UBD with octa-helical structure, which is 

predominantly present at the N-terminus of proteins involved in vesicular trafficking in 

eukaryotes  (Wang et al., 2010). In mammals, there are 9 proteins containing the VHS 

domain: Hrs, STAM1 STAM2, GGA1, GGA2, GGA3, Tom1, Tom1L1, Tom1L2 (Wang et 

al., 2010). Due to its super-helical structure it was suggested to provide a common protein-

protein interaction surface (Mao et al., 2000; Mizuno et al., 2003). The importance of the 

VHS domain as UBD was elucidated by in vitro assays analyzing the N-terminal part of 

the STAM protein including UIM and VHS domain (Mizuno et al., 2003). Although analysis 

of the individual domains revealed similar ubiquitin binding affinities, deletion of the VHS 

impaired ubiquitin binding activity more severely than deletion of UIM in the mammalian 

ESCRT-0 subunit STAM (Mizuno et al., 2003). The tandem location of VHS and UIM in 

Hse1 and STAM might have a synergistic effect in their ubiquitin binding affinity, whereas 
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in Vps27 and Hrs the FYVE domain located in between may disturb (Mizuno et al., 2003).  

Nevertheless these domains can interact with ubiquitin independently, although it’s still 

not clear whether VHS and UIM bind to different sites of ubiquitin or if they bind different 

ubiquitin molecules simultaneously (Mizuno et al., 2003). 

The most conserved amino acids liable for ubiquitin binding are located in the α2- and α4-

helix of VHS (Wang et al., 2010), oriented towards the surface of the protein to promote 

ubiquitin interaction (Lange et al., 2011). The binding affinity for VHS to ubiquitin is 

relatively low, reflecting the fast dissociation rate and the rapid assembly and disassembly 

of the protein complex for ubiquitinated cargo sorting (Lange et al., 2011).  

 

The GAT domain 

 
The GAT (GGA and Tom) domain (Fig. 7 – right side), was initially discovered in GGA 

(Golgi-localized, gamma-ear containing, ADP-ribosylation factor binding) proteins as a 

family of monomeric clathrin adaptor proteins regulating vesicular transport between the 

Trans Golgi network (TGN) and the endosomal system (Collins et al., 2003; Dell'Angelica 

et al., 2000). The structural organization of the GGA GAT domain includes two 

independent subdomains: the C-terminal and the N-terminal GAT domain (Collins et al., 

2003). Whereas the N-terminal hook (171-210 residues) interact with the ARF1-GTP 

targeting the GGA to the Golgi (Bonifacino, 2004), the C-terminal helical bundle (211-299 

residues) is responsible for ubiquitin binding (Bilodeau et al., 2004). Within the C-terminal 

α3-helix of the GGA GAT domain, one uncharged and two hydrophobic amino acids are 

well conserved residues involved in ubiquitin binding  (Puertollano and Bonifacino, 2004; 

Shiba et al., 2004). The second ubiquitin interaction region was discovered in the α1-helix 

including an acidic, hydrophobic and another acidic amino acid pointing to the same 

surface of the helix more or less well conserved in Tom and GGA proteins (Bilodeau et 

al., 2004; Prag et al., 2005). 

Two intertwined GAT domains each consisting of 3 α-helices, built up the core complex 

of Vps27/Hse1 and Hrs/STAM with a barbell-like structure (Prag et al., 2007). One bundle 

of the barbell is composed of α1 and α3-N-terminus of Hse1 and α3-C-terminus of Vps27, 

whereas the other one is patterned mirror-inverted (Prag et al., 2007). The central part of 
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each α3-helix together forms the two-stranded coiled coil of the barbell. The GAT domains 

20 therefore are essential domains in assembling the multivalent ubiquitin binding 

machinery of the ESCRT-0 (Prag et al., 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 Protein structure of VHS and GAT domain : (Adapted from (Collins et al., 2003); (Wang et al., 2010) respectively). 

 

1.6.  Coupled Monoubqiuitination 

Ubiquitination participates in the regulation of the endocytic pathway but also affects the 

abundance of endocytic sorting machinery components by inducing its proteasomal 

degradation (Husnjak and Dikic, 2012). Furthermore, ubiquitin also generates interaction 

network by regulating the interactions between proteins that are important for endocytic 

machinery organization (Hoeller et al., 2006; Hoeller and Dikic, 2010). Many cellular 

processes like protein degradation, DNA repair, peroxisome biogenesis, viral budding, 

signal transduction and membrane trafficking are regulated by ubiquitination (Haglund and 

Dikic, 2005; Haglund and Stenmark, 2006). Furthermore, many different biochemical 

processes are regulated by ubiquitination, which recognize ubiquitinated proteins by their 

ubiquitin receptors (Haglund and Dikic, 2005; Haglund and Stenmark, 2006).  Ubiquitin 
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adaptors contain one or more UBD which recognizes ubiquitin but also allows them to be 

monoubiquitinated themselves in a process called “coupled monoubiquitination” (Pickart, 

2001). It was demonstrated that, monoubiquitination of endocytic proteins like Eps15 and 

others, results in intramolecular interaction between UBDs, therefore avoiding them to 

bind in trans to ubiquitinated targets. Thus, monoubiquitination controls the fate of 

ubiquitinated targets by regulating the function of ubiquitin receptors (Hoeller et al., 2006). 

In monoubiquitinated ubiquitin receptors, an intramolecular interaction between the 

monoubiquitin and their own UBDs occurs, leading to the auto-inhibition of the endocytic 

adaptor (Hoeller et al., 2006). Coupled monoubiquitination works as a negative-feedback 

control in molecular machineries which requires transient and consecutive interactions 

between ubiquitin receptors and their ligands (Haglund and Stenmark, 2006). 

Furthermore, coupled monoubiquitination prevents binding to the ubiquitinated cargo, as 

the UBD is already occupied either by intra- or by intermolecular ubiquitin binding (Blanc 

et al., 2009). 

 

 

1.7.  Protein-lipid interactions in the endocytic 

system of plants 

The acquirement of the membrane identities are promoted by combinations between the 

presence of specific lipids and proteins on each membrane (Jean and Kiger, 2012). 

Peripheral membrane proteins can be anchored to membranes by different mechanisms 

like protein-protein and protein-lipid interactions (Cho and Stahelin, 2005).  

Phosphoinositides (PIs) are considered as the major determinants of membrane identities 

on the cytosolic side of eukaryotic cell membranes (Balla, 2013; Heilmann, 2016). Even 

though they occur in very low abundance, PIs are important players for the recruitment of 

peripheral proteins to membranes (Balla, 2013; Heilmann, 2016). They are composed of 

a glycerol backbone, two non-polar fatty acid tails and a phosphate group substituted with 

an inositol polar head group, which can be phosphorylated at various positions on their 

polar head (Platre and Jaillais, 2016). PIs are mono-, bis- and tris-phosphorylated 
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derivatives of phosphatidylinositol and PI compositions differ between the PM and 

different organelle membranes (Balla, 2013).  

Membrane identity in the endocytic pathway is also defined by a PI cascade in animal as 

well as in plants, although their PI composition in the different organelle membranes differ 

markedly (Noack and Jaillais, 2017; Posor et al., 2015). In animals, this PI cascade starts 

from PI(4,5)P2 at the PM, uses transient accumulation of PI(4)P and PI(3,4)P2 during 

endocytosis, and leads to accumulation PI3P in early endosomes and then PI(3,5)P2 in 

late endosomes  (Jean and Kiger, 2012). Plants have two shorter, largely independent 

phosphoinositide cascades centered on TGN/EE and LE/MVB endosomes. Those 

cascades are important for the membrane trafficking allowing the membrane identity to 

evolve dynamically during the course of trafficking (Jean and Kiger, 2012). The PI 

abundance in specific membranes is determined by PI-kinases and phosphatases 

(Barbosa et al., 2016). In plants, the PI(4)P and PI(4,5)P2 are found at the PM, while PI 

3P resides in the late endosomes and the tonoplast (Barbosa et al., 2016). The organelle 

functions are determined by the distribution of the membrane-specific PI which regulate 

the specific PI kinase or phosphatases allowing therefore the recruitment of specific 

related binding proteins (Behnia and Munro, 2005).  

In many biological processes and organisms, the organization of polar domains is 

controlled by the asymmetric PI distribution (Shewan et al., 2011).  Some cellular 

compartments are marked by the presence of specific lipids, and recognition of these 

lipids is required for intracellular trafficking machinery to discern one intracellular organelle 

from another (Behnia and Munro, 2005). The acidic phospholipids are exclusively used 

as a binding target and the domains and proteins that binds membrane surfaces vary 

widely in their binding mechanisms (Testerink and Munnik, 2005). In plants phosphatidic 

acid (PA) represent a minor membrane phospholipid formed in several stress conditions 

(Testerink and Munnik, 2005). PA is one of the lipid signaling, which accumulates rapidly 

in response to different environmental signals, like in response to a wide array of abiotic 

stress stimuli (McLoughlin and Testerink, 2013). PA formation provides the cell with spatial 

and transient information about the external environment by acting as a protein-docking 

site in cellular membranes (McLoughlin and Testerink, 2013).  
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The plant PM has a specific electrostatic signature that is driven by PI(4)P and recruits 

proteins with polybasic sequence  (Platre and Jaillais, 2016). PI also recruit coat proteins, 

such us the Adaptor Proteins (AP) complex involved in Clathrin-coated vesicle formation          

(Posor et al., 2015). There is in direct relation between PIs and the recognition of ubiquitin 

sorting signal during membrane trafficking. Moreover, the trafficking of ubiquitinated cargo 

may be directly regulated by the same phosphoinositide’s that recruits their associated 

adaptors to the appropriate organelle membrane. The PI leads an ubiquitin ligase to 

internal organelle membrane (Dunn et al., 2004).  Since The ESCRT-0 in yeast and 

mammals recognizes ubiquitinated cargo on early endosomes by their unique enrichment 

for certain PIs (Demmel et al., 2008).  It becomes interesting to investigate if the plants 

substitute of ESCRT-0, the TOL proteins also binds to PIs. The FYVE domain which 

interact with PIPs in yeast and mammalians is not present in TOL proteins (Demmel et 

al., 2008) thus, presumably the VHS domain works as a functional substitute for PI binding 

to the TOL proteins. 
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2 AIM OF THIS THESIS WORK 

In higher plants, a protein family, the TOL (TOM1-like) proteins, function as principal 

gating factors for recognition of ubiquitinated cargo at the PM destined for degradation 

(Isono and Kalinowska, 2017; Korbei et al., 2013; Sauer and Friml, 2014). TOL proteins 

are characterized by two α-helical UBDs, the N-terminal VHS domain, followed by a GAT 

domain. Both VHS and GAT domains potentially interact with ubiquitin as well as 

phospholipids and thus ensure recruitment to endosomal membranes (Wang et al., 2010). 

The TOLs, could thus function as crucial switches in integration of different stimuli. The 

functional significance of UBDs or the phospholipid interactions predicted in TOL proteins 

are however entirely unknown.  

The TOL proteins seems to be responsible for initiating and guiding the ubiquitinated PM 

protein for degradation to the vacuole (Korbei et al., 2013). However, the detailed 

mechanism for this starting point is still unclear.  

We have already demonstrated that, the TOL proteins plays a crucial function in vacuolar 

targeting and followed degradation of ubiquitinated PM proteins (Cai et al., 2014; Korbei 

et al., 2013). The exact localization, distributions and specific function of different TOL 

members are of crucial interest to us and still mostly unknown. Therefore, the main aim of 

this thesis was to investigate not only where but also how the TOL proteins are localized 

in the endomembrane system. In addition, to address their function by understanding 

determinants that control the TOL distribution and abundance in the endosomal system. I 

aim to elucidate the individual activities of TOL proteins in the model plant Arabidopsis 

thaliana, since some protein family have been probably evolved and developed 

independently and acquired specific functional properties in higher plants.  

Thus, the outcome of this project will not only close gaps in our knowledge about the 

endosomal system of plants, but furthermore will serve as a cornerstone for future studies.  
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3 MATERIALS AND METHODS 

3.1. Chemicals, reagents and enzymes 

Chemicals, reagents and enzymes used in preparation of different working solutions, 

buffers and medium were purchased from the following companies: Fluka, Roth, 

Aplichem, MBI Fermentas, Promega, Invitrogen, Roche, Sigma, Merk, NEB, Peqlab, 

Biorad. In general, the companies provide each specific product with the text description 

or the protocol for use.  

3.2. Oligonucleotides and primers 

combinations 

Lyophilized synthetic Oligonucleotides obtained from MWG-Biotech AG and Invitrogen 

Company. Primers dissolved in an appropriate volume of ddH2O to a stock concentration 

of 100 μM. Working stocks given an internal number before freezing at -20°C. 

Abbreviations used: M - Mutagenesis, A - Amplification and G – genotyping (Table 1). 

 

Table 1 Primer sequences list 
 

Primer designation Purpose Orientation 5`-3` Sequence  

TOL6 N73Af  M forward 
GAG ACG TTG GTA AAG GCC 

TGT GGA G  

TOL6 N73Ar  M reverse 
C TCC ACA GGC CTT TAC CAA 

CGT CTC  

TOL6 AAA1f  M forward 
GG GAT GTG ATG GCT GCC GCG 

GGC GAC ATG  

TOL6 AAA1R  M reverse 
GAT GTC GCC CGC GGC AGC 

CAT CAC ATC CC  
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TOL6 AAA2f  M forward 
CTC TTG GGC GCC GCG GCA 

CAA GCT GTG G  

TOL6 AAA2r  M reverse 
C CAC AGC TTG TGC CGC GGC 

GCC CAA GAG  

TOL6 W25Af  M forward 

GTTAGGTCCTGATGCGACTACG

AATATGGAAATCTGC  

TOL6 W25Ar  M reverse 
GCA GAT TTC CAT ATT CGT AGT 

CGCA TCA GGA CCT AAC  

LB1.3  G  A TTT TGC CGA TTT CGG AAC 

TOL3u  

(TOMl152u) 
G forward G CTC AGG CAA CTG CAT CAG  

TOL3d  

(TOMl152u) 
G reverse CG GTA TTG GAG TGG GAG CTG  

NotImcherryu  M forward 
G CGG CCG CAT GGT GAG CAA 

GGG CGA 

NotImcherryd  M reverse 
GCG GCC GCT TAC TTG TAC 

AGC TCG TCC ATG  

TOL6q-f1  G forward AC CAG TGA GTC ATC CAC CGT  

TOL6q-r1  G reverse ACC TCA GTT GCC ATT GCT TCA  

TOL6f 

(TOMlE11u)  
G forward 

G TGG ATA TTT TCC CTC TGG 

ACC  

TOL6r 

(TOMlE11d)  
G reverse 

G CGA CGG TGG CTG TTG ATA 

AAG  
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TOL6-NotISalIr  A reverse 
GGG GGT CGA CGC GGC CGC 

AAA TCA TTT TCC TTC CTC C  

TOL6-SalIu  A forward 
GG GGG TCG ACA TGG CGT CGT 

CTTC AGC TTC  

TOL6-SalId  A reverse 
G GGG GTC GAC GTA AAT CAT 

TTTCCT TCC TCC  

TOL1f 

(TOMl55-u)   
G forward CAA TGA ATT GGC TCA ATC GAC 

TOL1r 

(TOMl55-d)   
G reverse 

G GGT TTG TTC ATC TCC TCA 

TAC 

TOL5f 

(TOMl31-u) 
G forward C CTA CGC TTG TGA AGA TAG 

TOL5r 

(TOMl31-d)    
G reverse A ACT GGA GTC ATT CTC AGG 

TOL3-u G forward G CTC AGG CAA CTG CAT CAG 

TOL3-d G reverse CG GTA TTG GAG TGG GAG CTG 

BamHITOML31up A forward 
GG ATC CAT GGC TGC GGA GCT 

TGT AAG 

TOML31NotIBamHId

own 
A reverse 

GG ATC CGC GGC CGC AGT CAC 

TGA AGT CTA CGC 

prTOL5f A forward 
CC CGG GCG AAG CGA CGA CGT 

ATC GTC 
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prTOL5r A reverse 
CC CGG GGT TAT CTG TAT GAG 

CCA GAG 

XbaIpTOL6u A forward 
TCT AGA CCG ATC AAA CAG CTC 

AAC ACG 

KpnIpTOL6d A reverse 
GGT ACC CAA ACC TAA CAA 

GAG CAA CTC 

UBQEcoRIf A forward 
G CGA ATT CAT GCA GAT CTT 

TGT TAA 

UBQSalIr A reverse 
CGG TCG ACA GCA GCA CGG 

AGCCTGA GAA 

BamHITOML55up 
 

A forward 
GGA TCC ATG GGT GAC AAT CTT 
ATG GAC 
 

TOML55NotBamHId 
 

A reverse 
G GAT CCG CGG CCG CAG AAT 
CGA ATG AGA TCG TCG 
 

prTOL1f 
 

A forward 
GAG CTC GGT GAT ATG GGT 
AGG CAG  
 

prTOL1r 
 

A reverse 
C CCG GGG CTG ATA CTC AAA 
AAC CTG  
 

 

 

 

3.3. Bacterial strains 

3.3.1.  Escherichia coli (E. coli) strains 

Three different strains of Escherichia coli used in this study:  

DH10B: F- mcrA Δ(mrr-hsdRMS-mcrBC) Φ80dlacZΔM15 ΔlacX74 endA1 recA1 deoR 

Δ(ara, leu)7697 araD139 galU galK nupG rpsL λ (Grant et al., 1990). 
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BL21 (DE3): F- ompT gal [dcm] [lon] hsdSB (rB –mB -; an E.coli strain) with DE3, a λ 

prophage carrying the T7 RNA polymerase gene(Studier and Moffatt, 1986; Studier et al., 

1990). 

DH5α™: F- φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rk-, mk+) phoA 

supE44 λ- thi-1 gyrA96 relA1 (Invitrogen., 2006). 

 

3.3.2.  Agrobacterium tumefaciens strains 

GV3101 (RifR) agrobacterium with the helper plasmid pMP90RK (GentR) used for 

transformation (Deak et al., 1986). 

 

3.4. Descriptions of Genetic Modified 

Organisms (GMOs) used  

Donor/Recipientes:      - Arabidopsis thaliana, 

- Escherichia coli,  

- Agrobacterium tumefaciens, 

 

      Vectors:                        -    pTZ57R/T 

- pET-24a 

- pPZP221 

- pPZP212 

 

 

3.5.  Arabidopsis thaliana mutants and reporter 

lines  

Wild type ecotype Columbia (Col0) from Arabidopsis thaliana was used. The mutants and 

the reporter lines generated are listed below. The all single TOL TDNA insertion line and 

the tolQ plant line were described previously (Korbei et al., 2013). 
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 List of plant lines used in this study:   

Mutants: 

tol1-1 (TOL1 single mutant plant line) 

tol3-1 (TOL3 single mutant plant line) 

tol5-1 (TOL5 single mutant plant line) 

tol6-1 (TOL6 single mutant plant line) 

tolQ (2/3/5/6/9) quintuple mutant (with TOL2, TOL3, TOL5, TOL6, TOL9 mutated 

proteins). 

 

3.6.  Cloning Strategies  

A clone containing the desired DNA fragment in the correct orientation was identified by 

restriction enzyme analysis of plasmid DNA. To confirm the correct insert orientation and 

reading frame integrity all the cloned constructs were confirmed by sequencing. All plant 

expression vectors were transformed into plants by floral dip method (Clough and Bent, 

1998). 

I designed constructs for TOLs and mutagenized version of the TOLs for in vitro and in 

vivo experiments. For bacterial expression and further in vitro binding studies, the cDNAs 

of the TOLs were cloned into pET24a vector for protein expression. For in vivo analysis, 

non-mutated and mutated TOLs cDNA were subcloned in a binary vector pPZP221 under 

their endogenous promoter and with a C-terminal Venus tag. 

For generation of GST-Ubiquitin constructs, we fused an EcoRI-SalI PCR-fragment 

(primer pair: UBQEcoRIf/UBQSalIr) ranging from nucleotides 859 to 1461 of UBQ5 

cDNA into pGEX4T-1 (Amersham), for GST:ubqI44A we used a mutagenized ubiquitin 

version reported previously in (Korbei et al., 2013). 
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To start with, I amplified the cDNAs of TOL1, TOL5 and TOL6 from pTZ57R/T-TomL cDNA 

clones previously cloned by Asaf Khan (published in (Korbei et al., 2013)) by PCR with 

primer pairs BamHITOML55up/TOML55NotBamHId for TOL1, 

BamHITOML31up/TOML31NotIBamHIdown for TOL5 and TOL6-SalIu/TOL6-NotISalIr for 

TOL6 and introduced the PCR product into a pTZ57R/T vector by ligation with T4DNA 

ligase via dA overhangs, and confirmed them by sequencing (Fig 8A).  

Furthermore, I performed site directed mutagenesis, to generate the different mutated 

TOL6 (tol6mVHS, tol6mGAT and tol6mTOTAL) constructs, together with a Christina Artner, a 

Master Student, and the exact mutagenesis procedure is described in details in (C. Artner, 

Master Thesis 2016).  All the constructs were confirmed by sequencing. In brief: For site 

direct mutagenesis, the TOL6 cDNA into pTZ57R/T (Korbei et al, 2013) first amplified with 

oligos TOL6 W25Af/OL6W25Ar followed with oligos TOL6 N73Af/TOL6 N73Ar to mutated 

w25A and N73A resulting in tol6
mVHS

. At the same time the TOL6 cDNA in pTZ57R/T 

(Korbei et al, 2013) was amplified with oligos TOL6 AAA1f/TOL6 AAA1f to replace DLL 

by AAA at position 246-248 and followed by amplification with oligos TOL6 AAA2f /TOL6 

AAA2r to replace DML by AAA at position 250- 252, resulting in tol6
mGAT

 .  To obtain the 

total mutant TOL6 which includes the mutation of both VHS and GAT domains, EcoRI 

restriction enzyme was used to insert the first 424bp from tol6
mVHS

 in pTZ57R/T into 

tol6
mGAT

  generating  tol6
mTOTAL 

construct.   

For sub-cloning into the pET24a vector (Fig 8B), I amplified the constructs in the 

pTZ57R/T vector with specific TOL6 oligos, TOL6-SalIu and TOL6-SalId allowing the 

introduction of SalI sites at the 5’ and 3’ end of the PCR product with proof reading 

polymerase and ligated into the pTZ57R/T via T/A cloning. The PCR product where 

electroporated into DH10B and positive colonies selected via blue/white screening. 

Afterwards, the correct inserts were verified by control digestion with SalI and clones 

confirmed by sequencing. The resulting construct (TOL6-SalI-pTZ57R/T and mutated 

TOL6-SalI-pTZ57R/T) were then digested by SalI enzyme to remove the pTZ57/R and 

subcloned into bacterial expression vector pET24a which was dephosphorylated before 

cloning. The pET24a vector contains all the genetic sequences necessary to produce the 
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protein of interest including an appropriate promoter to the host cell (T7 promoter), C-

terminal His-tag and sequence which terminates transcriptions (T7 terminator). After 

ligation of the TOL6 and mutated TOL6 into pET24a, it was electroporated into DH10B 

and positive colonies were confirmed by control digestion using SalI enzyme. Correct 

insert direction and reading frame was confirmed by control digestion with BamHI or EcoRI 

restriction endonuclease. The constructs generated: TOL6-pET24a and the various 

mutated TOL6 versions (tol6mGAT, tol6mVHS and tol6mTOTAL) -pET24a were used for 

transformation into BL21 E. coli strain which is known to be efficient for protein expression 

and induction (Fig. 8B). I used these constructs for in vitro binding analysis.  

 

After all cloning procedure, I obtained the following constructs:  

For in vitro binding assay: (T7promot+His-tag+T7termin+MCS :pET24a). 

TOL6 in pET24a 

tol6mVHS in pET24a  

tol6mGAT in pET24a 

tol6mTOTAL in pET24a 

These constructs were used for induction and expression proteins of mutated and non-

mutated TOL6 proteins and used for in vitro binding assay. 

 

Subcloning into pPZP221 plant vector (Fig. 8C).  

For in planta analysis, the TOL cDNAs were subcloned into pPZP221 vector. The 

pPZP221 vectors already contained 2000bp promoter sequence and a pApA terminator 

sequence downstream which was previously used for construction of the 

pTOL6::TOL6:mcherry, pTOL1::TOL1:mcherry and pTOL5::TOL6:mcherry constructs 

described in  (Korbei et al., 2013). 
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The cDNA of the TOL1, TOL5, TOL6 and tol6mTOTAL in the pTZ57R/T were digested with 

NotI enzyme and the Venus tag was subcloned into each construct resulting in 

TOL1::Venus, TOL5:Venus, TOL6:Venus and tol6mTOTAL:Venus  in the pTZ57R/7.  The 

direction of insertions checked with restriction enzyme analysis. The entire cassette was 

subcloned via SalI enzyme in to the pPZP221, which already contained the appropriated 

promoter fragment. The direction was once again verified by restriction enzymes analysis 

(Fig. 8C). This resulted in the constructs: pTOL1::TOL::Venus, pTOL5::TOL5:Venus, 

pTOL6::TOL6:Venus and pTOL6::tol6mTOTAL:Venus in pPZP221 which were then 

electroporated into DH10B and selected via Spectinomycin . SalI enzyme was then used 

for control digestion to check the presence of the TOL-Venus-pPZP221 construct. The 

correct orientation of the insertion was then verified by digestion with Pst and HindIII 

enzymes. These constructs were used for transformation in plants by floral dip method 

(Clough and Bent, 1998) for in planta analysis. Table 2 shows different plant lines 

generated and used in this study for in planta analysis.  
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Figure 8 Schematic diagram for cloning strategy :   A) TOLs and mutated TOLs cloned in pTZ57R/T vector:  Transparent (white) 

semi-circle is the pTZ57R/T vector;    In orange is the mutated TOL6,   In blue the non-mutated TOL1, TOL5, TOL6. B) Subcloning 

in pET24a: semi-circle in transparent -pTZ57R/T, semicircle in gray-pET24a, orange- mutated TOL6; dark blue- non mutated TOL6; 

light blue- T7 promoter; dark red- MCS; yellow-His-tag; dark green- T7 terminator, in red-SalI; C) Subcloning in binary plant vector 

(pPZP221 semi-circle in transparent -pTZ57R/T, orange - TOL6; dark blue- non mutated TOL1, TOL5, TOL6; semicircle in black – 

pPZP221, In light green – Venus fluorescent protein; in brown – TOL promoter.  

 

Table 2 Plant lines generated and used during this study 
 

Reporters: Notes* 

pTOL6:TOL6:mcherry in tol6-1 In this study 

pTOL6:MutatedTOL6:mcherry in tol6-1   In this study 

pTOL6::TOL6:GUS in Col0 In this study 

pTOL6::TOL6:Venus in Col0 In this study 

pTOL6::TOL6:Venus in tol6-1 In this study 

pTOL6::TOL6:Venus in tolQ  In this study 

pTOL6::TOL6mTotal:Venus in Col0 In this study 

pTOL6::TOL6mTotal:Venus in tol6-1  In this study 

pTOL6::TOL6mTotal:Venus in tolQ In this study 

pTOL6::TOL6:Ubiquitin:Venus in tol6-1 Master student (Lisa Jörg) 

pTOL6::TOL6:Ubiquitin:Venus in tolQ Master student (Lisa Jörg) 

pTOL6::TOL6:UbiquitinI44:Venus in tol6-1 Master student (Lisa Jörg) 
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pTOL6::TOL6:UbiquitinI44:Venus in tolQ Master student (Lisa Jörg) 

pTOL1::TOL1:Venus in tol1-1 In this study 

pTOL1::TOL1:Ubiquitin:Venus in tol1-1 Master student (Lisa Jörg) 

pTOL1::TOL1:UbiquitinI44:Venus in tol1-1 Master student (Lisa Jörg) 

pTOL3::TOL3:Venus in tol3-1 Bachelor student (Julia) 

pTOL5::TOL5:Venus in tol5-1 In this study 

pTOL5::TOL5:Ubiquitin:Venus in tol5-1 Master student (Lisa Jörg) 

pTOL5::TOL5:UbiquitinI44:Venus in tol5-1 Master student (Lisa Jörg) 

 

* Notes: Person who produced the plant line. 

 

 

3.7.  Antibodies  

Table 3 Antibodies 
 

Against  Type  
Dilution 

Western 
Dilution IP Notes  

TOL6 
Rabbit, polyclonal, 

affinity purified 
1:50 (3% BSA) 1:50 (3%BSA) 

Local lab 

(Lucinda) 
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TOL6 (serum) 
Rabbit, polyclonal, 

not purified 

1:500 

(3% BSA) 

1:500 

(3% BSA) 

Center for 
Biomedical 
Research* 

Mouse Goat IgG HRP 1:20000 1:20000 Dianova 

Rabbit Goat IgG HRP 1:20000 1:20000 Pierce 

UBQ (clone 

P4D1)  
Mouse, monoclonal 

1:1000 

(3% BSA) 

1:500 

(3% BSA) 
Santa Cruz 

His epitope Mouse, monoclonal 1:2000 - Novagene 

GST Mouse, monoclonal 1:1000 - Thermo Scientific 

GFP Mouse, monoclonal 1:1000 1:1000 Santa Cruz 

 
*Center for Biomedical Research, Department of Laboratory Animal Science and Genetics, Medical University Vienna, Austria 
 

3.8. General molecular biological methods 

3.8.1 Plant genomic DNA isolation by CTAB method 

Plant genomic DNA (gDNA) obtained from one rosette leave of approximately 2 weeks 

old seedlings harvested in 1.5ml Eppendorf tube and frozen immediately in liquid nitrogen. 

Samples were homogenized by plastic pestle under constant cooling in liquid nitrogen. 

Alternatively, plant material was grinded with plastic pestle in drilling machine.  200μl of 

extraction buffer (2xCTAB) was added to the tube, vortexed and incubated at 65oC for 5 

minutes gently shaking. 200μl of chloroform was added to the sample, vortexed and then 

centrifuged for 5 minutes, 13000rpm at RT. The supernatant (aqueous upper phase) was 

then transferred to a new tube avoiding the tip to touch the interphase.  This supernatant 

was mixed with 2.5 volume of ethanol absolute by inversion. The gDNA was incubated at 

-20oC for 20 minutes to precipitate. Sample was then centrifuged at 4oC, 13000rpm for 15 

minutes. Supernatant was discarded and the gDNA pellet washed with 500μl cold 70% 
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ethanol (stored at -20oC) and centrifuged for 5 minutes, 13000rpm at 4oC. Supernatant 

discarded carefully, pellet air-dried and resuspended in 30μl dH2O at 37oC, by gently 

shaking for 15 minutes. From this elution, 1-2μl of gDNA was used to perform PCR 

reaction. These gDNA was also used for genotyping or cloning.  

 

Extraction buffer (2xCTAB buffer): 2% (w/v) CTAB (Cetyl trimethylammonium bromide, 

100 mM Tris/HCl pH 8.0, 20 mM EDTA pH 8.0, 1.4 M NaCl, 1% (w/v) PVP (Polyvinyl 

pyrrolidone Mr 40000), dH2O to an appropriate volume, autoclaved and stored at RT. 

 

The following working stock solutions were prepared, autoclaved and stored at RT: 

1 M Tris/HCl pH 8.0: Tris (2-amino-2-hydroxymethyl-1,2-propandiol) dissolved in dH2O 

and brought to the pH 8.0 with concentrated HCl. 

0.5 M EDTA pH 8.0: Na2-EDTA* 2H2O (Ethylendiaminetetraacetic acid disodium salt 

dehydrate) dissolved in dH2O and brought to a pH of 8.0 with 10 M NaOH. 

 

3.8.2 Plasmid DNA isolation with kit 

The highly purity plasmid DNA used for cloning, was isolated from bacterial cell culture by 

using column-based kits, from Fermentas (Thermo fisher Scientific) company. The DNA 

was isolated following the manufacture’s protocol. The quality and amount of DNA was 

tested by agarose gel electrophoresis and spectrophotometry. 

 

3.8.3 Spectrophotometric quantification of DNA 

The isolated DNA concentration was determined by spectrophotometric quantification 

method with a Beckmann DU 640 Spectrophotometer using a wavelength of 260 nm (UV). 

Based on the Beer-Lambert law an OD of 1 (optical density) correspondent to 50 ng/μL 

for dsDNA and 33 ng/μL for ssDNA. For optimal measurement the OD should range 

between 0.1 and 1.0. The A260/280 ratio estimates the purity of the DNA sample. 

According to the 36 fact, that aromatic amino acids have their absorption maximum at 

280nm, the A260/280 ratio ≥ 1.8 result in a low protein contamination and the A260/280 

ratio ≤ 1.8 in a high protein contamination level of the DNA. Concentration of the samples 

was calculated with the following equations.  
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A260 * dilution factor * 50 = ng/μL ds DNA  

A260 * dilution factor * 33 = ng/μL ss DNA 

3.8.4 Mini-Preparation of E. coli plasmid DNA by the “boiling method”  

Apart from the kits for DNA plasmid isolation, boiling prep method was also used for 

isolation of E. coli plasmid DNA. A single colony was inoculated in about 3-5ml LB or 2xTY 

liquid medium containing specific selective antibiotic and incubated overnight at 37oC on 

a rotary plate (180rpm). Next day 1.5ml of the culture were centrifuged at 1300rpm for 2 

minutes and supernatant discarded. Pellet was resuspended in 100μl STET buffer. The 

STET buffer was supplemented with 5μl of freshly made lysozyme. The sample was 

vortexed and incubated in a heat block at 100oC for 2 minutes to inactivate the lysozyme. 

Afterwards sample was centrifuged for 30 minutes, 13000rpm at RT. The rubber-like pellet 

including protein debris was removed using sterile toothpick. 105μl of cold isopropanol 

(stored at -20°C) was added to the supernatant, vortexed well and centrifuged for 10 

minutes, 13000rpm at RT. Supernatant was discarded and pellet washed with 400μl cold 

70% ethanol (stored at -20°C) followed by centrifugation for 5 minutes, 13000rpm at RT. 

Supernatant was discarded and remaining pellet air-dried and dissolved in 35μl of ddH2O 

supplemented with 1μl RNase A (200μg RNase/mL), by gentle shaking for 15 min at 37oC 

in a heating block. 

 

STET buffer: sucrose (8% w/v), Triton-X (0.05% v/v), Tris/HCl pH 8.0 (50 mM), EDTA (50 

mM), dissolved in water, stored at room temperature.  

1 M Tris/HCl pH 8.0: Tris (2-amino-2-hydroxymethyl-1,3-propanediol) dissolved in dH2O 

and brought to pH 8.0 with concentrated HCl, autoclaved and stored at room temperature.  

Lysozyme solution: 5 mg lysozyme dissolved in 500μL dH2O  

RNAase A: 100 mg RNAase in 10 mL dH2O, heat at 95°C for 10 minutes and cool down 

slowly. 1 mL aliquots stored at -20°C. 

 

3.8.5 Polymerase Chain Reaction (PCR) 

PCR usually performed in 20μl reaction volume, according to the table 4. 
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Table 4 Preparation of 20μl reaction mix 
 

Component  Volume Final concentration  

Template DNA   10-50 ng  

10 x PCR buffer  5 μL 1.5 mM MgCl2  

2 mM dNTP mix  5 μL 0.2 mM  

2 μM oligo forward  2.5 μL 100 nM  

2 μM oligo reverse  2.5 μL 100 nM  

Taq-Polymerase  1 μL 1 U  

dH2O  Up to 20 μL  

For direct screening of E. coli colonies (colony PCR), colonies were picked from a plate 

with a sterile toothpick and resuspended in the following reaction mixture (Table 5). 

 

Table 5 Reaction mix for colony PCR 
 

Component  Volume 

Template DNA Colony from toothpick 

10x PCR buffer 2μl 

2mM dNTP mix 2μl 

2μM forward oligo 1μl 

2μM reverse oligo 1μl 

Taq-Polymerase 0.3μl 

dH2O 13.7μl 

Final volume  20μl 

PCR was performed with an Eppendorf Thermocycler. A hot start of 5 min at 95°C 
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was followed by 30-35 cycles according to the table 6. 

Eppendorf Thermocycler (or other PCR machine present in the lab) was used to perform 

PCR. 

Table 6 PCR amplification program designed for the primers 

Step  Temperature  Time  

Preheating  95°C  5 ’’ 

Denaturation  98°C  20’’  

Annealing  Oligo-specific (50-60°C)  60’’  

Elongation  72°C  30’’/kb  

Extension  72°C  5’  

 

NOTE: The denaturation, annealing and elongation provide the core amplification part of 

the method exponentially increasing the DNA concentration with every cycle. They are 

repeated 19-39 times depending on the sensitivity of the PCR reaction. 

10xPCR buffer: 100 mM Tris/HCl pH 9.0, 0.5 M KCl, 15 mM MgCl2, 1% v/v Triton X-100, 2 mg/mL 

BSA, water added to an appropriate volume, divided in small aliquots and stored at -20°C.   

Some stock solutions were prepared and stored at adequate temperature, to be used when 

needed such as: 

1 M Tris/HCl pH 9.0: Tris (2-amino-2-hydroxymethylö-1,2-propanediol) dissolved dH2O and 

brought to the pH 9.0 with concentrated HCl, dH2O, autoclaved and stored at RT. 

1 M KCl: KCl, dH2O to 100 mL, autoclaved and stored at RT. 

1 M MgCl2: MgCl2 * 6 H2O, dissolved in dH2O, autoclaved and stored at RT.  

20% (v/v) Triton X-100: 100% Triton X-100 in dH2O, stored at 4°C.  

10 mg/mL BSA: bovine serum albumin (BSA, Fraktion V, Fluka) dissolved in dH2O and stored in 

aliquotes at -20°C.  

2 mM dNTP mix: 40 μL of each 100 mM deoxyribonucleotide triphosphate stock (dATP, dTTP, 

dGTP, dCTP), with 1840 μL dH2O to a final volume of 2 mL, 500 μL aliquots stored at -20°C.  
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Oligo stocks (Primers): lyophilized oligonucleotides dissolved in an appropriate volume of dH2O 

to get a 100 μM stock solution. For the 2 μM or 10 μM working solutions the 100 μM stock solution 

was diluted in water and stored at -20°C until use. 

 

3.8.6  Site-directed Mutagenesis by Polymerase Chain Reaction (PCR) with proof-

reading Kappa Hifi Kit  

Site direct mutagenesis performed with KAPA HiFi HotStart PCR Kit according to manufacturer’s 

manual. PCR was performed in 50μL reaction volume (table 7). 

 

Table 7 Preparation of 50μl reaction mix for site direct mutagenesis 
 

Component  Volume Final concentration  

Template DNA  - 30-100 ng  

10 x PCR buffer with Mg  10 μL 3 mM MgCl2  

10 mM dNTP mix  1.5 μL 0.3 mM  

10 μM oligo forward  1.5 μL 0.3 mM  

10 μM oligo reverse  1.5 μL 0.3 mM  

Taq-Hifi-Polymerase  1 μL 1 Unit  

dH2O  Up to 50 μL 

 

The denaturation, annealing and elongation steps provide the core amplification part of 

the method exponentially increasing the DNA concentration with every cycle. Generally, 

20 cycles were used. The PCR was performed according to the table 8. 
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Table 8 PCR amplification programme designed for the DNA for T/A cloning 
approaches 
 

Step  Temperature  Time  

Preheating  98°C  3 ’’  

Denaturation  98°C  30’’  

Annealing  Oligo-specific (50-60°C)  45’’  

Elongation  72°C  30’’/kb  

Extension  72°C  10’’ 

30 cycles were used to amplify the desired DNA fragment. 

Oligo stocks (Primers): lyophilized oligonucleotides were dissolved in an appropriate 

volume of dH2O to get a 100 μM stock solution. For the 2 μM working stock solutions, 10 

μL of the 100 μM stock were diluted in dH2O to a final volume of 500 μL, whereas for the 

10 μM working solution 50 μL of the 100 μM stock were diluted in dH2O to a final volume 

of 500 μL.  

10 mM dNTP mix and 10 x PCR buffer with Mg: were provided by the PCR kit. 

 

3.8.7  Polymerase chain reaction (PCR) to get DNA with T/A overhang  

For further ligation into pTZ57R/T vector T/A (sticky ends) ends need to be added to a 

blunt ended insert by using a short PCR reaction (see Table 9).  

Table 9 PCR mixture 
 

Component  Volume Final concentration  

Template DNA   30-50 ng 

10 x PCR buffer  5 μL 1.5 mM MgCl2  

2 mM dNTP mix  5 μL 0.2 mM  

10 μM oligo forward  -  
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10 μM oligo reverse  -  

Taq- Polymerase 1 μL 1 U 

dH2O Up to 50 μL  

 

 

 

PCR was performed with an Eppendorf Thermocycler, using the standard PCR (Table 10) 

Table 10 PCR amplification program designed for standard PCR 
 

Step  Temperature Time 

Denaturation  98 °C 3’’ 

Elongation  72 °C 30’ 

Extension  72 °C 5’ 

 

 

3.8.8 DNA gel-electrophoresis  

The horizontal gel electrophoresis 1%, 1.2% or 1.5% were used to estimate the size and 

the amount of plant DNA, bacterial lasted DNA or elution of digested DNA fragment. The 

gel was prepared by mixing 1x TAE buffer with agarose, heated in microwave until the 

agates was completely melted. 0.5μg/ml final concentration of ethidium bromide was 

added to the cooled mixture and poured on a specific strand with desired combs. The 

DNA sample was mixed with 6x loading dye immediately before loading on agarose gel. 

6x orange gel-loading buffer: 0.25% Orange G (w/v), dissolved in 75% glycerol. 

50x TAE electrophoresis buffer: 2 M Tris base dissolved in dH2O, 1 M glacial acetic acid, 

0.05 M Na2EDTA*2 H2O or 0.5 M EDTA pH 8.0, added dH2O to desired volume, 

autoclaved and stored at RT. 

0.5 M EDTA pH 8.0: Na2EDTA*2 H2O dissolved dH2O and brought to a pH 8.0 with 10 M 

NaOH, autoclaved and stored at RT.  
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Ethidium bromide stock (10 mg/mL): Roth, stored at 4°C. 

3.8.9  DNA digestion with restriction endonucleases  

The DNA digestion was carried out using the specific enzymes, with supplied buffers and 

following the manufactures recommendations. Quantitative digestion was performed in 

50μL reaction volume and incubated for 1.5 to 2h, for DNA used for cloning. If the DNA 

was needed for control digestion, the digestion was performed in 20 μL reaction volume 

and incubated for 1-1.5h according to the enzyme activity. The enzymes were inactivated 

by eating at 65oC or 80oC according to the enzyme specification. Enzymes were 

purchased from MBI Fermentas, New England Biolabs and Promega. 

 

3.8.10 Purification of DNA fragments from agarose gels 

Following the manufacture’s manual, the purified DNA was extracted from agarose gel 

using a gel extraction kit from Fermentas Company. 

 

3.8.11 Dephosphorylation of enzyme-digested DNA ends 

In order to avoid re-ligation of the vector after digestion with restriction endonucleases the 

Shrimp Alkaline Phosphatase (SAP) was used to remove the 5`-phosphate groups. 1μL 

of SAP or fastAP was added to the sample immediately after the inactivation of the 

restriction endonuclease. When using SAP, the dephosphorylation mix was incubated for 

1h, whereas when using the fastAP, the time was reduced to 15-30 minutes at 37°C. The 

SAP and fastSAP enzymes were obtained from MBI Fermentas Company. 

 

3.8.12 Cloning of PCR fragments  

The purified DNA from agarose gel was ligated into T/A cloning vector overnight at 14-

16°C. 1-3μL of DNA used for transformation into E. coli by electroporation. The blue-white 

selection method was used to identify the positive clones. InsT/A clone PCR product 

cloning kit, MBI Fermentas. 
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3.8.13 T4 DNA Ligation  

DNA quality, amount of purified vector and respective insert were estimated by loading in 

an agarose gel before the ligation. After confirmation of the quality and amount of the 

insert and Vector, the ligation was performed in 20μL using 5U of T4 DNA ligase and 2μL 

of T4 DNA ligase buffer. The molar ration of vector and insert used was approximately 1:3 

according to the size of the vector and insert. After ligation, the reaction was incubated for 

1h at RT and then at 14 to 16°C overnight. On the next day the T4 DNA ligase was 

inactivated at 65°C for 10 minutes and then stored at -20°C. T4 DNA Ligase and buffer 

were purchased from MBI Fermentas, New England Biolabs, Promega. 

 

3.8.14 Blue-White Selection of positive clones  

The pTZ57R/T plasmid is a lacZ-bearing vector backbone, encoding for β-galactosidase. 

IPTG (Isopropyl-β-D-thiogalactopyranoside) induces the lacZ gene expression. X-Gal (5-

bromo-4-chloro-3-indolyl- β-D-galactopyranoside) is a substrate for the β-galactosidase, 

which is cleaved, then dimerizes and oxidizes to form a bright blue insoluble precipitate. 

If the gene of interest is inserted in the multiple cloning site, expression of the lacZ gene 

is disrupted, no enzyme produced and the X-Gal remains colorless. 75μL of IPTG – X-

GAL mixture was spread on the surface of a selective agar plate prior to plating of the 

bacterial culture. After incubation of the plates at 37°C overnight they were placed at 4°C 

to promote the formation of blue precipitate. Cells transformed with vectors containing the 

gene of interest will produce white colonies; cells transformed with only the vector grow 

into blue colonies.  

 

100 mM IPTG stock: dissolved in dH2O and aliquots stored at – 20°C. 

X-Gal stock: dissolved in DMF and aliquots stored at – 20°C.  

IPTG – X-Gal mixture: 25μL of 100 mM IPTG, 25μL of X-Gal stock, 25μL dH2O, mixed 

before spread on the agar plates. 

 

3.8.15 Media and growth conditions for bacteria 

For bacterial growth, LB or 2xTY medium containing a specific antibiotic were used. The 

liquid medium was incubated in rotary shaker (180rpm) and the solid medium in 9 cm Petri 
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dishes plate (1.5%). The temperature for growing E. coli strains was 37°C overnight or 

few hours according to the experiment. Whereas the temperature for growing 

Agrobacterium tumefaciens was 29°C for two days in solid medium and overnight in liquid 

medium. 

Antibiotics: prepared according to the concentrations (table 11) aliquoted and stored at – 

20°C. 

 

Table 11 Preparation of the different antibiotic used in this study 
 

Antibiotic 

Abreviati
on 

Stock 
concentration 
in ddH2O 

Final 
concentration 
for E.coli 

Final 
concentration 
for A. 
tumefaciens 

Ampicillin  amp 50 mg/mL 50 μg/mL - 

Kanamycin 
kan 

50 mg/mL 50 μg/mL 50 μg/mL 

Gentamycin Gent 100 mg/mL - 50 μg/mL 

Rifampicin  Rinf 50 mg/mL - 50 μg/mL 

Spectinomycin  Spec 50 mg/mL 50 μg/mL 100 μg/mL 

 

LB medium: 1% peptone (trypton), 0.5 %yeast extract, 172 mM NaCl, added water to the 

corresponding volume, autoclaved and stored at RT. For solid media, 4.5 g agar was 

added to 300 mL liquid medium, autoclaved and stored at RT. Prior to use the solid 

medium was melted in microwave, cooled down to 55°C in water bath or at RT. An 

appropriate amount of selective antibiotic was added immediately before pouring the 

medium on plate. 

2x TY medium: 1.6 % peptone (tryptone), 1% yeast extract, 86 mM NaCl, dissolved in 

appropriate amount of water, brought to pH 7.4 with 10 M NaOH, autoclaved and stored 

at RT. For solid medium the procedure was similar to the LB medium. 



                                                                                                          MATERIAL AND METHODS 

 

47 
 

3.8.16    Preparation of electrocompetent E.coli 

To prepare electrocompetent E. coli strain, a specific strain (DH10B or BL21 (DE3)) was 

stroked out from -80°C, to the LB plate (without antibiotic), and incubated overnight at 

37°C. Next day one single colony was inoculated on 5ml of LB medium and grown 

overnight at 37°C, shaking at 180rpm. From this culture, 2 ml was inoculated in a fresh 

500ml LB medium and grown at 37°C, 180rpm. When the bacteria reached the OD600 = 

0.5, the culture was transferred to a cold condition, and chilled on ice for 1h. Afterward the 

cultures were centrifuged for 15 minutes at 5000rpm at 4°C (Hettich Zentrifugen, type 

1610 D-78532 Tuttlingen, Rotor E819) in cold 50 ml falcon tubes. The bacterial pellet was 

resuspended with 200 mL of ice-cold sterile ddH2O in each tube and centrifuged again. 

The water was removed from the tubes, and the washing step repeated once. Within each 

washing step the number of used tubes was reduced until 2 tubes remain. The pellet was 

resuspended in 5 ml of cold 10% glycerol for both tubes and centrifuged again. At the end, 

the pellet was resuspended in 1 ml of cold 10% glycerol. 50μl of the competent cells were 

aliquoted to the cold Eppendorf tubes, shock frozen in liquid nitrogen and stored at - 80°C. 

10 % Glycerol: 100% Glycerol diluted in dH2O, autoclaved and stored at 4°C. 

 

3.8.17  Preparation of electrocompetent A. tumefaciens  

The preparation of electrocompetent A. tumefaciens strain was similar to the 

electrocompetent E. coli cells. A specific strain of A. tumefaciens (GV3101) was stroked 

out from -80°C, to the LB plate (with appropriate antibiotic Rif/Gent), and incubated for 

two nights at 29°C. A single colony was picked from the plate and inoculated in 5ml LB 

liquid medium with specific selection antibiotic and grown overnight at 29°C, shaking at 

180rpm. Next day, 2 ml of these culture were inoculated in 500ml LB containing specific 

selection antibiotic and grown at 29°C until reached the OD600 = 0.5 - 0.6. The following 

steps were the same as described for preparation of electrocompetent E. coli strains. 

 



                                                                                                          MATERIAL AND METHODS 

 

48 
 

3.8.18  Electroporation of E. coli and A. tumefaciens  

To electroporate the plasmid DNA, 50μL of electrocompetent cells from -80°C, were 

thawed on ice for few minutes and then 1-3μL (corresponding to 1-10ng) of plasmid DNA 

added to the tube. The suspension was carefully mixed by pipetting avoiding formation of 

bubbles and immediately transferred to the ice-cold electroporation cuvettes (2mm path 

length, Equinio, Peqlab). The cuvettes were kept on ice until high voltage pulse was 

applied at 2.5 kV (for E. coli) or 2.2 kV (for A. tumefaciens), 200 Ω and 25 μF in a BIO-

RAD Gene PulserTM. After application of the electro pulse, 550μL of LB or 2xTY medium 

was added to the cells, gently mixed and then transferred into a 1.5 mL tube and incubated 

for 1 hour at 37°C for E. coli or at RT in the dark for A. tumefaciens. Cell suspension was 

plated on LB plates with the appropriate antibiotic. For A. tumefaciens, the suspension 

was diluted in water 1 to1 before plating. 

 

3.8.19  Preparation of bacterial -80 °C glycerol stocks  

A single colony of the desired clone of E. coli grown in 5 mL of selective medium. 600μL 

of the overnight culture mixed with 600μL 100% glycerol by vortexing in a cryo-tube and 

directly shock frozen in liquid nitrogen, finally stored at -80°C. 

 

3.9. Plant Methods  

3.9.1. Seed harvesting and storage  

Dried seeds from mature siliques were harvested and collected into a paper bag or in 

1.5ml Eppendorf tubes. The plant materials were removed completely from the seeds 

using a sieve. The dried seeds were stored at RT. 

 

3.9.2. Seed sterilization 

For sterilization, the dried seeds (up to 50μl of seeds) were resuspended in 500μl 

sterilization solution and incubated for 7 minutes with frequent shaking. Afterwards, the 

seeds were left to settle down in the bottom of the tubes and the solution removed. Seeds 
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were washed 3 times with 1 ml sterile water. For large amount of seeds, more than 500μl 

of seeds (as for T1 seeds selection), 15ml falcon tube was used for sterilization. 3ml of 

sterilization solutions were added to the tube, and incubated for 7 minutes shaking at RT. 

After incubation, tubes were centrifuged for 1 minute at 4000rpm and sterilization solution 

removed. The seeds were washed 3 times with sterile water. In both cases after the 

washing steps the water was removed and the tubes rinsed with 1% agarose. The 

sterilized seeds were transferred to a solid/liquid plant medium and then kept at 4°C under 

dark conditions for 2-4 days for stratification to allow synchronous germination. 

Alternatively, the sterilized seeds in some ddH2O were left in 1.5 ml tube for stratification 

before transfer to the plant medium.  

Alternatively, seeds were also sterilized by soaking them in 70% ethanol in paper bag and 

allowed to dry in a laminar flow hood, and then resuspended in 0.1% agarose in Eppendorf 

tube. 

Sterilization solution: (6% v/v) sodium hypochlorite, appropriate amount of water, 0.1% v/v 

Triton X-100. Prepared freshly.  

20% (v/v) Triton X-100: 100% Triton X-100 diluted in dH2O, stored at 4°C. 

 

3.9.3.  Cultivation on solid media  

The solid plant nutrient (PN) medium (Haughn et al., 1986) was melted in a microwave 

and cooled to 55°C in a water bath. 1% (v/v) sucrose final concentration was added to a 

PN medium in order to obtain PNS (Plant Nutrient with Sugar). For selection of primary 

transformants (T1) no sugar was added to the plant medium to reduce the contamination 

with A. tumefaciens. Plant hormones or selective drugs were added to the plant medium 

when necessary. Sterile seeds were resuspended in 0.1% agarose and plated in parallel 

rows by using a 1 mL pipette tip. For T1 selection a higher amount of seeds was 

resuspended in 0.1 % agarose and distributed to the solid medium plate by circular 

movement and allowed to dry in the laminar stream for some minutes. 

Dry plates were sealed with surgical tape LeukoporTM and stratified for at least 48 hours 

at 4°C. Afterwards the plates were transferred into a plant growth incubator/phytotron 
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(Percifal Scientific Inc.) under following conditions: 12h photo-period, 159 μmol/m2/s light 

intensity, 50% relative humidity and 22°C. For the T1 selection the plates were incubated 

in horizontal, for phenotypic analysis plates were incubated in a vertical position. 

PN solid medium: 50μM - Na2EDTA*2H2O dissolved in dH2O, 50 μM - FeSO4*7 H2O, 2.5 

mM - 100x KPO4 pH 5.5, 5 mM -  KNO3, 2 mM - Ca(NO3)2, 2 mM - MgSO4, 1x 

micronutrients mix, correspondent amount of water and brought to pH 5.5 with 1 M KOH. 

700 mL of this suspension was filled into a 1000 mL glass bottle containing 1% agar, 

autoclaved and stored at RT. 

Stock solutions were prepared to be used when necessary: 

250 mM KPO4 pH 5.5: 235 mM - KH2PO4, 15mM - K2HPO4, dissolved in dH2O, autoclaved 

and stored at RT.  

500 mM KNO3: KNO3 dissolved in dH2O to 1000 mL, autoclaved and stored at RT.  

200 mM Ca(NO3)2: Ca(NO3)2*4 H2O, dissolved in dH2O, autoclaved and stored at RT.  

200 mM MgSO4: MgSO4*7 H2O, dissolved in dH2O, autoclaved and stored at RT.  

1000x micronutriens mix: 70 mM H3BO3, 14 mM - MnCl2*4H2O, 0.5mM CuSO4*5 H2O 1 

mM - ZnSO4*7 H2O, 0.2 mM Na2MoO4*2H2O, 10 mM NaCl, 0.01 mM CoCl2*6H2O 

dissolved in dH2O, autoclaved and stored at RT.  

1M KOH: potassium hydroxide dissolved in dH2O, stored at RT.  

50% sucrose: sucrose dissolved in dH2O, autoclaved and stored at RT.  

0.1% (w/v) Agarose: agarose dissolved in dH2O, melted in a microwave oven and 

aliquoted, autoclaved and stored at RT. 

Selection drugs: Antibiotics used for plant selection were divided in 1 mL aliquots and 

stored at – 20°C (Table 12). 
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Table 12 Preparation of the antibiotics solution for selection 
 
 

Antibiotic  Stock concentration 
in dH2O 

Final concentration 
for T1 plants 

Final concentration 
for T2 plants 

Gentamycin 

for pPZP221 
50 mg/mL 75 μg/mL 60 μg/mL 

Kanamycin  

For pPZP212 
50 mg/mL 50 mg/mL 50 mg/mL 

3.9.4. Plant cultivation on soil  

The soil for plant cultivation was prepared using 3 volumes of Einheitserde E 15 Typ P 

(Werkverband E.V.) and 1 volume of Granuperl Standard S 0-6 granules (Perlite). To 

propagate or analyze adult plant phenotype, the soil substrate was filled in small pots 

(5x5cm), put in plastic tray and soaked with water. Afterwards, 5 plants with 2-3 weeks 

old were transferred from the agar plates to the soil using tweezers. To avoid the loss of 

humidity, the plant tray was covered with a transparent plastic during the first days. Plants 

were grown in climate chambers under long day conditions (16hours of light, 8 hours dark) 

at 22°C at approximately 100 μM/m2/s light intensity and 50% relative humidity. 

 

3.9.5.  A. tumefaciens mediated plant transformation by Floral Dip Method  

After electroporation and overnight incubation of A. tumefaciens (see section 3.8.4), one 

single colony of A. tumefaciens with the desired construct was inoculated in 5ml LB 

medium containing all necessary selective antibiotics and incubated overnight at 29°C. 

Next day the 5mL pre-culture were used to inoculate a large scale culture of 300 - 400 mL 

LB containing only the antibiotic necessary for selection for the plasmid, and grown at 

29°C overnight. The culture was centrifuged for 15 minutes at 4°C in a Sorvall GAS rotor 

at 3000rpm. The pellet was resuspended in 250mL of infiltration medium and transferred 

into a 250mL beaker, which fitted to the size of the plant pots. Plant pots were inverted 

into the Agrobacterium-containing medium and the plants were incubated for 5 - 10 

minutes at RT (Clough and Bent, 1998). Afterwards the plants were placed horizontally 
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into a plastic tray overnight (o/n) covered with a plastic wrap to ensure efficient 

transformation and humidity. Plants were transferred to a vertically position into a plastic 

tray and incubated in the climate chamber for growth and seed formation.  

Infiltration medium: 2.15 g MS salts, 0.5 g MES (2-N-morpholino-ethanesulfonic acid), 50 

g sucrose dissolved in 800 mL dH2O, brought to a pH 5.7 with KOH, dH2O to 900 mL. 

Before use 300 μL of Silwet L-77 (0.03 % Van Meeunwen Chemicals B.V., Netherlans) 

was added. Fresh prepared no autoclaving necessary. 

 

3.9.6. GUS staining and microscopic preparations 

In order to analyze the transgenic seedlings or plant organs carrying GUS reporter 

constructs, the plant material was harvested and dipped in approximately 3mL of GUS 

staining buffer in a 6-well culture plate and incubated at 37°C. When staining was 

complete, the samples were rinsed with H2O and de-stained by shaking overnight at RT 

in 70% ethanol (EtOH). Afterwards the material was placed in water on a microscopic 

slide, and the slides were ready for microscopy examination. 

GUS buffer: 100 mM sodium phosphate buffer pH 7.0, 10 mM EDTA pH 8.0, 0.5 mM 

K4[Fe(CN)6], 0.5 mM K3[Fe(CN)6], 0.1%Triton X-100 (0.1%), added dH2O to the 

appropriate amount and buffer stored at 4°C. 

0.5 M Sodium phosphate buffer pH 7.0: 288.5 mM NaH2PO4∙H2O, 211.5mM 

Na2HPO4∙2H2O, added dH2O, autoclaved and stored at RT. Alternatively, 57.7 parts of 

0.5 M sodium phosphate monobasic salt stock mixed with 42.3 parts of 0.5 M sodium 

phosphate dibasic salt stock. 

Working solution: 

0.5 M EDTA pH 8.0: Na2EDTA∙2H2O (Ethylenediaminetetraacetic acid disodium salt 

dihydrate) dissolved in dH2O and brought to pH 8.0 with 10 M NaOH, autoclaved and 

stored at RT.  

10 M NaOH: The dissolution of NaOH in H2O is a highly exothermic reaction. The 10 M 

NaOH solution has to be prepared with extreme care in plastic beakers. The NaOH was 
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slowly added under continuously stirring, until the pellets have dissolved, stored in plastic 

bottle at RT. 

50 mM K4[Fe(CN)6]: K4[Fe(CN)6]·3H2O (potassium hexacyanoferrate II trihydrate), 

dissolved in dH2O, autoclaved and stored at 4°C, during time a reddish-orange pellet 

forms and should not be disturbed. 

50 mM K3[Fe(CN)6]: K3[Fe(CN)6] (potassium hexacyanoferrate III), autoclaved and stored 

at 4°C, during time a reddish-orange pellet forms and should not be disturbed. 

20% (v/v) Triton X-100: 100% Triton X-100 diluted in dH2O, stored at RT or 4°C. 

GUS staining buffer: 19 ml GUS buffer mixed with 1 ml 20 mM X-Gluc stock (1 mM), the 

staining buffer was prepared just prior use. 

20 mM X-Gluc stock: X-Gluc (5-Bromo-4-Chloro-3-Indolyl-ß-D-glucuronic acid 

Cyclohexylammonium salt), dissolved in DMF, stored light protected at -20°C. 

 

3.9.7. Confocal Laser Scanning Microscopy (CLSM)  

To determine the localization of specific-tagged proteins in the root cells, live cell imaging 

with 6 to 10-days-old seedlings was performed. For image acquisition, a Leica TCS SP5 

confocal laser-scanning microscope was used. The Venus-tag was excited at 514 nm 

(fluorescence emission: 525–578 nm). The GFP excitation at 488 nm (emission: 494-541 

nm). Sensitive HyD2 detector detected the fluorescence signals. The image was acquired 

using 63x water immersion lens. About 4 seedlings were placed onto the object plate, 

covered with water and a cover slide and then the lens was adjusted to take the image. 

The TOL and mutated TOL alleles reporter signal distribution was accessed by 

determining the ration of the mean fluorescence signal intensity from PM out of cytoplasm 

(PM/Cytoplasm) for TOL6 and TOL6 mutants. For TOL1 and TOL5 the ration of signal 

intensity was based on Cytoplasm out of PM (Cytoplasm/PM) due to abundant localization 

of these TOLs at Cytoplasm. Relative signal intensities from TOL6 and their respective 

mutants measured by the ration between PM over intracellular relative signal content was 

obtained by selection of whole cell and intracellular content mean fluorescence with 
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imageJ/Fiji sofware. Same procedure was applied for TOL1 and TOL5 with their 

respective mutants but using the ration Cytoplasm/PM. In both cases 8 adjacent cells from 

epidermis of six-day-old roots were measured from three roots each and in three biological 

repeats. Resulting averages were then used for determination of signal ratios. Average 

values were depicted as box plots, their statistical significance was calculated using Two-

tailed t-test in Sigma Plot (Systat, Chicago, IL, USA). Co-localization coefficients were 

calculated according to (French et al., 2008).  

 

3.9.8. Analysis of plant development  

In order to analyze the plant development of different TOL plant lines as well as different 

mutated reporter constructs, I started by measuring the root length of 7days old seedlings. 

Statistical analysis of the overall root lengths did not show any significance difference, 

however, there were some clear differences between the mutated and non-mutated plant 

lines. To address this, I calculate the average of 7 days old root length seedlings from 

Colombia (Col0) wild type. The average from Col0 was 3.4cm +/-0.5cm. With this number, 

I divided the roots in three categories: the roots above 3.4 cm considered as long roots 

(long roots), the roots bellow 3.4 cm as a regular root, yet the roots with less than 1cm 

were considered as abnormally short roots. With these categories, I could group the roots 

and I could perform statistical analysis that allowed me to demonstrate significant 

phenotypic differences between Col0 and the different TOL plant lines.  

For further analysis of the plant growth and development, I counted the rosette leaves 

when inflorescence stem has 1cm height (Moller-Steinbach et al., 2010). I grew four pots 

with three plants for two different homozygous plant line under similar conditions in a 

climate chambers under long day conditions (16hours of light, 8 hours dark) at 22°C at 

approximately 100 μM/m2/s light intensity and 50% relative humidity. The results were 

expressed in terms of the mean and the graphics were obtained using Microsoft Excel 

(Microsoft, USA).  Statistical significance was calculated using Two-tailed t-test in Sigma 

Plot (Systat, Chicago, IL, USA). 
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3.9.9.  Computer software 

 
DNA sequences were analyzed and aligned using the DNAStar software (DNAStar Inc., 

Madison/Wisconsin, USA). Digital images (TIFF, JPEG) were processed with Adobe 

Photoshop (Adobe Systems, USA) and Microsoft PowerPoint office 2016. Quantification 

of PCR products resolved by Agarose gel electrophoresis was performed with Quantity 

One (Bio-Rad Laboratories). Images were processed and analyzed using FluoView 

(Olympus), Fiji (68), ImageJ-win32, and Photoshop CS6 (Adobe). The grafics were 

obtained using Microsoft Excel (Microsoft, USA).  Statistical significance was calculated 

using Two-tailed t-test in Sigma Plot (Systat, Chicago, IL, USA). 

 
 

3.10. Biochemical Methods  

3.10.1 Induction of Protein expression in BL21 (DE3)  

For biochemical analysis, plant proteins were expressed from E. coli strain BL21 (DE3) 

via induction with IPTG. First step was to streak out the desired construct, which 

previously had been transformed into BL21 (DE3), from -80 glycerol stock to a LB plate 

with specific selective antibiotic, and incubated overnight at 37°C. Next day, one single 

colony was inoculated in 5mL LB medium containing appropriate antibiotic and grown 

overnight at 37°C, shaking at 180rpm. From this, 1-2mL was inoculated to a fresh 50ml 

LB medium containing specific selection antibiotic and grown until OD600 = 0.5-0.6. 1mL 

of the cell culture was separated to an Eppendorf tube, centrifuged and the pellet kept at 

-20°C for analysis before induction. 100mM of IPTG was added to the culture, to have a 

final concentration of 0.5 mM IPTG protein expression. The induction of protein expression 

by IPTG was achieved by incubating the cell culture with IPTG for 5h at 37°C shaking at 

180rpm. 1ml of this culture was separated, centrifuged and the pellet saved at -20 for 

analysis after induction. The culture with induced protein centrifuged in 50mL falcon tube 

for 15 minutes, 4°C at 5000rpm (Hettich Zentrifugen, type 1610 D-78532 Tuttlingen, Rotor 

E819). The supernatant was removed and the pellet saved at -80°C to be used for protein 

extraction, or in vitro binding studies. 

100 mM IPTG stock: dissolved in dH2O, 500μL aliquots stored at – 20°C. 
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3.10.2 Extraction of recombinant proteins from BL21  

After induction of protein expression (see section 3.10.1), the protein pellet was 

resuspended in 1mL of sonication buffer with detergent (SDS) and incubated for 30 

minutes at 4°C by rocking. 1mL of sonication buffer without detergent (SDS) was added 

to the suspension and incubated on ice. Afterwards the cells were disrupted by ultrasonic 

frequencies during sonication procedure (Vibra cellTM, Sonics and Material Danbury.CT. 

USA). The sonication was applied for 6 times 10 seconds to each sample avoiding 

formation of bubbles. The samples were always chilled on ice between the sonication 

pulses. After finishing the sonication step, the samples were centrifuged for 10 minutes, 

4°C at maximal speed in a tabletop centrifuge. The supernatant was transferred to a 15mL 

falcon tube and mixed. 3 mL of RIPA buffer, 500μL of 100% Glycerol and ¼ of the 

complete mini EDTA free tablet (Roche) were added to the sample in the falcon tube and 

mixed well. The pellet after centrifugation was analyzed together with 100μL of the sample 

after extraction, in order to determine the amount of recombinant protein in soluble or 

pellet fraction. The supernatant was aliquoted and frozen at -80°C and used for the in vitro 

binding assay. 

Sonication buffer with SDS: 10 mM Hepes/NaOH pH 7.4, 1 M EDTA pH 8, 0.5 % w/v SDS, 

appropriate amount of dH2O and stored at 4°C. 1 mM PMSF, 1 mM DTE and 1 mM 

Aprotinin/Leupeptin were added as efficient protease inhibitors immediately before use. 

Sonication buffer without SDS: 10 mM Hepes/NaOH pH 7.4, 1 M EDTA pH 8, appropriate 

amount of dH2O and stored at 4°C. 1 mM PMSF, 1 mM DTE and 1 mM Aprotinin/Leupeptin 

were added as efficient protease inhibitors immediately before use.  

RIPA buffer: 50 mM Hepes/NaOH pH 7.4, 1 mM EDTA, 140 mM NaCl, 1 % (w/v) Triton 

X-100, 0.1 % (w/v) Na-deoxycholate, appropriate amount of dH2O and stored at 4°C. 

Before use 1 mM PMSF, 1 mM DTE and 1 mM Aprotinin/Leupeptin were added as efficient 

protease inhibitors.  

0.5 M Hepes/NaOH pH 7.4: Hepes (4-(2-hdyroxyehtyl)-1-piperazineethanesulfonic acid) 

dissolved in appropriate amount of dH2O, brought to pH 7.4 with concentrated NaOH, and 

stored at 4°C. 
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0.5 M EDTA pH 8.0: Na2EDTA*2H2O dissolved in appropriate amount of dH2O and 

brought to a pH 8.0 with 10 M NaOH, autoclaved and stored at RT. 

20% SDS: sodium dodecyl sulfate (w/v) dissolved in dH2O, autoclaved and stored at RT.  

1 M Aprotinin stock: Aprotinin dissolved in H2O, aliquots of 50μL were dried and stored at 

-20 °C. 

1 M Leupeptin hemisulfate stock: Leupeptin hemisulfate dissolved in H2O, aliquots of 50μL 

were dried and stored at -20°C. 

0.5 M DTE: DTE (2,3-Dihydroxybutane-1,4-dithiol) dissolved in 100μL dH2O, stored at -

20°C. 

100 mM PMSF: PMSF (Phenylmethylsulfonyl fluoride) dissolved in Isopropanol, aliquots 

for short storage at -20°C.  

20% Triton X-100 (v/v): 100 % Triton X-100 diluted in dH2O, stored at 4°C. 

10% Na-deoxycholate: Na-deoxycholate dissolved in dH2O, autoclaved and stored at -

20°C. 

2.5 M NaCl: NaCl dissolved dH2O, autoclaved and stored at RT. 

 

3.10.3 Binding Assay with glutathione-magnetic beads  

In order to analyze the binding activity of ubiquitin to the TOL proteins in vitro (can also 

be used for different proteins and targets) an in vitro binding assay was performed as the 

following: 100μL of Thermo Scientific Pierce Glutathione magnetic beads were 

equilibrated with Equilibration Buffer (EB-binding or washing buffer) by washing 3 times, 

1mL, 10 minutes at 4°C, gently rocking. The supernatant was removed using a magnetic 

stand (Promega™ MagneSphere™ Technology Magnetic Separation Stand). 500µl of 

Equilibration buffer was added to resuspend the beads and then mixed with 500μl of 

soluble extracted recombinant GST (glutathione-S-transferase)-fusion protein (see 

section 3.10.2). The sample was incubated for 2 hours at 4°C, gently rocking, allowing the 

GST-fusion protein to bind to the Glutathione magnetic beads via its GST-tag. After 
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incubation, the tubes were placed on magnetic stand and the beads settled down. The 

supernatant was removed and 50μl saved for testing the sample before binding. The 

ubiquitin coupled Glutathione magnetic beads were washed with EB-binding/washing 

buffer 3 times, 10 minutes at 4°C by gently rocking. Then the second recombinant protein, 

which binds to the GST-tagged first protein, was added. The appropriate amount (10-

100μl) (depending on the concentration of protein) was diluted in 1 mL Resuspension 

buffer and added to the beads and incubated overnight at 4°C by gently rocking. From 

this sample, 20μl was saved before adding to the beads, to analyze the amount of protein 

before binding.  

Next day, the tubes with the samples were placed on magnetic stand to allow the coupled 

beads, with the potentially bound second protein to settle down and the supernatant was 

removed. 50μl of the supernatant was saved for analysis after binding. The beads were 

washed with Resuspension buffer 6 times, 1 mL, 10 minutes, 4°C, gently rocking. After 

the final washing steps, the beads containing the complex ubiquitin-TOL proteins were 

resuspended in 50μl Laemmli buffer and incubated for 10 minutes at 98°C. The beads 

were settled down at magnetic stand and the supernatant transferred to a fresh tube. The 

sample was saved at -20°C until analysis. Similar procedures were performed as control 

experiments using just GST. 

NOTE: Thermo Scientific Pierce Glutathione Magnetic Beads are composed of iron oxide 

particles, encapsulated by crosslinked agarose with a mean diameter of 1-10 μm with 

reduced glutathione (GSH) covalently attached to the surface. 

Thermo Scientific Pierce Glutathione Magnetic Beads were stored in 25% slurry of 20% 

Ethanol with a binding capacity of 5-10 mg of GST fusion protein per 1 mL of settled beads 

(i.e., 4 mL of 25% slurry). 

EB binding/wash-buffer: 1x TBS, 20 mM Tris/HCl pH 7.4, 0.5 % Triton X-100, 5 mM EDTA 

pH8, 0.5% CHAPS((3-(3-cholamidopropyl) dimethylammonio)-1-propanesulfonate), 

appropriate amount of water and stored at 4°C. Before use 1 mM PMSF, 1 mM DTE and 

1 mM Aprotinin/Leupeptin were added as efficient protease inhibitors. 
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Resuspension buffer: 20 mM Tris/HCl 7.4, 200 mM NaCl, 1 mM EDTA pH 8, appropriate 

amount of water and stored at 4°C. Before use 1 mM PMSF, 1 mM DTE and 1 mM 

Aprotinin/Leupeptin were added as efficient protease inhibitors. 

2.5 M NaCl: NaCl dissolved in appropriate amount of dH2O, autoclaved and stored at RT.  

20x TBS: 1 M Tris (2-Amino-2-(hydroxymethyl)-1,3-propanediol), 3 M NaCl dissolved in 

dH2O, brought to pH 7.5, autoclaved and stored at RT. 

1 M Tris/HCl pH 7.4: Tris (2-amino-2-hydroxymethylö-1,2-propanediol) dissolved in dH2O 

and brought to the pH 7.4 with concentrated HCl, autoclaved and stored at RT. 

20% Triton X-100 (v/v): 100% Triton X-100 diluted in dH2O, stored at 4°C  

5% CHAPS: CHAPS ((3-(3-cholamidopropyl) dimethylammonio)-1-propanesulfonate) 

dH2O, aliquots stored at -20°C. 

0.5 M EDTA pH 8: Na2EDTA*2 H2O dissolved dH2O and brought to a pH 8.0 with 10 M 

NaOH, autoclaved and stored at RT. 

1 M Aprotinin stock: Aprotinin dissolved in H2O, aliquots of 50μL were dried and stored at 

-20°C. 

1 M Leupeptin hemisulfate stock: Leupeptin hemisulfate dissolved in dH2O, aliquots of 50 

μL were dried and stored at -20 °C.  

0.5 M DTE: DTE (2,3-Dihydroxybutane-1,4-dithiol) dissolved in dH2O and stored at -20 °C  

100 mM PMSF: PMSF (Phenylmethylsulfonyl fluoride) dissolved in Isopropanol, aliquots, 

for short storage at -20°C. 

 

3.10.4  Discontinuous SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

The proteins extracts were analyzed by discontinuous SDS-PAGE method developed by 

(Laemmli, 1970). This method uses two gels, a stacking and separating gel which allows 

the separation of proteins according to their molecular weight. SDS is responsible for 

protein denaturation, and gives them a constant charge. The stacking gel helps proteins 
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to start their migration at the same level while the separation gel, is important for 

separating proteins in accordance to their molecular weight. Between 6% and 14% 

polyacrlyamide was used in the separation gels. Whereas the stacking gels always 

contained 4% polyacrylamide (Table 13).  

 
Table 13 Preparation of separation gel 
 

Chemicals Volume for 2 gels 
Final 

concentration 

30% Acrylamid/Bisacrylamid 

(37.5:1)  
5 mL 10% 

4x 1.5 M Tris/HCl pH 8.8  3.75 mL 375mM 

20% SDS  75μL 0.1% 

dH2O  6.25 mL - 

10% APS  75μL 0.05% 

TEMED  15μL 0.1% 

 

APS and TEMED were added just before pouring the gels. The components for the 

separation gel were mixed in a 50mL falcon tube and poured into assembled gel plates 

using a pipette, but leaving enough space on top for the staking gel to be added later on. 

To avoid drying out of the separation gel, isopropanol was added on the top of the gel. 

After at least 30 minutes of gel polymerization the isopropanol was removed and the gel 

rinsed with water and finally dried with filter paper. Afterwards the staking gel was added 

on top (Table 14). 
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Table 14 Preparation staking gel: 

Chemicals  Volume for 2 gels Final concentration 

30% Acrylamid/Bisacrylamid (37.5:1)  1 mL 4 % 

4x 1.5 M Tris/HCl pH 8.8  1.875 mL 375 mM 

20% SDS  37.5 μL 0.1% 

dH2O  4.625 mL - 

10% APS  37.5 μL 0.05% 

TEMED  7.5 μL 0.1% 

 

The staking gel was prepared and poured in the same way as the separating gel. The 

combs were inserted avoiding air bubble formation. After gel polymerization, it was 

removed from the casting stand and assembled into the chamber for running the 

electrophoresis. The chamber was filled with 1x running buffer and the protein samples 

already diluted in 2x  Laemmli buffer (1:2) were heated up for 10 minutes at 98°C and 

then loaded on the gels. The gels were run at 100 V, during the running gel and then the 

voltage was increased to the 150V until the bromophenol blue dye reached the end of the 

separating gel.  

In case of total membrane protein extraction where the membrane fractions was 

separated from the soluble fraction urea (3M final concentration) was added to the SDS 

gel electrophorisis (table 15 and 16). 

Table 15 Preparation 15 mL of the separating gel solution used for Total membrane 
protein extraction 

Chemicals Volume (μL) 

1M Tris/HCl pH 8.8 6950 

10% SDS 150 

30% Acrylamid (29:1) 3000 (6%) - 7000 (14%) 
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10% APS 60 

TEMED  15 

dH2O fill up to 15 ml 

 

Table 16 Preparation 6 mL of the separating gel solution used for Total membrane 
protein extraction 

Chemicals Volume (μL) 

8 M Urea (only for PM extract western)  2800 

1 M Tris/HCl pH 6.8  940 

10% SDS  112.8 

30% Acrylamid (29:1)  1000 (4%) 

10% APS  30 

TEMED 7.5 

dH2O  fill up to 6 ml 

 

1.5 M Tris/HCl pH 8.8: Tris (2-amino-2-hydroxymethyl-1,3-propanediol) dissolved dH2O 

and brought to pH 8.8 with concentrated HCl, autoclaved and stored at RT. 

20% SDS: SDS (sodium dodecyl sulfate, w/v) dissolved in dH2O, autoclaved ant stored at 

RT.  

0.5 M Tris/HCl pH 6.8: Tris (2-amino-2-hydroxymethyl-1,3-propanediol) dissolved dH2O 

and brought to the pH 6.8 with concentrated HCl, autoclaved and stored at RT.  

10% APS: APS (ammonium persulfate) dissolved dH2O, short storage at -20 °C  

Running buffer: 25 mM Tris (2-amino-2-hydroxymethylö-1,2-propanediol), 192 mM 

Glycine, dissolved in dH2O, 0.01 % w/v 20 % SDS were added afterwards.  
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2x Laemmli buffer: 20 % v/v glycerol, 125 mM Tris pH 6.8, 4% w/v SDS, 0.01% w/v 

bromphenol blue, appropriate amount of dH2O, stored at RT. Before use 10% of β-

mercaptoethanol was added. 

1 M Tris/HCl pH 8.8: Tris (2-amino-2-hydroxymethyl-1,3-propanediol) dissolved and 

brought to pH 8.8 with concentrated HCl, autoclaved and stored at RT. 

 

1 M Tris/HCl pH 6.8:(2-amino-2-hydroxymethyl-1,3-propanediol) dissolved in dH2O and 

brought to pH 6.8 with concentrated HCl, autoclaved and stored at RT. 

 

8 M Urea: 3 ml Amberlite Mischbettionentauscher beads were washed in a 500 ml bottle 

with 200 ml dH2O for 30 min at RT on a shaker. Water was taken off, 200 ml dH2O were 

again added and washed for 30 min at RT on a shaker. Water was taken off. 50 ml 8 M 

urea solution (24 g urea in 50 ml dH2O) were added and shaked for 30 min at RT. Urea 

was aliquoted and stored at -20°C. 

 

3.10.5 Coomassie blue staining 

After protein separation on SDS-PAGE, the quality of extracted proteins was analyzed by 

Coomassie blue staining. Coomassie brilliant blue R-250 binds proteins with low 

specificity. The detection limit of Coomassie blue staining is approximately 0.5 ng protein 

per band. The polyacrylamide gel was soaked on Coomassie staining solution and gently 

rocked for 1h at RT. The Coomassie staining solution was removed, and the gel boiled in 

water in a glass beaker. The boiling step was repeated until the majority of excess dye 

was removed and the blue bands and clear background were obtained. The gel was 

incubated overnight in water with a piece of paper towel to soak up the excessive 

remaining Coomassie brilliant blue. 

 

Coomassie staining solution: 0.25% w/v Coomassie brilliant blue, dissolved in a mixture 

of dH2O, 45% v/v Methanol, and 10% v/v acetic acid, stored at RT. 
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3.10.6 Western Blot and detection  

The separated proteins from polyacrylamide gel were transferred to a solid membrane to 

allow the detection of a particular protein by interaction with specific antibodies. The 

protein transfer was performed using a mini Trans-Blot cell (BIO-RAD) which transfers the 

proteins from the SDS-PAGE gel to the nitrocellulose membrane (Roth) or PVDF 

membrane. PVDF membrane was mostly used to detect ubiquitin with the ubiquitin 

specific antibody P4D1. After running the SDS-PAGE, the staking gel was removed and 

the remaining separation gel equilibrated for at least 10 minutes in transfer buffer. Fiber 

pads, filter paper and nitrocellulose membrane were soaked in transfer buffer at least 15 

minutes before assembling on the gel cassette. A PVDF membrane was soaked in 100% 

methanol before soaking in transfer buffer. The gel cassette was assembled in one layer 

of fiber pad, at least 2 pieces of filter paper, SDS-PAGE gel, solid membrane 

(nitrocellulose or PVDF) and the Filter paper again followed by fiber pads. Air bubbles 

were avoided by trying to assemble the gel cassette within a plastic bowl filled with transfer 

buffer. The membrane was positioned next to the anode when the gel holder was 

transferred to the electrode unit. The transfer chamber was filled with transfer buffer and 

placed into a big plastic bowl filled up with crashed ice for cooling. The transfer was carried 

out at constant 100 V for 1 hour (depend on the molecular weight of the protein). After 

transfer the membrane was blocked with 3% BSA in TBST (blocking solution) for 1 hour 

at RT, rocking gently. The membrane was transferred to an adequately diluted primary 

antibody in blocking solution and incubated overnight at 4°C, gently rocking. Alternatively, 

the membrane was incubated for 1h at RT, gently rocking. Next day the primary antibody 

was removed and the membrane washed 3 times for at least 10 minutes in TBST at RT. 

After washing steps, the membrane was incubated in an adequate dilution of secondary 

antibody in blocking solution for 1hour at RT, gently rocking. After at least 3 washing steps 

of 10 minutes in TBST at RT, the membrane was transferred onto a plastic plate. The 

HRP chemiluminescence substrate (Pierce) was distributed on the membrane and 

incubated for 2 minutes. Afterwards the membrane was transferred onto a plastic slide 

and excess of substrate was removed with a piece of paper towel. An X-ray film was 

exposed on the membrane in the dark room for 5 seconds or more and afterwards the film 

was developed. Alternatively, the FUSION SOLO machine was used to develop. 
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Transfer buffer: 25 mM Tris, 192 mM Glycine, 10% v/v Methanol, dissolved in dH2O, 

0.05% w/v SDS were added afterwards. Stored at 4°C, and re-used 3 - 4 times. 

Blocking solution: 3% w/v BSA (bovine serum albumin), dissolved in TBST, prepared fresh 

before use. 

20x TBS: 1 M Tris (2-Amino-2-(hydroxymethyl)-1,3-propanediol), 3 M NaCl dissolved 

dH2O, brought to pH 7.5, dH2O to 1000 mL, autoclaved and stored at RT.  

TBST: 1x TBS, 0.1% v/v Tween 20, dH2O, stored at RT. 

NOTE: Filter papers were cut slightly smaller than the fiber pad and the nitrocellulose 

membranes were cut slightly bigger than the polyacrylamide gel. 

 

3.10.7 Extraction and purification of HIS-tag recombinant protein from BL21 

(DE) 

His-tagged recombinant protein extraction from BL21 (DE) was performed to obtain high 

level of soluble fraction from His-tagged proteins in a good quality. The frozen pellet from 

200mL culture after induction (see section 3.10.1) was resuspended in 5 mL of lysis buffer 

containing 2%Triton X-100, lysozyme and proteinase inhibitors. For 50 mL induced culture 

was used 1.25 mL of lysis buffer. Samples were aliquoted in 2 mL tube (approximately 

625μl per tube), incubated 15 minutes at 4°C with rocking. Afterwards, 500μL of lysis 

buffer without Triton X-100 and lysozyme but with proteinase inhibitor was added to each 

tube. Samples were sonicated 6 times for 10 seconds (setting at 40 outputs). Between 

sonication pulses, the samples were allowed to chill on ice for at least 2 min. Afterwards 

the samples were centrifuged at maximal speed for 15 minutes at 4 °C. The supernatant, 

containing the recombinant his-tagged protein, was mixed together in a 15 mL falcon tube 

containing 10% glycerol to be frozen at -80°C. 50μl of the sample (correspondent to 1mL 

of the culture) was saved for testing the extraction and the rest stored at -80°C until 

purification. Pellet after extraction was also saved to be used in cases of the fusion protein 

was insoluble. 

rotein solubilization 
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If the fusion protein was in the insoluble fraction (pellet) after extraction, it was solubilized 

using 4 - 8M urea solution in 100mM NaPO4. The sample was incubated for 1hour rocking 

at RT followed by centrifugation step for 30 min at 4°C 13000rpm. 50μL kept for analyze 

in Coomassie staining solution. For TOL6-His protein purification, 8M Urea (CH4N2O or 

NH2CONH2) was used to solubilize the insoluble protein. 

3.10.8 Protein purification 

The purification of the His-tag protein was performed using His-select nickel magnetic 

agarose beads from Sigma-Aldrich company as following: The Nickel beads were 

equilibrated with lysis buffer (without lysozyme, Triton and Urea) supplemented with 

300mM NaCl, 10mM Imidazole and PMSF, 3 times 1 mL. The soluble protein sample was 

supplemented with 300mM NaCl, 10mM Imidazole and PMSF. The supplemented 

proteins sample was added to the equilibrated beads, incubated for 1hour at room 

temperature by rocking. The tubes were settled in the magnetic rack and the supernatant 

was removed. 50μl was saved for analyze. The beads were washed with lysis buffer 

supplemented with 300mM NaCl, 20mM Imidazole and PMSF, 1 mL, 10 minutes, 6 times 

at 4°C, rocking. When using Urea, the washing steps were reduced. Afterwards the 

supernatant was removed and the beads eluted with 400μL elution buffer supplemented 

with 250-500mM Imidazole for 15 min, rocking at 4°C.  

Lysis buffer: 50 mM sodium phosphate pH 8, - 300 mM NaCl,  

Supplements for lysis Buffer (added when necessary): 2% Triton, Lysozyme 20µL of 

1%/mL of buffer (10mg/mL in H2O), Proteinase inhibitor, complete mini EDTA free tablet 

(Roche) (1 tablet /10 mL). If have to be divided, the tablet was dissolved in 1,5 mL water. 

 

Wash buffer: 50 mM sodium phosphate pH 8, 300 mM NaCl, 20 mM Imidazole, add fresh 

PMSF 

 

Urea wash buffer: 100 mM sodium phosphate pH8, 300 mM NaCl, Urea 4 - 8 M, 20 mM 

Imidazole, add fresh PMSF. 

 

https://pubchem.ncbi.nlm.nih.gov/search/%252523collection=compounds&query_type=mf&query=CH4N2O&sort=mw&sort_dir=asc
https://www.sigmaaldrich.com/catalog/product/sigma/h9914?lang=en&region=US
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Elution buffer: 50 mM sodium phosphate pH 8, 300 mM NaCl, 250mM Imidazole, add 

fresh PMSF 

 

Urea elution buffer: 100mM sodium phosphate pH 8, 300 mM NaCl, 4 - 8 M Urea, 250 

mM Imidazole, add fresh PMSF. If the Urea elution with Imidazole was not well eluting the 

pH of Sodium Phosphate was changed to pH 4, 5 – 6. 

 

3.10.9  Affinity purification of rabbit serum containing α-TOL6 antibody 

Bacterially expressed and purified full length TOL6 protein (see section 3.10.8) was sent 

to Center for Biomedical Research, Department of Laboratory Animal Science and Genetics, 

Medical University Vienna, Austria for injection into two different rabbits (50 - 200μg/rabbit in 

½ mL - 1 ½mL). The serum was collected and sent back to our lab. For TOL6 antibody 

purification, 300μL of purified full length TOL6 protein was mixed with 300μL 2x Laemmli 

buffer (with 10% β-mercaptoethanol).Total volume of 600μL was loaded and run in SDS-

PAGE gel (one line in all entire gel) and transferred to a nitrocellulose membrane. The 

membrane was stained in Ponceau S staining solution and the relevant TOL6 protein 

band (~73kDA) was cut out and destained completely in TBST. The membrane strip was 

blocked with 3% BSA in TBST for 2h, at RT and left overnight at 4°C in TBST. Next day 

the TOL6 serum was added to the strip membrane with TOL6 purified protein and 

incubated for 4.5h, at 4°C gently rocking. 

Afterwards the strip membrane was washed 3 times with TBST, and cut into several 

pieces to fit into a 2 mL tube. Elution of antibodies was performed in a 2 mL tube. 

Antibodies were stripped off from membrane with 1 mL stripping solution for 1 min on a 

rocker shaker and quickly neutralized with 150μl neutralization solution. Strips were 

washed with 0.5 ml TBST and this wash was added to the eluate. The whole elution 

procedure was carried out three more times. Finally, BSA was added to the eluate to a 

final concentration of 3%. Aliquots were stored at -80°C. 

 

Ponceau S staining solution: 0.5%, w/v Ponceau S, 0.5 ml acetic acid (1%, v/v), dissolved 

in dH2O, stored at RT. 
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Blocking solution: 3% w/v BSA (Bovine Serum Albumin) dissolved in TBST. Prepared 

fresh.  

Stripping solution: 20 mM glycine dissolved in dH2O and brought to pH 2.3 with 

concentrated HCl, 500 mM NaCl, 0.5% v/v tween 20 in dH2O and stored at 4°C. Before 

use 1 mg BSA/ml elution buffer (0.1%, w/v) was added. 

Neutralization solution: 1 M Tris/HCl pH 7.4 Tris (2-amino-2-hydroxymethyl-1, 3- 

propanediol) dissolved in dH2O and brought to pH 8.8 with concentrated HCl, autoclaved 

and stored at RT. 

3.10.10 PIP strip 

To determine the lipid-protein interaction of the TOL6 and TOL2 I used a hydrophobic 

membrane spotted with 15 different lipids – the PIP Strips membrane. The PIP strip 

membrane is light sensitive; all the steps were carried out in dark conditions. The PIP strip 

membrane was blocked with 3%BSA in TBST for 1h at Room temperature (RT) or 

overnight at 4°C. The blocking solution was discarded. The protein of interest (extract 

TOL6:His and TOL2: His) was diluted 1:1 with 3% BSA in TBST to a final volume of 4mL 

or enough to cover the membrane and incubated for 1h at room temperature in dark. 

Afterwards the membrane was washed 5 times, 5 minutes with TBST at RT. The washing 

solution was discarded and then an anti-His monoclonal antibody diluted in 1:200 in 3% 

BSA in TBST was added and incubated for 1h at RT in dark with gentle rocking. The 

membrane was washed 5 times, 5 minutes with TBST at RT. The washing solution was 

discarded and the membrane covered with anti-mouse IgG-HRP antibody diluted in 

1:10000 in 3% BSA in TBST and incubated for 1h at RT in dark with gentle rocking. The 

membrane was washed 5 times, 5 minutes with TBST at RT. Washing solution was 

discarded and the membrane transferred onto a square petri dish and HRP-

chemiluminescence substrate was applied. Substrate was allowed to react for 2 min, and 

then the membrane was removed from the substrate and placed between two sheets of 

clear autoclave bags.  Substrate excess eliminated by gentle pressing with towel paper 

over the upper plastic sheet. An X- ray film was exposed on the membrane for 1 - 30 min 

and after that the film was developed. Alternatively, was used the chemidoc equipment to 

develop. 
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3.10.11 Small scale protein extraction for Western blot 

In order to evaluate the protein levels of TOL proteins, and the stability of the fusion 

proteins in the transgenic plants, a western blot experiment was performed using total 

plant lysate. 25 seedlings with 5 days after germination (DAG) were harvested in 2mL 

safe lock Eppendorf tube with 2 of 4mm metal beads and frozen in liquid nitrogen. Plant 

material was homogenized in a Retsch mixer mill MM2000 for one minute, with the 

amplitude set at 30. Alternatively, plant material was grinded with plastic pestle in drilling 

machine. 150µL of 1x sample buffer was added to homogenized sample, and allowed to 

thaw on ice. After thawing the sample was incubated for 5 minutes at 65°C, gently shaking. 

The sample was centrifuged for 5 minutes, at RT, maximal speed. The supernatant was 

transferred to a fresh tube and the sample loaded on SDS-PAGE. Or frozen at -20°C. 

 

1 x Sample buffer: 65mM Tris, pH8, 5% β-mercaptoethanol, 2% SDS, 10% Glycerin, 

0.25% Bromophenolblue, 8M Urea. Prepared and stored at RT. 

 

 

3.10.12  General plant protein extraction  

Between 50-100mg of plant material with 5 - 6 days after germination (DAG) was 

harvested in 2 mL safe lock tubes, containing two of 4mm metal beads, and frozen in 

liquid nitrogen. Plant material was homogenized in a Retsch mixer mill MM2000 for one 

minute, with the amplitude set at 30. After milling, tubes were again frozen in liquid 

nitrogen. Alternatively, plant material was harvested in 1.5 mL tubes and homogenized 

with plastic pestle on drilling machine. 1000μL RIPA buffer was added to the sample, 

vortexed and the metal beads were removed using a stir bar retriever. If the plant material 

was homogenized with plastic pestle the RIPA buffer was directly added to the sample 

and vortexed. Afterwards, the sample was incubated for 1 hour at 4°C on vibrax shaker 

at 1600rpm and then centrifuged for 10 min, 4°C, and 13000rpm. Supernatant was 

transferred into a fresh tube, and sample were either stored at -80°C or directly subjected 

to SDS-PAGE or used for Immunoprecipitation. 
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RIPA buffer: 50 mM Tris/HCl pH 7.4, 150 mM NaCl, 1%NP-40, 1% (w/v) Sodium 

Deoxycholate, 0.1%w/v SDS, 20 mM NEM, 1x cOmplete Mini Protease Inhibitor Cocktail 

(Roche), 1x PMSF dH20 to appropriate amount were mixed prior to use. 

 

3.10.13 Total membrane protein extraction from Arabidopsis thaliana 

All steps were carried out on ice and in a cooled microcentrifuge. The method was applied 

to extract total membranes only from young Arabidopsis thaliana seedlings. It is suitable 

for extracting total seedlings, roots or shoots. Between 10 mg and 200 mg of plant material 

was harvested in 2 mL safe lock Eppendorf tubes, containing two of 4mm metal beads, 

and frozen in liquid nitrogen. Plant material was homogenized in a Retsch mixer mill 

MM2000 for one minute, with the amplitude set at 30. Alternatively, Plant material was 

grinded with plastic pestle in drilling machine. After homogenization, tubes were again 

frozen in liquid nitrogen. Prior to extraction of material, a 10% (w/v) PVPP solution was 

equilibrated with 1x Extraction buffer for 10 min. Per mg of plant material, 0.5 μL of 10% 

(w/v) PVPP solution (0.05 mg) was transferred into a fresh tube, centrifuged for a few 

seconds and the extraction buffer was discarded. For small amounts of plant material (up 

to 20 mg), at least 10μL of 10% (w/v) PVPP solution (1 mg) was used. 1x Extraction buffer 

was added to grinded plant material and vortexed to quicken thawing of the buffer. If less 

than 60 mg plant material was extracted, 100 μL of 1x Extraction buffer was added. If 

material exceeded 60 mg, 1.68 μL of 1x Extraction buffer per mg of plants was added. 

After thawing, metal beads were removed with a stir bar retriever and the homogenate 

sample was pipetted to equilibrated PVPP. Samples were alternately vortexed and put on 

ice for 30 seconds each to ensure efficient extraction without protein degradation. After 5 

min, samples were centrifuged at 4°C (2 min, 2120rpm). The supernatant, containing 

microsomal-type membranes was transferred into a fresh tube. The PVPP/plant material 

homogenate was again extracted with the same amount of 1x Extraction buffer for 1 min 

and centrifuged at 4°C (2 min, 2120rpm). The supernatant was mixed with the first 

supernatant and vortexed. Afterwards the PVPP pellets were discarded at this stage. 

Supernatants were cleared from minor traces of PVPP by centrifugation at 4°C (2 min, 

2120 rpm). Finally, the supernatant was transferred into a fresh tube and centrifuged for 

2h,13000rpm at 4°C to pellet membranes. When the amount of supernatant exceeded 

200μL, the sample was aliquoted for the last centrifugation step. After centrifugation, the 
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supernatant was used as a soluble fraction and pellets were either frozen at -80°C or 

alternatively directly subjected to immunoprecipitation or SDS-UREA-PAGE. 

 

Preparation of 1x Extraction buffer: 

A stock solution of 1.75x Extraction buffer was prepared and frozen in aliquots at -20°C. 

Prior to extraction, 1.75x Extraction buffer was diluted to 1x Extraction buffer with sodium 

molybdate, PAO, water and NEM to inhibit deubiquitinating enzymes. To this 1x Extraction 

buffer, DTE, Okadaic acid, Benzamidine, Pefabloc-SC, Aprotinin/Leupeptin, E64, 

Pepstatin, PMSF, borate and ascorbic acid were added and the buffer was ready to use. 

  

1.75x Extraction buffer: 50 mM Tris/HCl pH 7.3, 10mM Tris/HCl pH 8.8, 3.54 M D-Sorbitol, 

0.35% (w/v) casein, 10 mM EDTA , 10 mM EGTA,  40 mM Beta Glycerophosphate, 20 

mM KH2PO4 buffer pH 7.4 and  50 mM NaF were combined, vortexed, aliquoted and 

frozen at -20°C. Prior to use 1 mL of 1.75x Extraction buffer was freshly prepared by 

adding, 1.98 mM Sodium Molybdate and 1.98mM PAO. 

 

1x Extraction buffer: For 1 mL of 1x Extraction buffer, 588μL 1.75x Extraction buffer was 

diluted with 312 μL dH20 and added 20 mM NEM. After vortexing, 9.4 mM borate, 2.4 mM 

benzamidine, 2 0.94 mM DTE, 1.88 mM Pefabloc-SC, 1.88 nM Okadaic acid, 1.88x 

Aprotinin/Leupeptin, 1.88x E64, 1.88x Pepstatin, 1.88x PMSF and 9.43 mM ascorbic acid 

were added and vortexed. 

 

10% (w/v) PVPP: insoluble Polyvinylpyrrolidon was added to dH2O. Stored at 4°C. 

 

1 M Tris/HCl pH 7.3: Tris (2-amino-2-hydroxymethyl-1,3-propanediol) dissolved in dH2O 

and brought to pH 7.3 with concentrated HCl, autoclaved and stored at RT. 

 

1 M Tris/HCl pH 8.8: Tris (2-amino-2-hydroxymethyl-1,3-propanediol) dissolved dH2O and 

brought to pH 8.8 with concentrated HCl, dH2O, autoclaved and stored at RT. 

 

4.88 M D-sorbitol: D-Sorbitol were dissolved in dH2O. stored at 4°C. 
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7% Casein: casein was dissolved in dH2O, aliquots were stored at -20°C. 

 

0.5 M EDTA pH 8.0: Na2EDTA x 2H2O (Ethylenediaminetetraacetic acid disodium salt 

dihydrate) dissolved in dH2O and brought to pH 8.0 with 10 M NaOH, autoclaved and 

stored at RT. 

0.5 M EGTA: EGTA were dissolved in and brought to pH 8.0 with 10 M NaOH, autoclaved 

and stored at RT. 

 

1 M β-glycerophosphate: β-glycerophosphate-disodium salt-pentahydrate 

(C3H7O6PNa2 x 5H2O) were dissolved in dH2O and stored at 4°C. 

 

1 M KH2PO4 pH 7.4: K2HPO4 were dissolved in dH2O and autoclaved. KH2PO4 were 

dissolved in 1000 ml dH2O and autoclaved. Afterwards, 80.2 mL of 1 M K2HPO4 and 19,8 

ml of 1 M KH2PO4 were combined and stored at RT. 

 

2.5 M NaF: NaF were resuspended in dH2O. The powder did not completely dissolve. 

Therefore, extensive vortexing is recommended before each use. Stored at 4°C. 

0.5 M sodium molybdate: sodium molybdate-2-hydrate was dissolved dH2O. Stored at 

4°C. 

 

0.5 M PAO: phenylarsine oxide was dissolved in DMSO. Aliquots were stored at 4°C. 

 

200 mM NEM (N-Ethylmaleimide): For every use, N-ethylmaleimide were freshly 

diluted in dH2O. Do not prepare a stock solution, as NEM is highly unstable. NEM 

powder is stored at 4°C. 

 

2.7 M borate acid: borate acid were dissolved in dH2O. Brought to pH 8.0 with NaOH. 

Stored at 4°C. 

 

100 mM benzamidine: Benzamidine were dissolved in 50 % glycerol. Stored at -20°C. 

 

0.5 M DTE: DTE were dissolved dH2O. Aliquots were stored at -20°C. 
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200 mM Pefabloc-SC: Pefabloc SC was dissolved in dH2O. Aliquots were stored at -20°C. 

 

2 μM okadaic acid: A 100 mM okadaic acid solution was prepared first. 80.5 mg okadaic 

acid was dissolved in 1 mL DMSO. Then it was further diluted with DMSO. 

 

1000x Aprotinin/Leupeptin: Aprotinin and  Leupeptin were dissolved in dH2O. Aliquots 

were vacuum-dried and stored at -20°C. When needed, the dried pellet was resuspended 

in dH2O. 

 

1000x E64: E64 were dissolved in MeOH. Aliquots were vacuum-dried and stored at 4°C. 

When needed, the dried pellet was resuspended in DMSO. Diluted aliquots were stored 

at -20°C. 

1000x Pepstatin: Pepstatin were dissolved in MeOH. Aliquots were Vacuum-dried and 

stored at 4°C. When needed, the dried pellet was resuspended in DMSO. Diluted aliquots 

were stored at -20°C. 

 

1000x PMSF: PMSF were dissolved in MeOH. Aliquots were vacuum-dried and stored at 

4°C. When needed, the dried pellet was resuspended in DMSO. Diluted aliquots were 

stored at -20°C. 

 

1 M Ascorbic acid: Ascorbic acid was dissolved in dH2O. Aliquots were stored at -20°C. 

 
 
 

Chloroform/Methanol precipitation of supernatant after membrane protein 
preparation. 
 
To analyze the amount of protein remaining in supernatant after the membrane protein 

extraction, approximately 200μL of the supernatant separated after the 2 hours 

centrifugation, was precipitated as the following: 

From 200 μL starting volume was added 800μL methanol, vortexed, 200μL chloroform, 

vortexed and 600μL ddH2O, and vortexed well. After adding ddH2O the solutions become 

cloudy.  It was followed by centrifugation step for 2 min, 13000rpm, RT. The top aqueous 
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layer was removed by pipetting and discarded. Protein exists between layers was visible 

on thin wafer. To the remaining solution (containing protein) was added 800μL of 

methanol, vortexed and centrifuged for 3 minutes, 13000, RT. The supernatant was 

removed by pipetting as much as possible from the tube avoiding disturbing the pellet. 

The pellet was resuspended in 50μL of sample buffer. Samples were either directly 

subjected to SDS-UREA-PAGE or stored at -20°C. 

 

 

 

3.10.14 Immunoprecipitation of whole TOL protein 

All steps were carried out on ice or at 4°C to avoid protein degradation. Approximately 

100 mg plant material (4 - 6 DAG, total or roots) were grinded with plastic pestle, in liquid 

nitrogen, alternatively plant material was homogenized in a Retsch mixer mill MM2000 for 

one minute, with the amplitude set at 30. 1 mL of  RIPA buffer (supplemented with NEM), 

was added and incubated for 1h at 4°C on vibrax at 1600rpm, followed by centrifugation 

step for 10 min, 13000, at 4°C. The Supernatant was transferred to a fresh tube and 50μl 

affinity purified antibody was added. Immunoprecipitation was carried out o/n at 4°C on a 

turning wheel at 12rpm. Protein A magnetic beads was used for pulling down α-TOL6 

antibody-TOL6 protein conjugate the following day. For other TOL proteins were used anti 

GFP antibody since the proteins were tagged to the Venus Tag. Therefore 60μL of protein 

A magnetic beads per sample was rehydrated in 1mL of 1x TBS at 4°C on a turning wheel 

12rpm for one hour, followed by three successive washing steps with 1 mL of 1x TBS. For 

efficient washing, 1x TBS was added to the Protein A magnetic beads, inverted multiple 

times and settled on magnetic rack to separate the beads to the TBS. After washing in 

TBS dilution, beads were blocked overnight in 1 mL 1x TBS supplemented with 5% BSA 

(w/v). The following day, the blocked Protein A magnetic beads were again washed three 

times in 1 mL of 1x TBS. Then, 150μL of a 50% magnetic beads slurry (i.e. 50μL beads 

volume and 50μL 1x TBS) were added to the immunoprecipitation reaction and incubated 

for  four hours on a turning wheel at 4°C at 12rpm. Protein A magnetic beads - α-

TOL6/GFP antibody –TOL protein conjugates were then washed five times by inversion 

with 1 mL of RIPA wash buffer for each washing step. Afterwards, RIPA wash buffer was 

removed completely. For elution of the antibody - protein complex from Protein A magnetic 
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beads, 50μL of 1x laemmly buffer were added to the beads and incubated in a heat block 

at 98°C 10 min.  Tubes were settled in the magnetic rack and the supernatant transferred 

into a fresh tube. Samples were either directly subjected to SDS-UREA-PAGE or stored 

at -20°C. 

 

RIPA buffer: 50 mM Tris/HCl pH 7.4, 150 mM NaCl, 1%NP-40, 1% (w/v) Sodium 

Deoxycholate, 0.1 %w/v SDS, 20 mM NEM, 1x cOmplete Mini Protease Inhibitor Cocktail 

(Roche), 1x PMSF dH20 to appropriate amount. were mixed prior use. 

 

RIPA wash buffer: 50 mM Tris/HCl pH 7.4, 150 mM NaCl (), 1 %NP-40 (),1 % (w/v) Sodium 

Deoxycholate, 0.1 % (w/v) SDS, 20 mM NEM and appropriate amount of dH20 were mixed 

prior use. Protease inhibitors were not used during washing steps. 

 

1x sample buffer: 0.5% (w/v) CHAPS, 3% (w/v) SDS, 60mM DTE, 125mM Tris/HCl pH 

6.8, 30%l glycerol, 1x Complete Mini Protease Inhibitor Cocktail (Roche) and 1x PMSF 

were mixed prior use. Bromophenol blue was added with a toothpick. 1x sample buffer 

was stored at -20°C. After repeated freeze/thaw cycles, PMSF was again added. 

 

1 M Tris/HCl pH 7.4: Tris (2-amino-2-hydroxymethyl-1,3-propanediol) dissolved in dH2O 

and brought to pH 7.4 with concentrated HCl, dH2O, autoclaved and stored at RT. 

 

1 M Tris/HCl pH 6.8: Tris (2-amino-2-hydroxymethyl-1,3-propanediol) dissolved in dH2O 

and brought to pH 6.8 with concentrated HCl, dH2O, autoclaved and stored at RT. 

 

1 M NaCl: NaCl were dissolved in dH2O. Autoclaved and stored at RT. 

10% (w/v) sodium deoxycholate: sodium deoxycholate was dissolved in dH2O. Stored at 

-20°C.  

10% (w/v) SDS (Sodium Dodecyl Sulfate): Sodium Dodecyl Sulfate was dissolved at 37°C 

in 100 ml dH2O. Stored at RT. 
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200 mM NEM (N-Ethylmaleimide): For every use, 25 mg N-ethylmaleimide were freshly 

diluted in 1 ml dH2O. Do not prepare a stock solution, as NEM is highly unstable. NEM 

powder is stored at 4°C. 

 

10x Roche Cocktail: One tablet was dissolved in 1 mL dH2O. Aliquots were stored at -

20°C.  

1000x PMSF: PMSF were dissolved in MeOH. Aliquots were vacuum-dried and stored at 

4°C. When needed, the dried pellet was resuspended in DMSO. Diluted aliquots were 

stored at -20°C. 

 

5% (w/v) CHAPS: CHAPS were dissolved in dH2O. Aliquots were stored at -20°C.  

 

0.5 M DTE: DTE were dissolved in dH2O. Aliquots were stored at -20°C. 

 

Protein A Magnetic Beads: Protein A magnetic beads 6MB was purchased from GE 

Healthcare. 

 

3.10.15 Immunoprecipitation of the protein by Crosslink method 

Protein A or protein G beads were equilibrated with TBST (1xTBS + 0.04% Triton X-100), 

two times, and 10 min on a turning wheel at 4°C. 1 mL of TBST was added to the 

equilibrated beads. 15μL of purified TOL6 antibody or anti GFP antibody was added to 

the beads and incubated overnight on a turning wheel at 4°C at 12rpm. On the following 

day beads with antibody, were washed three times briefly with 1mL TBST and crosslinked 

as following: A coupled beads were washed three times briefly with 1 mL 0.2M Na-borat, 

pH 9.2. Freshly made 1 mL DMP (20mM DMP in 0.2M Na-Borat pH 9.2) were added to 

the beads and incubated for exactly 30 min at RT. The crosslinking reaction was stopped 

by washing with 0.2M Tris-HCL, pH 8.0, two times, 10 min, at RT. The beads were 

equilibrated with 1 mL TBST two times, 10 min at RT. Afterwards the non-crosslinked 

antibodies were removed by washing briefly with 0.1M glycine, pH 2.0 two times at RT. 

The beads were equilibrated by washing briefly with 1 mL TBST three times at RT. 

Approximately 1 mL of protein extract (100 mg protein per 100μL beads) were added to 

the crosslinked and coupled beads. Immunoprecipitation was carried out overnight at 4°C 
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on a turning wheel at 12rpm. Next day, the supernatant was removed and the beads 

washed briefly, with IP buffer containing detergents (0.1% sodium deoxycholate and 0.5% 

Triton X-100, see table 17), five times, followed by washing with IP buffer without 

detergent three times. For elution of the antibody - protein complex from Protein A/G 

magnetic beads, 70μL of 1x laemmly buffer were added to the beads and incubated in a 

heat block at 98°C for 10 min. Afterwards, tubes were settled in the magnetic rack and the 

supernatant transferred into a fresh tube. Samples were either directly subjected to SDS-

UREA-PAGE or stored at -20°C. 

 

 

Table 17 Preparation 50mL IP buffer 
 

IP buffer Stock concentration Per 50ml 

20mM Tris-HCL, pH 7.5 1M 1 mL 

150mM NaCl 2.5M 3mL 

10% glycerol 70% 7.1mL 

2mM EDTA 0.5M 0.2mL 

0.1% sodium deoxycholate 10% 0.5 mL 

0.5% Triton X-100 20% 1.25 mL 

 

1M Na-Borat: 61.83g boric acid, 10g NaOH dissolved in ddH2O and brought to pH 9.2. 

(Na-Borate solution forms cristals; microwave to redissolve, then cooled at RT. 0.2M Na-

Borat pH9.2 solution was prepared prior to use. 

20mM DMP (Dimethyl pimelimidate dihydrochloride Sigma D 8388): 5.2 mg/mL in 0.2M 

Na-borat pH 9.2. for 5 mL – 26g DMP dissolved in Na-borat up to 5 mL. DMP is highly 

moisture-sensitive; was taken out from -20°C freezer 30 min before use to equilibrate to 

RT. 
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3.10.16 Immunoprecipitation out of total soluble and membrane fraction 

protein using crosslinking method 

This protocol for immunoprecipitation out of the total soluble and membrane fraction was 

published as part of a book chapter in book entitled “Root Development”, which is part of 

the protocol series "Methods in Molecular Biology", published by Springer Protocols:  

Immunoprecipitation of Membrane Proteins from Arabidopsis thaliana Root Tissue. 

Waidmann S, De-Araujo L, Kleine-Vehn J, Korbei B. 

Methods Mol Biol. 2018;1761:209-220. doi: 10.1007/978-1-4939-7747-5_16. 

 

 

3.10.17 Protein extraction from plants and immunoprecipitation of TOLs 

using anti-GFP microbeads 

To pull down the Venus tagged TOLs proteins of the total protein extracts was used anti-

GFP coupled microbeads. 

All steps were carried out on ice and in a cooled centrifuge. Seedlings from 6-8 DAG were 

used. At least 1g (distributed in 4-5 tubes with about 250 mg each) of plant material was 

harvested in 2 mL Eppendorf safe lock tubes, containing 2 of 4mm metal beads and frozen 

in liquid nitrogen. Plant material was homogenized in a Retsch mixer mill MM200 for one 

minute, with the amplitude set at 30. After milling, the samples were again frozen in liquid 

nitrogen. 1x RIPA Buffer (lysis buffer) was added to the grinded plat material and vortexed 

to quick thawing of the buffer. For 1 mg of plant material was used 2µL of RIPA buffer. 

After thawing, the metal beads were removed with a stir bar retriever. Sample was 

incubated at 4°C on a vibrax shacker at 1600rpm for 1h and then centrifuged for 5 minutes 

at 13000 rpm, at 4°C. The supernatant from the same sample transferred to a new falcon 

tube and mixed well. 50µL of lysate were transferred to a new Eppendorf tube for analysis. 

Afterwards 50µL of Anti-GFP coupled Microbeads was added to the falcon tube with lysate 

and incubated for 30 minutes on ice to allow the formation of the Protein-tag-antibody 

complex. The µColumn was placed on µMACSTM separator and 200µL of lysate (RIPA) 

buffer applied to equilibrate the column. The sample lysate was applied onto the center of 

the column and let it run through by gravity flow. The column was washed with 200µL of 

wash buffer with detergent 4 times or more and then washed with 100µL of wash buffer 

without detergent 1 time. During the washing steps, 75µL of lamely buffer was boiled at 
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95°C. 20µL of boiled laemmly buffer was applied onto the center of the column and 

incubated for 5 minutes. A new 1.5 mL Eppendorf tube was placed under the column to 

collect the eluate. After 5 minutes, 50µL of boiled laemmly buffer were applied onto the 

center of the column and the eluate was collected. The samples were frozen at -20°C or 

directly loaded on SDS-PAGE.  
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4  RESULTS 

4.1. Affinity purified anti-TOL6 antibody 

recognizes endogenous and transgenic TOL6 

 
It was already demonstrated that, the TOL proteins work as a molecular players in the first 

steps in the protein degradation of ubiquitinated PM proteins in plants (Korbei et al., 2013). 

In order to characterize further the interaction between the endogenous TOLs and other 

proteins, we wanted to obtain a functional TOL antibody. I started with one of the members 

of the TOL family, specifically TOL6, which was shown to be more similar to the TOM1L1 

which works as an alternative of ESCRT-0 complex in mammalian (Blanc et al., 2009; 

Puertollano, 2005; Richardson and Mullen, 2011; Wang et al., 2010).  

For TOL6 antibody production we needed to obtain a purified ectopically expressed full 

length TOL6 protein for immunization of the rabbits.  Full-length TOL6 protein with a C-

terminal His-tag, was bacterially expressed, purified, and sent to the Center for Biomedical 

Research, Department of Laboratory Animal Science and Genetics, Medical University 

Vienna, Austria, where it was injected into two different rabbits. After having the serum 

back in our lab, I purified it with denatured antigen (TOL6::6xHis) immobilized on western 

blot nitrocellulose membrane. Afterwards, I tested the affinity purified TOL6 antibodies as 

well as the non-purified TOL6 serum in different plant lysates like Col0, the TOL6 T-DNA 

insertion plant line tol6-1, two different translational reporter lines pTOL6::TOL6:mCherry 

in tol6-1 and a translational reporter line with a point mutation in the ubiquitin binding 

domain pTOL6::mTOL6:mcherry in tol6-1 (Fig 9). Figure 9A shows a western blot from 

total plant lysates of the mentioned plant lines separated with SDS-PAGE and probed with 

the non-purified TOL6 serum. There is a clear and specific band at approximately 100kDa 

for the endogenous TOL6 protein in the wild type plant lysate (Fig 9A; open arrow head), 

which is missing in all the tol6-1 plant lines. Also, for the transgenic TOL6:mcherry a 

specific band was shown at approximately 130kDa (Fig 9A; arrow head), as well as the 

mutated TOL6:mcherry (mTOL6:mcherry in tol6-1). Nevertheless, there were also several 

unspecific bands in the western blot incubated with non-purified TOL6 serum. To reduce 

the background signal, I boiled the nitrocellulose membrane with the same sample after 
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blotting and before blocking to test if the unspecific bands could be diminished. The results 

showed a clear reduction of the unspecific bands after boiling the membrane with the 

signals for the endogenous and the ectopically expressed transgene still giving prominent 

signals (Fig 9B, open and closed arrow head), yet some unspecific bands still remained. 

In addition, I probed the same samples with the affinity purified anti-TOL6 antibody and 

the results showed that almost all unspecific bands were now removed, while the signals 

of the endogenous and ectopic TOL6 protein are still clearly discernable (Fig 9C, open 

and closed arrow head). All this results together showed that, the affinity purified anti-

TOL6 antibody not only recognizes the full length endogenous TOL6 in the Columbia 

ecotype wild type Arabidopsis thaliana (Col0), but also the reporter constructs expressed 

in tol6 null background (TOL6:mCherry in tol6-1). As expected there was no signal 

detected in the tol6-1 null background (plant lines lacking TOL6). The affinity-purified anti-

TOL6 antibody was then used for further western blot detection but also for 

immunoprecipitation experiments. 

 

  

 

 

 

 

 

 

 

 

Figure 9 Western blot of plant lysates with 

anti-TOL6 serum  :   Total protein extracts from 

tol6-1, TOL6p::TOL6:mCherry in tol6-1, 

TOL6p::mTOL6:mCherry in tol6-1 and Col0 

probed with (A) non-purified anti TOL6 serum 

(B) non-purified anti TOL6 serum and the 

membrane was boiled after transfer (C) Affinity 

purified anti TOL6 antibody (endogenous TOL6 

is indicated with an open arrow head and 

TOL6:mCherry with an closed arrow head). 
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4.2. Expression of TOL protein in planta 

The TOL proteins, which contain two conserved ubiquitin binding domains (UBDs), 

function as an alternate to the ESCRT-0 complex in plants in recognition of ubiquitinated 

cargo destined for degradation  (Korbei et al., 2013). TOL proteins are a family of nine 

proteins (TOL1-9) described in Arabidopsis thaliana, which recognizes ubiquitinated cargo 

at plasma membrane and sort them to the ESCRT machinery to ensure their vacuolar 

targeting for degradation (Korbei et al., 2013). The detailed mechanism, expression, 

function and distributions of the TOL proteins are still unresolved. As we already have a 

functional antibody for TOL6 we further wanted reporter constructs for not only TOL6 but 

also other TOL family members in order to analyze the TOL family members in planta. I 

therefore cloned the TOL expression cassettes, composed of TOL cDNA constructs 

expressed under their own promoter, into binary vectors with C-terminal Venus-tag. I 

started with TOL1, TOL5 and TOL6 as well as tol6mTOTAL, which is a TOL6 construct with 

both UBDs mutated (see section 4.5.1).  

 I transformed these constructs into a single knockout specific tol plant line and in Col0 

lines.  I also performed complementation assay by transforming the same constructs into 

a tolQ plant lines lacking five different TOLs (tol2-1/tol2-1, tol3-1/tol3-1, tol5-1/tol5-1, tol6-

1/tol6-1, tol9-1/tol9-1), to access the functionality of the reporter constructs. These lines 

were used to demonstrate potentially rescue of the severe and pleiotropic tolQ phenotype 

(Korbei et al., 2013).  

To continue analyzing the TOL family proteins, I performed western blot experiments 

using the total plant lysate to evaluate expression levels and the stability of the fusion 

proteins in transgenic plants. For that, I used an anti-GFP antibody (for Venus–Tag) as 

well as where applicable the affinity purified anti-TOL6 antibody.  

As can be seen in figure 10, I checked the expression levels of several different TOL 

reporter lines like: pTOL1::TOL1:Venus in tol1-1, pTOL3::TOL3:Venus in tol3-1, 

pTOL5::TOL5:Venus in tol5-1, pTOL6::TOL6:Venus in tol6-1 and for mutated TOL6, 

pTOL6::tol6mTOTAL:Venus in tol6-1 constructs. For this, I used a total plant lysates, 

separated it by SDS PAGE and detected via western blot transfer and immunoblot 

analysis. 
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The results showed the expression of TOL1:Venus characterized by a specific strong 

band expressed slightly higher than the expected 73.8 kDa [TOL1(45kDa) +Venus 

(28,8kDa) = 73,8kDa], which can be seen clearly in figure 10A (left panel). The 

TOL5:Venus expressed slightly higher than TOL1 showed a specific and strong band also 

slightly higher than the expected size 78.8kDa [TOL5 (50kDa) 

+Venus(28.8kDa)=78.8kDa]. The TOL3:Venus protein also ran at slightly higher value 

than the expected size of 84.8kDa [TOL3 (56kDa) +Venus (28.8kDa) = 84.8kDa] (Fig. 

10A, right panel). Similar to TOL1 and TOL5, TOL6:Venus also ran slightly higher than 

the expected size of 103.8kDa [TOL6 (75kDa) +Venus (28.8kDa) =103kDa] and the same 

was true for the mutated TOL6 tol6mTOTAL:Venus, which showed a specific and strong band 

at a slightly higher value than the  expected 103kDa (Fig. 10B, right panel). Furthermore, 

for TOL6:Venus and tol6mTOTAL:Venus proteins both in tol6-1 background,  in addition to 

anti-GFP antibody, I also used affinity purified anti-TOL6 antibody to detect the expression 

levels of TOL6 proteins (Fig. 10B) and the same bands, which run slightly above 

calculated size can be observed.  

These small differences in the expected, calculated and actual size can either be due to 

differences in the posttranslational modifications or do to the differences in how these 

proteins run in the semi native SDS-PAGE Gels. 

Additionally, I compared the mutated TOL6:Venus (tol6:mTOTAL:Venus) in tol6-1 

background with tol6:mTOTAL:Venus in Col0 background using anti-GFP antibody and 

affinity purified anti-TOL6 antibody to check for the endogenous TOL6 in Col0 as well (Fig. 

10C). A clear single bands can be seen for the ectopic tol6mTOTAL:Venus in tol6-1  and in 

Col0 lines with both antibodies and in the plant line  tol6mTOTAL:Venus in Col0 a second 

band, which corresponds to the endogenous TOL6 can be seen as well when, using the 

affinity purified anti-TOL6 antibody (Fig. 10C; left panel). This band was not detectable 

when using the anti-GFP (Fig. 10C; right) antibody. This suggest that the affinity purified 

TOL6 antibody recognizes both the endogenous TOL6 and the transgene, while the GFP 

antibody clearly and reproducibly recognized all the TOL-Venus tagged proteins. 



                                                                                                                                           RESULTS 

 

84 
 

 

 
Figure 10 TOL proteins expression: expression of transgenic TOL proteins in a single knockout plant lines 
: A crude precleared of 6 days old seedling extract was separated by SDS-PAGE and subjected to immunoblotting using the indicated 

antibodies. (A) Left panel: pTOL1::TOL1:Venus in tol1-1 followed by, pTOL5::TOL5:Venus in tol5-1.  Right panel: pTOL3:TOL3:Venus 

in tol3-1. Detected with α-GFP antibody. (B) Left panel: pTOL6::TOL6:Venus in tol6-1 using the affinity purified anti-TOL6 antibody for 

detection and anti-GFP antibody .  Right panel: pTOL6:tol6mTOTAL:Venus in tol6-1: using the affinity purified anti-TOL6 antibody for 

detection and anti-GFP antibody. (C) pTOL6:tol6mTOTAL:Venus in Col0 using the affinity purified anti-TOL6 antibody (left) and anti-GFP 

antibody (right) for detection. 

 

 

4.3. TOL proteins have different subcellular 

localization in plant 

The ESCRT machinery in plants seems to be localized earlier in the endosomal system, 

differently to the animals and yeast (Korbei et al., 2013; Scheuring et al., 2011).  Although 

the exact localization of the initial interactions between ESCRT machinery and 

ubiquitinated proteins is not clear, as well as the exact localization of some of the TOL 

proteins, which substitute the function of ESCRT-0 in plants (Korbei et al., 2013; Nagel et 

al., 2017).  To assess the localization of each TOL proteins, I performed localization 

analysis for at least four different TOL proteins (TOL1, TOL3, TOL5 and TOL6) with 

fluorescent protein reporter constructs. The subcellular localization of the TOL proteins 

was assessed by Confocal Laser Scanning Microscopy (CLSM) as well as by cellular 

fractionation. For cellular fractionation, I separated the cytoplasmic and membrane 

fraction of total plant cell lysates (Leitner and Luschnig, 2014). For this, I used a high-
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density buffer, which allow the precipitation of total membrane fraction in a single step and 

then further precipitation of the total cytoplasmic fraction (Leitner and Luschnig, 2014). 

The protein localization, if it was found in the soluble or the membrane fraction was 

determined by SDS-PAGE followed by western blotting probed with anti-GFP antibody or 

with affinity purified anti-TOL6 antibody.  

The subcellular localization of the TOL1:Venus in tol1-1 reporter in root epidermal cells of 

6 days old seedlings, analyzed by CLSM showed that TOL1:Venus is found mostly in the 

cytosol but also at the PM (Fig.11, top first panel). This is also reflected in the subcellular 

localization, where TOL1 is distributed in both fractions with predominant concentration in 

the soluble fraction and less in the membrane fraction (Fig. 11, bottom first panel).  This 

is in agreement with the localization data for TOL1:cherry, which we published previously 

(Korbei et al., 2013). 

Next, I accessed the localization of TOL3, which in 6 days old root epidermis cells was 

present predominantly in cytoplasm and found less at the plasma membrane (Fig. 11, top 

second panel). Similar to the confocal data, the TOL3 subcellular localization using 

western blot showed its distribution predominantly in the soluble cytoplasmic fraction with 

less in the membrane fraction (Fig.11, bottom second panel).  

The TOL5:Venus in tol5-1 is localized predominantly in the cytoplasm, with potential 

localization to endosomal structures (Fig. 11 top, third panel).  Similar localization was 

observed when performed a cellular fractionation using a western blot, where the TOL5 is 

predominantly at the cytoplasmic fraction (Fig.11, bottom third panel), which also agrees 

with the localization data for TOL5:cherry, which we published previously (Korbei et al., 

2013). 

I also analyzed 6 days old seedlings of TOL6:Venus in tol6-1 plant lines, which showed  a 

subcellular localization of TOL6:Venus predominantly at the  PM (Fig. 11, top last panel). 

This was also reflected in cellular fractionation where the TOL6 is localized at membrane 

fraction (Fig.11, bottom third panel), as published previously for TOL6:mCherry (Korbei et 

al., 2013). 

Taken together these results indicating different subcellular localization of different TOL 

proteins that point towards potentially different functions of the TOLs in the endosomal 
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system of plants.  At the same time, I could also conclude that, the TOL proteins plays 

role between the PM and cytoplasm, from where they sort ubiquitinated proteins from PM 

to the ESCRT machinery. 

                                                                                             

 

 

 

 

 

 

 

Figure 11 Subcellular Localization of TOL proteins 
in planta : (top) Signal distribution of 
TOL1p::TOL1:VENUS in tol1-1 (left panel); of 
TOL3p::TOL3:Venus in tol3-1 (second panels), of 
TOL5p::TOL5: VENUS in tol5-1 (third panels) 
TOL6p::TOL6:VENUS in tol6-1 (last/right panels) in root 
meristem cells (6 days old seedlings)). Scale bars=10 
μm. (Bottom) Subcellular fractionation of total protein 
extracts prepared from roots of seven-days-old seedling 
from TOL1p::TOL1:VENUS in tol1-1 (left panel); of 
TOL3p::TOL3: VENUS in tol3-1 (second panels) of 
TOL5p::TOL5: VENUS in tol5-1 (third panels); 
TOL6p::TOL6:VENUS in tol6-1 (last/right panels) 
probed with anti-GFP antibody. Soluble (s) and 
membrane (m) fraction. 

 

 

 

4.4.  TOL interaction with phospholipids 

The plant PM has a specific electrostatic signature that is driven by PI(4)P and recruits 

proteins with polybasic sequences (Platre and Jaillais, 2016). Phosphoinositides (PIPs) 

also recruit coat proteins, such us the Adaptor Proteins (AP) complex involved in Clathrin-

coated vesicle formation (Posor et al., 2015). During membrane trafficking, the recognition 

of ubiquitinated cargo is also regulated by PIPs, that recruit associated adapters to the 

appropriate organelle membrane, where for example PIPs lead a ubiquitin ligase to 
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internal organelle membrane (Dunn et al., 2004).  The ESCRT-0 in yeast and mammals 

recognizes ubiquitinated cargo on early endosomes (Hurley, 2010). The enrichment of 

endomembrane system of PIP is associated to the early endosomes, via specific PIP 

binding domain, like the FYVE domain that binds to the PI3P in early endosomes 

(Katzmann et al., 2003). In plants, the enrichment in the endomembrane system of PIP is 

different to that of mammals and yeast and therefore FYVE1/FREE1, which contains a 

FYVE domain does not localize to early endosomes, but to late endosomes where PI3P 

is accumulated in plant (Platre and Jaillais, 2016).  

It was already demonstrated in mammalian and yeast that, the VHS and GAT domain are 

able to interact with phospholipids (Demmel et al., 2008). Since the TOL proteins have 

well conserved VHS and GAT domains (Korbei et al., 2013; Sauer and Friml, 2014; Winter 

and Hauser, 2006), It therefore becomes interesting to investigate if the plants substitute 

of ESCRT-0 (TOL proteins) also interacts with PIPs. Therefore, I started to determine the 

interaction of the TOL proteins with phospholipids.  

For this propose, I performed an in vitro lipid-binding assay with TOL6 and TOL2 proteins 

representing TOL family. I used the bacterially expressed TOL6:6xHis and TOL2:6xHis to 

probe a commercially available nitrocellulose membrane spotted with several immobilized 

phospholipids (PIP-strips: http://www.echelon-inc.com/index.php) following the 

manufactures instructions. The results showed that the TOL6:6xHis bound to 

phospholipids with acidic head groups, namely phosphatidic acid (PA), as well as to a 

weaker extend the phosphoinositide phosphates: PtdIns3P, PtdIns4P and PtdIns5P as 

well as PtdIns(3,4)P2, PtdIns(4,5)P2 (Fig. 12 right). TOL6 did not bind the phospholipids 

with neutral head groups like phosphatidylcholine (PC) or phosphatidylethanolamine (PE). 

TOL2:6xHis showed strongest binding to PA (Fig. 12 left). This results suggests that, both 

TOLs have a strong affinity to phospholipids specifically to the (PA) which indicates that, 

the TOL proteins might participate in numerous pathways that the PA are involved, like 

stress response, hormonal pathway and vesicle trafficking (McLoughlin and Testerink, 

2013). 

http://www.echelon-inc.com/index.php
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Figure 12 In vitro lipid binding assay 

(A) Purified TOL2:6xHis and (B) purified 

TOL6:6xHis bind strongly to the 

phosphatidic acid (PA). TOL6:6xHis also 

binds to PtdIns3P, PtdIns4P and 

PtdIns5P as well as PtdIns(3,4)P2, 

PtdIns(4,5)P2. 

   

 

4.5. TOL Interaction with Ubiquitin 

 
The TOL proteins have a crucial function in vacuolar targeting and subsequent 

degradation of ubiquitinated membrane proteins and TOL proteins contain two well-

described and conserved UBDs the VHS domain at N-terminal, followed by a GAT domain 

(Korbei et al., 2013; Sauer and Friml, 2014; Winter and Hauser, 2006). Besides binding 

ubiquitin, the VHS domain has also been reported to recognize phosphatidylinositide 

enriched domains at the PM (Prag et al., 2007). Previously, the interaction of TOL proteins 

with ubiquitin was tested by in vitro binding assay and it was verified that both TOL2 and 

TOL6 proteins clearly bind to ubiquitin. However, after mutation of ubiquitin at position 

Isoleucine 44 to an Alanine (I44A) the TOL proteins lost their capacity to bind ubiquitin 

(Korbei et al., 2013). This finding allowed us to speculate that, the TOL proteins bind to 

ubiquitin via their two conserved UBDs (VHS and GAT), as those are known to interact 

with the hydrophobic patch of ubiquitin, centered around I44 (Husnjak and Dikic, 2012). 

The functional significance of UBDs predicted in TOL proteins is however entirely 

unknown. 
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We therefore wanted to assess if the two α-helical UBDs, the VHS and GAT of  the TOL 

proteins (Winter and Hauser, 2006) behave similar to the ones in mammals and yeast, as 

these two domains have been demonstrated to be important for binding to ubiquitin 

(Husnjak and Dikic, 2012). 

In the VHS domain, a highly conserved amino acids reported to be important for ubiquitin 

binding is tryptophan (Hong et al., 2009) at position 26 in the human ESCRT-0 subunit 

STAM1, which was analyzed using NMR spectroscopy (Hong et al., 2009). Furthermore, 

it was previously showed that, not only the Tryptophan, but also an Asparagine in the α-

helix of the VHS domain represents highly conserved residue important for ubiquitin 

binding (Fig. 13 top panel) (Lange et al., 2011). The alignment of the VHS domains of 

different proteins in plants, mammals and yeast showed that  these amino acids are highly 

conserved, also in the amino acids sequence of all nine TOL proteins (Fig.13 A) (all 

alignments were done with ClustalW2 - Multiple Sequence Alignment Tool by EMBL-EBI 

(http://www.ebi.ac.uk/Tools/msa/clustalw2)). 

There are two ubiquitin binding motifs described in yeast and mammals of GAT domain 

with the first, formed by the α-1 helix, being the more conserved one and most important 

for ubiquitin binding (Prag et al., 2007),  while the second one located in the α-3 helix, is 

less stringently conserved (Bilodeau et al., 2003). We aligned the amino acid sequences 

of the GAT domain of different proteins from plants and mammals and found that of the 

two ubiquitin binding motifs, the first is conserved in all TOL proteins (Fig. 13 B), while the 

second one is not as conserved.  

 

http://www.ebi.ac.uk/Tools/msa/clustalw2)


                                                                                                                                           RESULTS 

 

90 
 

 

Figure 13 VHS and GAT domains sequence alignment :   (A) VHS Domain Sequence alignment of TOL1-9 with human TOM1, 

GGA1 and STAM1, highly conserved amino acids Trp (tryptophan, W) and an Asn (asparagine, N), important for ubiquitin binding 

highlighted in red Alignment of TOL proteins and ESCRT-0 orthologues: VHS domain between 5-144 amino acids, most conserved 

amino acids within the alignment were marked in red. (B) GAT Domain sequence alignment of TOL proteins and mammalian 

orthologues: amino acids 246-252 represent the conserved part of the GAT domain, sequences important for ubiquitin binding marked 

in yellow. Alignment done with ClustalW2 - Multiple Sequence Alignment Tool by EMBL-EBI 

(http://www.ebi.ac.uk/Tools/msa/clustalw2). 
 

 

According to our previous data (data not shown), mutation of only one conserved amino 

acid (the W26) in the VHS domain, showed no significant difference between the mutated 

and non-mutated TOL6 with respect to the binding of ubiquitin in vitro. In order to 

investigate the capacity of TOL proteins to bind ubiquitin, I therefore, together with a 

master student (Christina Artner; Master thesis 2016) added a second mutation to 

previous mutated tol6W25A at a second highly conserved amino acid, Aspargine (Asn, N). 

The mutation was at position 73 in the α-helix 4 of the TOL6 VHS (Fig. 14 A), which we 

http://www.ebi.ac.uk/Tools/msa/clustalw2
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mutated to Alanine (N73A), and obtained tol6W25A,N73A constructs, termed  tol6mVHS.  At the 

same time, we also mutated another important ubiquitin binding domain, the GAT domain 

(Fig. 14 B). Using site-directed mutagenesis, we mutated the amino acids DLL (246-248) 

to AAA yielding  tol6DLL246-248AAA and DML (250-252) to AAA yielding  tol6DLL250-552AAA of 

the GAT domain of TOL6 and once again combined these two mutations (yielding  

tol6DLL246-248AAA,DLL250-528AAA ), which is referred to as tol6mGAT.  Additionally, we made a third 

construct with combination of both mutations affecting VHS and GAT to obtain a (tol6W25A, 

N73A tol6DLL246-248,DLL250-252AAA) construct and named tol6mTOTAL (Fig. 14 C). I used these 

three constructs to perform in vitro binding assay. 

 

 

 

Figure 14 VHS, GAT domain structure and schematic TOL6 mutations:  (A) VHS domain structure. (B): GAT domain structure.  

(C) In silico visualization of TOL6 and the mutated tol6 alleles from master thesis of Christina Artne. 
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4.5.1 TOL6 interacts with ubiquitin and alteration of its UBDs interferes with its 

ability to bind to ubiquitin 

 
For in vitro binding assay, I incubated bacterially expressed and purified GST-tagged 

ubiquitin (or just GST as a control) with glutathione coupled magnetic beads. To these 

coupled beads bound to the same amounts of GST-ubiquitin (Fig. 15 bottom left panel, 

open arrowhead) or GST alone (Fig. 15 bottom middle panel, open arrowhead), I added 

the same amount of bacterially expressed purified His-tagged TOL6 protein or the different 

His-tagged tol6 mutant proteins (Fig. 15 top right panel, arrowhead). I analyzed the co-

precipitation of different constructs of TOL6 by SDS-PAGE and stained with either 

Coomassie (Fig. 15, bottom panels) for the total protein content or western blots and 

probed with anti-His antibody for detection (Fig. 15, top panels). The results showed that 

His tagged TOL6 binds to ubiquitin coupled to the beads with strong affinity (Fig. 15, top-

left panel, first lane). The construct with mutated TOL6 in two amino acids of the VHS 

domain (Fig. 15, top-left panel, second lane; tol6mVHS) similarly to the non-mutated 

construct, also binds to the beads coupled to ubiquitin. The mutated TOL6 in the GAT 

domain (Fig. 15, top-left panel, third lane; tol6mGAT) showed a clear reduction in the binding 

to the ubiquitin coupled beads in comparison with the tol6mVHS and TOL6 construct. The 

tol6mTOTAL (Fig. 15, top-left panel, fourth lane) showed markedly reduced binding affinity to 

the ubiquitin coupled beads. All the different TOL6 proteins showed no specific binding to 

the GST-tagged ubiquitin beads alone (Fig. 15 top-middle panels). These results together 

show that, TOL6 clearly binds to ubiquitin in vitro. This ubiquitin binding to TOL6 is not 

highly affected when two amino acids from the VHS domains are mutated. However, the 

mutation of six amino acids in GAT domain reduces strongly the capacity of TOL6 to bind 

ubiquitin. Similar effect happens when we mutated both domains VHS and GAT domain; 

the capacity of TOL6 to bind ubiquitin is totally abolished. Taken together these results 

indicates that TOL6 binds to ubiquitin via two well conserved UBDs (VHS and GAT 

domains), therefore mutation on these domains abolish the capacity of TOL6 to bind 

ubiquitin. This demonstrates that the UBDs of TOL6 play an important role in the binding 

to ubiquitin of ubiquitinated proteins and mutation of the UBDs affect the functionality of 

TOL6 with respect to its binding capacity of ubiquitin. 
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Figure 15 Typical TOL6 in vitro binding assays  : Different TOL6 constructs (TOL6:6xHis, 75 kDa, closed arrow in top panels) 

were purified and co-precipitated with GST:ubq (34.5 kDa, open arrow bottom left panel) or GST (26 kDa, open arrow bottom central 

panel) as a control coupled to glutathione magnetic beads. Precipitated proteins were either analyzed by SDS PAGE and Coomassie 

staining (bottom panels) or were blotted and probed with anti His-antibody (top panels).  

 

4.5.2  Mutations of the UBDs of TOL6 alter the in planta localization of TOL6 

After demonstrating that the UBD mutated TOL6 (tol6mTOTAL) lost its capacity to bind to 

ubiquitin in vitro, I also wanted to check if this mutation could also affect the localization 

of TOL6, when compared with the non-mutated TOL6. In order to verify the localization of 

different TOL6 alleles in vivo, the TOL6 reporters expressed under their endogenous 

promoter were cloned and transformed in plants. I transformed pTOL6::TOL6:Venus and 

pTOL6::tol6mTOTAL:Venus into Col0 ecotype (wild type) and in a T-DNA insertion plant line 

lacking expression of full length endogenous TOL6 (tol6-1). As tag I used the fluorescent 

GFP derived Venus-tag to ensure the detection of transformed proteins expressed in 

plants.   
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Subcellular localization of the TOL6:Venus and tol6mTOTAL:Venus was assessed with 

Confocal Laser Scanning Microscopy (CLSM). I also performed cellular fractionation 

experiments of total plant lysates, that allowed me to verify the protein distribution between 

soluble and membrane fraction. The subcellular localization of the TOL6:Venus in tol6-1 

reporter in root epidermal cells of 6 days old seedlings, analyzed by CLSM showed that 

TOL6:Venus is localized at PM (Fig.16A, left). This is also reflected in cellular 

fractionation, where the TOL6:Venus is localized predominantly in the membrane fraction 

(Fig. 16 B). Furthermore, the endogenous TOL6 can also clearly be seen in the membrane 

fraction of the plant lysates from wild type (Col0) (Fig. 16B, left lanes) with a similar 

distribution to that of the TOL6:Venus transgenic line in tol6-1 (Fig 16 B, middle lanes).  

I performed similar experiments to assess the subcellular localization in root epidermal 

cells of 6 days old seedlings with the mutated tol6mTOTAL:Venus in tol6-1. The CLSM 

showed a striking alteration in the localization of the mutated reporter protein, which unlike 

to the TOL6:Venus was predominantly in the cytosolic fraction and not at the PM anymore 

(Fig. 16A, right). This was further confirmed by cellular fractionations experiments, where 

the protein signal is distributed in both (cytosolic and membrane fraction), but more 

predominantly in the cytosolic fraction (Fig. 16B, right lanes).  

To statistically determine the difference in the localization TOL6 reporter constructs in the 

TOL6p::TOL6:Venus in tol6-1 and TOL6p:: tol6mTOTAL:Venus in tol6-1 plant lines I 

measured the signal intensities of the Venus signal at the PM and in cytosol with image J 

software and then determined the relative signal intensity between the PM and the 

cytosolic fraction. These measurements were carried out in root epidermis cells in the 

meristematic region of 6 days old seedlings. There was a highly significant difference 

between ration of the signal intensities in the roots with the non-mutated TOL6 version 

with respect to tol6mTOTAL:Venus (Fig. 16C) indicating that the mutated TOL6 version is 

more in the cytoplasmic fraction than the non-mutated TOL6, which was also reflected 

when analyzing the proteins extract from the cellular fractionation experiments. Figure 

16D shows that these results are not due to the different expression levels of the 

TOL6p::TOL6:Venus in tol6-1 and TOL6p::tol6mTOTAL:Venus in tol6-1 as they are 

expressed at similar levels  and at the expected sizes when analyzing total plant lysates 

from both plant lines by SDS-Page and western blot probed with an the purified anti TOL6 
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antibody (Figure 16D top panel, bottom panel shows a Coomassie stained SDS-PAGE 

used as normalization control).  

Taken together these results indicates that the mutation of both UBDs (VHS and GAT) 

affects not only the ability of TOL6 to bind ubiquitin but also its localization in planta, 

making the mutated TOL6 localize more in the cytoplasmic fraction. 

 

 

Figure 16 Signal distribution of TOL6 and mutated TOL6 : (A) Signal distribution of pTOL6::TOL6:Venus in tol6-1  (left panels) and 

pTOL6::tol6mTOTAL:Venus in tol6-1 (right panels) in root meristem cells (6 days old). Scale bars =10μm. (B) Subcellular fractionation of 

total protein extracts prepared from roots of seven-day-old seedling: Col0 (TOL6=endogenous TOL6) (left); pTOL6::TOL6:Venus in 

tol6-1 and pTOL6::tol6mTOTAL:Venus in tol6-1(right), probed with anti-TOL6 antibody. Soluble (s.) and membrane (m.) fraction. (C) 

Relative signal intensities: TOL6p::TOL6:Venus in tol6-1 and TOL6p:: tol6mTOTAL:Venus in tol6-1  at the PM at root meristem cells after 

normalization to cytoplasmic signal intensities (n=number of cells analyzed; n=125 and n=130 respectively; ***P ≤ 0.001, Studentʼs t-

test).  (D) Signal expression: Expression prepared from total lysate of pTOL6::TOL6:Venus in tol6-1 (left)  and 

pTOL6::tol6mTOTAL:Venus in tol6-1 (right). 

 

 

 

4.5.3 TOL6 with deficient UBDs is not functional in planta 

To continue the investigation of the impact of the mutation of the UBDs of TOL6 on the 

function of TOL6 in planta, I assessed the potential complementation of the construct of 

the tolQ phenotype. For this I transformed the pTOL6::tol6mTOTAL:Venus as well as the 

pTOL6::TOL6:Venus into a quadruple mutant, which is additionally heterozygous for 

TOL3 (tol2-1/tol2-1 tol3-1/TOL3 tol5-1/tol5-1 tol6-1/tol6-1 tol9-1/tol9-1). I used this plant 

line because, contrary to the tolQ plant line, it can easily be transformed as the tolQ 
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(quintuple plant line lacking expression of TOL2, TOL3, TOL5, TOL6 and TOL9) has very 

pleiotrophic severe developmental defects (Korbei et al., 2013) and is therefore difficult to 

transform. While the TOL6:Venus construct could clearly rescue the tolQ phenotype 

characterized by normal development of the  7days old seedlings of TOL6:Venus in tolQ 

(Fig.17A; Top right), similar to the Col0 (Fig.17A top left), the mutated construct 

(tol6mTOTAL:Venus) did not rescue the tolQ phenotype (Fig. 17A). The tol6mTOTAL seedlings, 

characterized by pronounced delays in their development, altered cotyledon formation, 

(monocots, tricots or fused cotyledons) and short root length demonstrating potential 

aberrations during embryogenesis (Fig. 17A, bottom right panel). These defects found in 

the plant line with the mutated constructs, are similar to those described for tolQ (Fig. 17A, 

bottom left panel) plant line (Korbei et al., 2013). 17 days old plants, from TOL6:Venus in 

tolQ showed normal development similar to Col0, demonstrating its capacity to rescue the 

tolQ phenotype (Fig. 17B, first two top panels). On the other hand tol6mTOTAL:Venus in tolQ 

showed clear defects on rosette leaves formation, with a smaller rosette size and with 

pronounced delays in development (Fig. 17B, last panel) similar to tolQ (Fig. 17B, third 

panel). In mature plants, while the TOL6:Venus in tolQ  showed a normal development 

similarly to the wild type plants (Fig. 17C, first and second pot), the mutated constructs 

(tol6mTOTAL:Venus) plant lines are dwarfed, delayed in flowering with anomalous 

inflorescences (Fig. 17C, fourth pot), similar to the defects in the tolQ plant lines (Fig. 17C, 

third pot) (Korbei et al., 2013). 

All these alterations in the pTOL6::tol6mTOTAL:Venus  in tolQ plant line, illustrates defects 

potentially during embryogenesis and development process in plant similar to the defects 

shown in tolQ plant line (Korbei et al., 2013) indicating that the tol6mTOTAL fails to full rescue 

the tolQ phenotype. Taken together, this indicates that the mutation of the UBD affects 

not only the capacity of TOL proteins to bind ubiquitin, but also interferes with the sorting 

mechanism to the ESCRT machinery for further vacuolar degradation thus yielding such 

a pleiotrophic phenotype, underlining the importance of UBDs for the functionality and 

localization of the TOL proteins in plants. 
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Figure 17 Rescue of A.thaliana tolQ :  (A) Phenotypic analysis of plants expressing TOL6:Venus or tol6mTOTAL:Venus in tolQ 

background potentially complementing the tolQ phenotype (using Col0 as control) in 7 days old seedlings. (B) Phenotypic analysis of 

plants expressing TOL6:Venus or tol6mTOTAL:Venus in tolQ background potentially complementing the tolQ phenotype (using Col0 as 

control) in 7 days old seedlings (left panel), Scale bars =2mm and 17 days old rosettes (right panel) Scale bars =5mm.  (C) Phenotypic 

analysis: of plants expressing TOL6:Venus or tol6mTOTAL:Venus in tolQ background, potentially complementing the tolQ phenotype 

(using Col0 as control) demonstrating the effect of altered functionality in mature plants. 

 

 

4.5.4 Mutation of TOL6 UBD affects plant development  

I already demonstrated the impact of deficient UBD of TOL6 for the functionality and 

localization of the TOL6 proteins, where the mutated TOL6 fails to full rescue the tolQ 

phenotype. We then wanted to investigate what happen in plant development, when the 

ubiquitin binding deficient TOL6 is transformed in tol6-1 null background. I therefore 

followed the plant development of the plant lines TOL6:Venus in tol6-1, tol6mTOTAL:Venus 

in tol6-1, tol6-1 and  wild type (Col0 ecotype) (Fig. 18A). 

I separated the root length of 7 days old seedlings in three different categories to include 

variations in the growth of seedlings: very small from 0cm up to 1cm (short roots 
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abnormal root development); from 1 cm to 3.4 cm (regular roots  normal root 

development) and longer than 3.4 cm (long roots). In this experiment, the Col0 plant lines 

has an average of 3.4 cm +/-1.2cm. Based on that, I considered all the roots with more 

than 3.4cm as a long roots, the roots with less than 1cm considered as abnormal root, 

and roots from 1cm to 3.4 cm considered as regular roots. Statistical analysis 

demonstrated that, approximately 30% of tol6-1 roots were abnormal (in short roots 

category) (Fig. 18B). Similar phenotype was observed for tol6mTOTAL:Venus in tol6-1, while 

none of the wild type or the non-mutated TOL6:Venus (Fig. 18B ) showed this phenotype. 

This reveals that, single knockout tol6-1 might have defects that are not phenotypically 

very pronounced and when the deficient UBD construct (tol6mTOTAL) is transformed into 

the tol6-1 plant lines, the resulting plant lines shows similar defects.   

Morphological plant traits such as size, number of leaves, biomass, and shape are 

influenced not only by the genes, but also by external environmental factors (Moller-

Steinbach et al., 2010). However, the interaction between genes and environmental (and 

growth) conditions leads to a combinatorial explosion of possible phenotypes, making the 

understanding of the link between genotype and phenotype a complex task (Houle et al., 

2010). Figure 18 C shows growth stage at 35 days old plant from Col0, tol6-1, 

TOL6:Venus in tol6-1, tol6mTotal :Venus in tol6-1 demonstrating a clear phenotypic 

difference of tol6mTotal :Venus in tol6-1.  Counting the number of leaves in plants is 

important for plant phenotyping, since it can be used to assess plant growth stages (Telfer 

et al., 1997). From a phenotyping point of view, the number of leaves in a plant is related 

to a developmental stage, growth regulation, flowering time, and yield potential (Walter et 

al., 2015). In order to complement the analysis of the developmental growth, I counted the 

rosette leaves at the same conditions when the inflorescence stem has 1cm height 

(Moller-Steinbach et al., 2010) (Fig. 18 D). Statistical analysis, where I compared the 

number of rosette leaves when they started flowering, showed that, the tol6-1 plant lines 

has earlier flowering when compared to Col0 and TOL6:Venus (Fig. 19D). Surprisingly, 

the tol6mTOTALV in tol6-1 has delayed flowering when compared to Col0 and TOL6:Venus. 

Thus, tol6mTOTAL in tol6-1 has late flowering time while the tol6-1 has earlier flowering time. 

This result suggests that, the single knockout tol6-1 might affect the plant development, 

but less pronounced. This defect is full rescued by TOL6 full length and not by mutated 

TOL6 (tol6mTOTAL). This delay in flowering could be an indirect consequence produced by 
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dominant negative interference with the function of flowering time genes that affect the 

developmental stages, growth regulation when associated to deficient UBD of TOL6. 

 

 

  

Figure 18 Mutation of TOL UBD affects the plant development :  (A) Phenotypic analysis of plants expressing TOL6:Venus or 

tol6mTOTAL:Venus in tol6-1 (using Col0 as control) in seedlings at 7days old. (C) Graphic representation of Col0, tol6-1, TOL6V in 

tol6-1, tol6mTotal in tol6-1 root length of 7 days old separated in three categories. 3.4cm is the average of Columbia in the same 

conditions. (C) Phenotype of 35 Days old plants of Col0, tol6-1, TOL6:Venus in tol6-1, tol6mTotal :Venus in tol6-1, showing late flowering 

of tol6mTotal in tol6-1  (D) Graphic representation of rosette leaves counted after all the plants were flowering showing late flowering of 

tol6mTotal in tol6-1 and earlier flowering of tol6-1. 

 

4.6. TOL Proteins are ubiquitinated in planta 

4.6.1 TOL6 is ubiquitinated in planta, specifically in its cytoplasmic fraction 

Ubiquitination, or the covalent addition of an ubiquitin molecule to a protein, is an important 

post-translational protein modification responsible for signaling, proteosomal degradation, 

reparation of DNA, membrane transport events like endocytosis and cell cycle control 

(Hurley et al., 2006). Proteins, termed ubiquitin receptors, bind to ubiquitinated cargo via 

UBDs like the VHS and GAT domains, and then assist in the regulation of the abundance, 
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the function, the localization and the interactions of the ubiquitinated proteins (Haglund 

and Stenmark, 2006). Ubiquitin receptors, like the subunits of the ESCRT-0 and ESCRT-

I, which function as a recruitment site for ubiquitinated cargo in the sorting machinery of 

the ESCRT pathway  (Klapisz et al., 2002), are known to be ubiquitinated themselves and 

this ubiquitination seem to affect their function (Hoeller and Dikic, 2010).  This process of 

monoubiquitination of UBD containing proteins is called ‘’coupled monoubiquitination’’ 

(Fig. 19) (Hoeller et al., 2006; Kim et al., 2007; Woelk et al., 2006). Ubiquitination of 

proteins containing UBDs of the endosomal sorting machinery could have several different 

effects. Ubiquitination could allow for regulation of the abundance of the ubiquitinated 

subunits of the endocytic sorting machinery a protein by leading to their proteosomal 

degradation (Husnjak and Dikic, 2012) . Furthermore, ubiquitination of subunits could also 

help in the generation of interactions networks between ubiquitinated proteins and 

proteins with UBDs, by allowing proteins to reversibly bind each other, which is important 

for organizing the machinery (Hoeller et al., 2006; Hoeller and Dikic, 2010). Furthermore, 

coupled monoubiquitination could prevent binding to the ubiquitinated cargo, as the UBD 

is already occupied either by intra- or by intermolecular ubiquitin binding (Fig. 19) (Hoeller 

et al., 2006). This has been shown for endocytic components of the mammalian sorting 

machinery (EPS15, epsin 1 and 2, HRS, STAM), which are subjected to intramolecular 

binding of their UBDs to monoubiquitin, leading to their inactivation (Blanc et al., 2009). 

Two of these proteins, HRS and STAM form the mammalian ESCRT-0 complex, whose 

interaction with ubiquitin is regulated by two well-conserved UBDs the VHS and GAT 

domain (Dikic et al., 2009; Shields and Piper, 2011). In plants this initial interaction of 

ubiquitinated PM proteins, is carried out by the TOL proteins, which share the same 

conserved domains as the ESCRT-0 (VHS and GAT domains) (Korbei et al., 2013). Thus, 

I wanted to check if the TOL proteins are subjected to the same regulatory mechanism of 

coupled monoubiquitination as their mammalian counterparts. 
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Figure 19 Coupled Monoubiquitination : (adapted from 

(Hoeller et al., 2006) Proposed mechanism of 

monoubiquitin-mediated regulation of endocytic adaptor 

proteins: In solution, monoubiquitinated UBD-containing 

proteins adopt a closed, auto-inhibited conformation due to 

intramolecular UBD–ubiquitin interactions. This pool of 

proteins will be inactive with respect to transmolecular 

binding to ubiquitinated targets; for example, cargo sorting.  

 

 

To asses if TOL6 protein is ubiquitinated in vivo, I performed the immunoprecipitation (IP) 

experiments, where I precipitated endogenous TOL6 out of wild type (Col0) plant lysates 

using protein A magnetic beads cross-linked with the affinity purified anti-TOL6 antibody. 

The precipitates were then separated via SDS-PAGE and detected by western blot using 

the TOL6 antibody as well as an antibody used for the detecting of ubiquitination. The 

results showed a strong band for the IP out of the wild type plant lysates at the correct 

size of TOL6 (Fig. 20A left panel, open arrowhead) and no corresponding band at the 

expected TOL6 size in the IP out of the TOL6 null plant line tol6-1 indicating that the IP is 

specific. I then tested the same IP precipitate with an anti-ubiquitin antibody (-UBQ; Fig. 

20A right panel) once again using the precipitate out of the tol6-1 plant line as a negative 

control. A specific signal for ubiquitin characterized by strong smear and a specific band 

at TOL6 size was detected in Col0 precipitate (Fig. 20A right panel, arrowhead), which 

demonstrated that the endogenous TOL6 is ubiquitinated.  Unlike Col0, the tol6-1 IP did 

not show any smear indicating that the signal is specific for TOL6. These results 

demonstrate the ubiquitination of endogenous TOL6.  

To continue investigation of TOL6 ubiquitination, I precipitated Venus tagged TOL6 out of 

a pTOL6::TOL6:Venus in tol6-1 background transgenic line with anti-GFP microbeads and 

used Col0 plant lysates as a negative control. Precipitation of the TOL6:Venus tagged 

reporter construct out of the transgenic plant lysate showed clear band at correct size of 

TOL6 (approximately 130kDa) when probed with anti-TOL6 antibody (-TOL6; Fig 20B 

left panel, arrowhead). As expected, the precipitate out of the Col0, wild type, plant lysate 
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did not show any band at the TOL6 size, indicating that there is no unspecific precipitation 

of Col0 lysates, when using the anti-GFP microbeads. Next, I used the same precipitate 

to check for ubiquitination using an anti-ubiquitin antibody (-UBQ; Fig 20B right panel). 

An ubiquitin specific signal at the size of TOL6, as well as a smear were detected only in 

the IP from the transgenic plant line expressing the TOL6:Venus reporter construct and 

there was no signal observed in Col0 precipitate demonstrating that  the ectopically 

expressed TOL6:Venus itself is also ubiquitinated (Fig. 20B, right panel, arrowhead).  

I went further and performed subcellular fractionation experiments to separate membrane 

and cytosolic fraction from Col0 and tol6-1 plant lysates. Out of these fractions I then 

performed immunoprecipitation using protein A magnetic beads cross-linked to affinity 

purified anti-TOL6 antibody. The IP showed the TOL6 protein mostly concentrated in the 

membrane fraction characterized by strong band at the correct size of TOL6 (Fig. 20C, 

left panel, arrowhead) while less could be pulled down from the cytosolic fraction. This is 

in accordance with results obtained from the subcellular localization experiments 

described in section 4.4, where TOL6 was also mainly found in the membrane fraction. 

The negative control, precipitation out of tol6-1 plant lines, did not show any TOL6 bands 

neither in the cytosolic, nor in the membrane fraction.  I then used these precipitates to 

check for ubiquitination by blotting with anti–ubiquitin antibody (Fig. 20C, right panel). 

Interestingly, only in the precipitate out of the cytosolic fraction of Col0, where smaller 

amounts of endogenous TOL6 where precipitated, there was a specific ubiquitination 

signal, characterized by smear, extending upwards from the predicted size of endogenous 

TOL6 (Fig. 20C right panel), which can neither be found in the precipitate out of the 

membrane fraction, where more TOL6 is present. This smear is specific for the TOL6 out 

of the soluble fraction, as it is also not found in the precipitates out of the membrane and 

soluble fraction of the lysates form the TOL6 null plant line tol6-1.  This indicates that, only 

the cytosolic fraction of TOL6 proteins is ubiquitinated. Taken together these results 
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demonstrates that the soluble fraction of TOL6 is ubiquitinated while the membrane 

fraction is not ubiquitinated, even though the TOL6 is more abundant at the membrane. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 20 Immunoprecipitation (IP) of TOL6 :  (Left panel) with protein A magnetic beads coupled to and crosslinked with affinity 

purified anti-TOL6 serum from tol6-1 or Col0 plant extracts.  Endogenous TOL6 is clearly visible in the Col0 lysate as well as after IP 

and indicated with an open arrowhead. (Right panel) IP probed with an anti-ubiquitin antibody (P4D1). A clear band can be seen in 

the IP from Col0, (arrowhead) which is missing in tol6-1 control. (B) Immunoprecipitation of TOL6: TOL6p::TOL6:Venus in tol6-1 

and Col0 seedlings (6DAG) were used for the IP using anti-GFP coupled microbeads. TOL6:Venus is clearly precipitated while the  

Col0 (left panel) when probed with α-TOL6 antibody. The precipitate probed with α-Ubiquitin (P4D1) antibody showed a clear band at 

the same height as TOL6:Venus, demonstrating the ubiquitination of TOL6, which is not visible in Col0 (right panel). The lower bands 

corresponds to the antibody. (C) TOL6 immunoprecipitation out of the soluble and membrane fractions. IPs were performed from 

tol6–1 and Col-0 Arabidopsis thaliana root extracts with protein A magnetic beads coupled and cross-linked to affinity purified anti-

TOL6 antibody. (Left panel) The left lanes show the input amount, while right lanes represent the eluted protein from the beads. 

Endogenous TOL6 is clearly visible in the precipitates of both Col0 membrane and soluble fractions (black arrowhead), which are 

missing in tol6–1 control extracts (right panel). The precipitates probed with α-Ubiquitin (P4D1) antibody showed a band at the same 

height as TOL6, demonstrating the ubiquitination of TOL6, which is not visible in tol6-1 but only on the soluble fraction, not in the 

membrane fraction, where more TOL6 was precipitated, indicating that is the soluble TOL6, which is ubiquitinated.  
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4.6.2 Ubiquitination of other TOL family members 

 
Recent plant ubiquitome studies have shown that several endocytic adaptors, including 

the TOLs (TOL1, TOL2 and TOL3) are ubiquitinated (Svozil et al., 2014; Walton et al., 

2016). It thus became interesting to verify if other members of the TOL protein family are 

also ubiquitinated, like TOL6. I therefore performed immunoprecipitation experiment using 

the available transgenic plant lines pTOL1::TOL1:Venus in tol1-1, pTOL3::TOL3:Venus in 

tol3-1 and pTOL5::TOL5:Venus in tol5-1. To precipitate the Venus tagged of TOL proteins 

TOL1, TOL3 and TOL5, I used anti-GFP microbeads. Stringent washing conditions were 

applied and N-Ethylmaleimide (NEM), which inhibits the activity of deubiquitinase 

enzymes was added to all buffers to avoid deubiquitination. For detection of the Venus 

tagged TOL proteins, I used the anti-GFP antibody that is able to detect the Venus tag. 

The results clearly showed that with the anti-GFP microbeads I managed to precipitate 

sufficient amounts of TOL1:Venus (Fig. 21A left panel open arrowhead), TOL3:Venus   

(Fig. 21B left panel open arrowhead) and TOL5:Venus   (Fig. 20C left panel open 

arrowhead). To test if these precipitated proteins were ubiquitinated, I used the same 

precipitates and probed the western blot with an anti-ubiquitin antibody ( -UBQ, P4D1). 

The results showed clearly a specific smear which always starts approximately at the size 

of the respective TOL and characterizes ubiquitination of the TOL1:Venus, TOL3:Venus 

and TOL5:Venus (right panels of Fig. 21 A, B, C respectively black arrow heads). As 

negative control, I used the precipitated obtained by performing the immunoprecipitation 

with the anti-GFP microbeads out of Col0 wild type plant lysates (Fig. 21 B), which showed 

a weaker, background staining when probed with the anti-ubiquitin antibody. As second 

control, I also performed the extraction of TOL3 using buffer lacking NEM, thus leading to 

faster deubiquitination of the sample.  From this sample buffer I could also show that 

TOL3: Venus was clearly precipitated, characterized by strong band at the expected size 

of TOL3 (Fig. 21B, left panel, third lane). When I used the same precipitate and probed 

with the anti-ubiquitin antibody, I found a signal reminiscent of the signal obtained with the 

Col0 negative control (Fig. 21B, right panel, third lane) and in strong contrast to the strong 

signal obtained when probing the samples where NEM was added to the buffer (Fig. 21B, 

left panel, first lane). This indicates that there is no ubiquitination of TOL3:Venus when 

using a buffer lacking NEM and shows that the ubiquitination of TOL3:Venus is specific. 
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Together, these results suggest that several members of the TOL family members tested 

in this study are ubiquitinated. 

 

 
Figure 21 Ubiquitination of other TOL family members:  (A) Ubiquitination of TOL1, seedlings with 6 days old 

pTOL1::TOL1:Venus in tol1-1 extracted and used for IP with anti-GFP microbeads and then probed with anti-GFP antibody (left panel) 

and the precipitate was also probed with anti-ubiquitin antibody (right panel). (B) Ubiquitination of TOL3 – 6 days old seedlings from 

pTOL3::TOL3:Venus in tol3-1 precipitated with anti-GFP microbes and incubated with anti-GFP antibody (left panel) as well as with 

anti-ubiquitin antibody (right panel).  (C) Ubiquitination of TOL5 – 6days old seedlings from pTOL5::TOL5:Venus in tol5-1 precipitated 

with anti-GFP microbeads and incubated with anti-GFP antibody (left panel) as well as with anti-ubiquitin antibody (right panel). (D) 

Ubiquitination of TOL6 – 6 days old seedlings from pTOL6::TOL6:Venus in tol6-1 precipitated with anti-GFP microbeads and 

incubated with anti-GFP antibody (left panel) and with anti-ubiquitin antibody (right panel).     

 

                                                                                                                                                                                                                                                                                                                                                                                                       

4.7.  Constitutively ubiquitinated TOL proteins 

affects the plant regulatory mechanism 

Now that we know that TOLs are ubiquitinated in planta (see section 4.6), we need to try 

to find out the purpose of this ubiquitination and to asses if it is a mere signal for 

degradation or has a regulatory role. For this purpose, we generated constitutively 

ubiquitinated TOL proteins and expressed them in planta. As negative control, to dissect 

the effect of the ubiquitination from any potential steric effects that addition of a large tag 

to our TOL proteins could have, we added a mutated ubiquitin version. This mutated 
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ubiquitin (ubqI44A) loses its ability to bind UBD containing proteins (Dikic et al., 2009). The 

amino acid Isoleucine at position 44 is known to be important for ubiquitin to bind UBDs, 

thus the mutation in this position will alter the ability of the UBD to bind ubiquitin (Hurley 

et al., 2006) (Fig. 22). 

 

 

 

 

 

 

 

 

 

 

 

Figure 22 Helical ubiquitin-binding domain structures : Ubiquitin molecule (yellow) in ribbon and surface representations is shown 

with corresponding helical domain (blue) in ribbon representation . Ile44, the centre of the hydrophobic recognition patch on the 

ubiquitin, is shown as green spheres. adapted from (Hurley et al., 2006). 

 

In order to investigate if TOL protein are regulated by coupled monoubiquitionation, a 

master Student in our lab, Lisa Jörg, cloned constitutively ubiquitinated TOL construct as 

well as constructs fused to the mutated non-functional ubiquitin. Different constructs for 

plant expression, where the cDNA of three different TOLs (TOL1, TOL5 and TOL6) under 

their endogenous promoters with a C-terminal ubiquitin or ubiquitinI44A fused in frame to a 

Venus tag were cloned, resulting in: pTOL1:TOL1:ubq:Venus;  

pTOL1:TOL1:ubqI44A:Venus; pTOL5:TOL5:ubq:Venus; pTOL5:TOL5:ubqI44A:Venus; 

pTOL6:TOL6:ubq:Venus and pTOL6:TOL6:ubqI44A:Venus (for the cloning procedure see: 

Master thesis Lisa Jörg, 2017). Figure 23A, 26A and 28A shows schematics of the 

constructs used in this study for TOL6, TOL1 and TOL5 respectively. These constructs 

were transformed into single knockout plant lines that lacks respective TOL protein (tol1-

1, tol5-1 and tol6-1). With this transformation the following plant lines were obtained 

pTOL1:TOL1:ubq:Venus in tol1-1, pTOL5:TOL5:ubq:Venus in tol5-1, 

pTOL6:TOL6:ubq:Venus in tol6-1 and with mutated ubiquitin pTOL1:TOL1: ubqI44A:Venus 

I44 ubiquitin 

GAT 
adapted from Hurley et al., 2006 
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in tol1-1, pTOL5:TOL5:ubqI44A:Venus in tol5-1 and pTOL6:TOL6:ubqI44A:Venus in tol6-1. 

Besides that, the TOL6 constructs were also transformed into the quintuple mutant tolQ 

plant line in order to analyze the complementation of the tolQ phenotype. Having these 

constructs, with the ubiquitin chimera (TOL1ubq:Venus, TOL5ubq:Venus and 

TOL6ubq:Venus), which mimics permanent monoubiquitination and the mutated ubiquitin 

(TOL1ubqI44A:Venus, TOL5ubqI44A:Venus and TOL6ubqI44A:Venus), that is not functionally 

monoubiquitinated, I was able to analyze the importance of monoubiquitination of TOL 

proteins in plant cells.  

 

 

4.7.1  Constitutively ubiquitinated TOL6 affects its distribution and function in 

plant 

After having obtained the constructs described above, I started to analyze the TOL6 

proteins, with the ubiquitin chimera (TOL6ubq:Ven), which mimics permanent 

monoubiquitination and the mutated ubiquitin chimera (TOL6ubqI44A:Ven). Figure 23A 

shows the schematic representation of ubiquitin chimera used for TOL6, where the VHS 

and GAT domains of TOL6 are represented in green and blue boxes respectively, the red 

circle represents ubiquitin and the red circle with X represents the mutated ubiquitin I44A. 

I performed the western blots of total plant lysates of the reporter plants lines to verify if 

the proteins are expressed in comparable amounts and at the expected size. All three 

TOL6 constructs (TOL6:Ven, TOL6:ubqVen and TOL6:ubqI44AVen) are expressed at 

roughly the correct size and in similar amounts (data not shown).  

In order to analyze the importance of monoubiquitination of TOL6 in plant cells, I checked 

if the constitutively ubiquitinated TOL6 (TOL6:ubqVen) could affect the localization of 

TOL6 when compared to the TOL6 (TOL6:Ven) as well as constitutively TOL6 with 

mutated ubiquitin (TOL6:ubqI44AVen). Confocal Laser Scanning Microscopy (CLSM) was 

used to access the subcellular localization of the TOL6:Venus, TOL6:ubqVenus and 

TOL6:ubqI44AVenus. I also performed cellular fractionation experiments of total plant 

lysates, to verify the protein distribution between soluble and membrane fraction. The 

subcellular localization of the TOL6:Venus reporter in tol6-1 root epidermal cells of 6 days 

old seedlings, analyzed by CLSM showed that TOL6:Venus is localized at the PM (Fig. 

23B, left panel). This is also reflected in cellular fractionation, where the TOL6:Venus is 
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localized predominantly in the membrane fraction (Fig. 23C left panels), with a similar 

distribution already showed in section 4.3. 

I performed similar experiments with pTOL6:TOL6:ubq:Venus in tol6-1, 

pTOL6:TOL6:ubqI44A:Venus in tol6-1, where I accessed the  subcellular localization of root 

epidermal cells of 6 days old seedlings. The CLSM showed that, the constitutive 

ubiquitination of TOL6 (TOL6:ubqVen) caused alteration of the localization of the TOL6, 

which is no longer localized predominately at the PM, but it is also in the cytoplasm (Fig. 

23B middle). These results were further confirmed by cellular fractionation experiments, 

where protein signal is no longer predominant in the membrane fraction but distributed in 

both (cytosolic and membrane fraction) but more predominantly in the cytosolic fraction 

(Fig. 23C, middle panel). Furthermore, subcellular localization of constitutive 

ubiquitination of TOL6 with mutation in ubiquitin chimera (TOL6:ubqI44AVenus) when 

analyzed by CLSM, showed a signal more at the PM (Fig. 23 B right panel) restoring the 

signal to a similar distribution as the non-ubiquitinated TOL6 (Fig. 23B, left panel) and the 

endogenous TOL6 (section 4.3). This is also reflected in cellular fractionation where the 

protein signal is predominantly at the membrane fraction (Fig. 23C right panel).   

To confirm the differences in localization I performed statistical analyzes where I quantified 

the fluorescence signal from TOL6:Ven, TOL6ubq:Ven  and TOL6:ubqI44AVenus at the 

PM with respect to the signal in the  cytosol with Image J in the epidermis cells of root 

meristem cells of 6 days old seedling. Statistically, the difference in localization showed 

to be highly significant between the TOL6:Ven and the TOL6ubq:Ven reporter line both in 

the tol6-1 background as well as the between TOL6ubq:Ven and the I44A ubiquitin 

chimera (Fig. 23D) suggesting that a functional ubiquitin tag clearly alter the localization 

of the TOL6 in planta.  

This brings us to the previously proposed model by (Hoeller et al., 2006) in which, the 

monoubiquitination of UBD-containing proteins does not serve to target the proteins for 

degradation but rather has a regulatory role, which in our case could be an alteration in 

the localization of TOL6 thus affect the functionality of the protein. These results indicate 

that the posttranslational modification of TOL6 with ubiquitin could alter the function of the 

protein, thus serving to fine-tune the protein function.  
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Figure 23 TOL6ubq:Venus interfere 

with the localization : (A) Schematic 

representation of ubiquitin chimera that 

were used for the described 

experiments. Red circle represents 

ubiquitin, red circle with X the mutated 

ubiquitin I44A. (B) Signal distribution of 

TOL6p::TOL6:Venus, 

TOL6p::TOL6:ubiquitin:Venus and 

TOL6p::TOL6:ubiquitinI44A:Venus in 

root meristem cells (6 days old 

seedlings of tol6-1 plants. Scale bars 

=10μm   (C) Subcellular localization of 

TOL6p::TOL6:Venus, 

TOL6p::TOL6:ubiquitin:Venus and 

TOL6p::TOL6:ubiquitinI44A:Venus 

(S=soluble, m=membrane). TOL lysate 

were separated out of soluble and 

membrane fraction with long 

centrifugation and incubated with affinity 

purified anti-TOL6 antibody. (D) Graphic 

Representation for Relative signal 

intensities of the above mentioned 

TOL6 ubiquitin chimera at the PM of 

tol6-1 root meristem cells after normalization to cytoplasmic signal intensities (n=number of cells analyzed; n=133, n=153 and n=139 

respectively; ***P ≤ 0.001, Studentʼs t-test-test). 

 

 

4.7.2 Constitutively ubiquitinated TOL6 has a diminished functionality in planta 

 
After demonstrating the impact of constitutive ubiquitination on the localization of TOL6, I 

went further to analyze the functionality TOL6ubq:Venus in planta. The plant lines 

pTOL6::TOL6ubq:Venus  and pTOL6::TOL6ubqI44A:Venus were transformed into the 

single knock out plant line tol6-1 and the quintuple mutant tolQ plant by a master student 

in our lab Lisa Jörg (Master Thesis Lisa Jörg, 2017).  

I performed complementation experiments to investigate if the pTOL6::TOL6ubq:Venus is 

able to fully rescue the tolQ phenotype which allows to check if these changes we saw in 

the localization also affects the functionality. Seven days old seedlings from 

pTOL6::TOL6ubq:Venus in tolQ revealed a phenotype where the roots were shorter  and 

had defects in their cotyledon formation (Fig. 24A; bottom left). These defects where not 
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observed in Col0 (Fig. 24A, top left), in TOL6p::TOL6:Venus in tolQ (Fig. 24A, top right), 

and pTOL6:TOL6:ubqI44A:Venus in tolQ (Fig. 24A, bottom right) plant lines, indicating 

that these defects are specific to the constitutively ubiquitinated version and are not found 

in the TOL6 version fused to the non-functional ubiquitin, serving as a control. Rosettes 

from 17 days old plants, from TOL6:Venus in tolQ showed normal development similar to 

Col0, demonstrating its capacity to rescue the tolQ phenotype (Fig. 24B, first two top 

panels) similarly to the TOL6:Venus in tolQ background, which we showed before (Fig. 

17B). However, not only in the 7day old seedlings but also in the 17 day old plants, the 

pTOL6:TOL6:ubq:Venus in tolQ showed pronounced phenotypic differences, 

characterized by a smaller rosette with less number of rosette leaves (Fig. 24B, bottom 

panel last row), although  not as drastic as the defects described for the tolQ plant lines 

(Fig. 24B, third panel last row) (Korbei et al., 2013).  Mature plants from 

pTOL6:TOL6:ubq:Venus in tolQ were slightly dwarfed and showed delayed growth, when 

compared to wild type plants lines as well as the fully complementing TOL6:Venus in tolQ 

and the TOL6ubqI44:Venus in tolQ (Fig. 24C). This indicates that the constitutively 

ubiquitinated TOL6 fails to fully rescue the tolQ phenotype.  

As shown before, the TOL6ubq:Venus also changes its localization to the cytosolic 

fractions, albeit to a lesser degree than the UBD mutated version of TOL6, thus potentially 

promoting alteration in the sorting of ubiquitinated proteins to be degraded, which is  also 

demonstrated by the fact that this construct fails to fully rescue the tolQ phenotype. Taken 

together this result suggests that, TOL6 could be regulated by coupled 

monoubiquitination, thus allowing for fine tuning in the degradation of ubiquitinated PM 

proteins. 
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Figure 24 Monoubiquitinated TOL6 has diminished functionality in planta : : (A) Phenotype of Columbia, TOL6:Venus in tolQ, 

TOL6Ubq:Venus in tolQ and TOL6ubqI44A in tolQ seven days old seedlings scan photograph of seedling on plate. (B) Comparation 

of Columbia TOL6:Venus in tolQ, TOL6ubq:Venus in tolQ and TOL6ubqI44A:Venus in tolQ and tolQ seedlings 7 DAG (left panel scale 

bar =2mm). Close up of shoot apical meristem (middle row) and 17 days old showing rosette development (right panel scale bar 

=5mm). (C) Phenotype of Columbia, TOL6:Venus in tolQ, TOL6ubq:Venus in tolQ and TOL6ubqI44A:Venus in tolQ and tolQ,  adult 

plants (35 days old).  

 

4.7.3 Monoubiquitination of TOL6 affects plant development 

After demonstrating that the constitutive ubiquitinated TOL6 (TOL6ubq:Ven) affects the 

localization and the functionality in planta, I wanted to investigate if it also affected the 

plant development in the single mutant line. I followed the plant development of the 

pTOL6p:TOL6:Venus in tol6-1, pTOL6::TOL6ubq:Venus in tol6-1, and 

pTOL6::TOL6ubqI44A:Venus in tol6-1. I started by measuring the root length of 7 days old 

seedlings and separated in three different categories to include variations in the growth of 

seedlings (see 3.10.8).   Statistical analysis demonstrated that, approximately 30% of tol6-

1 roots were abnormal (in short roots category) (Fig. 25A). Similar phenotype was also 

observed in pTOL6:TOL6:ubqVenus in tol6-1, while neither the wild type Col0, or 

pTOL6::TOL6:Venus in tol6-1 and pTOL6:TOL6:ubqI44AVenus in tol6-1 showed this 

phenotype. This reveals that, single knockout tol6-1 plant lines might have defects that 
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are not phenotypically pronounced but these subtle defects are not fully rescued by the 

TOL6ubq:Venus protein but they are clearly rescued by full length TOL6 (TOL6:Venus) 

and the TOL6:UbqI44A:Venus.  

Reduced number of rosette leaves indicative of an earlier flowering time, were observed 

in tol6-1 plant lines as well as in pTOL6:TOL6ubq:Venus in tol6-1 plant lines, while not in 

pTOL6:TOL6:Venus in tol6-1, and pTOL6:TOL6:ubqI44A:Venus in tol6-1 when compared 

to Col0. This was confirmed by statistical analyzes which showed highly significance 

difference between the amount of rosette leaves at the time point when the stem is 1cm 

in height (Fig 25B).  

Rosettes sizes from 21 days old plants also showed defects in growth development and 

were smaller in diameter for tol6-1 when compared with Col0.  TOL6ubq:Venus  in tol6-1 

failed to rescue this phenotype, while the TOL6:Venus and TOL6ubqI44A: Venus in tol6-1 

fully rescued the phenotype and their rosette diameters resembled those of Col0 plants 

(Fig. 25C).  Surprisingly the tol6-1 plant line did not show any defects in the mature plants, 

indicating that, the defects are pronounced in juvenile plants but not in adult plants (see 

Fig. 18C). 

In summary, these results suggest that, TOL6ubq is not fully functional, which is not due 

to the size or steric hindrances of the ubiquitin tag. Thus, reduced functionality could be 

caused by for example an intramolecular binding of the ubiquitin to its UBD and therefore 

auto-inhibition of the TOL6 protein, as is suggested by the coupled monoubiquitination 

regulatory mechanism (Hoeller et al., 2006).  TOL6:ubq consequently cannot functionally 

substitute TOL6 in the early steps in the transport of ubiquitinated cargo from the PM to 

vacuolar for degradation. This is demonstrated in deficiencies in plant growth and 

development, highlighting therefore, that the potential regulatory role that ubiquitination of 

TOL6 proteins plays a vital part in plant development.  
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Figure 25 Monoubiquitination of TOL6 affects with the plant development : (A) Graphic representation of Col0, tol6-1, TOL6V in 

tol6-1, TOL6ubq in tol6-1 and TOL6ubqI44A in tol6-1 root length of 7 days old seedlings separated in three categories. 3.4cm is the 

average of Columbia in the same conditions. . (B) Graphic representation of rosette leaves counted after all the plants were flowering 

at the time point when the stem is 1cm in height. (C) Phenotype of 21 Days old plants of Col0, tol6-1, TOL6V in tol6-1, TOL6ubq in 

tol6-1 and TOL6ubqI44A . TOL6V=TOL6:Venus; TOL6UV=TOL6ubq:Venus; TOL6UIV=TOL6ubqI44A:Venus. 

 

 

4.7.4 Constitutively ubiquitinated TOL1 alters its distribution and function in 

plant 

As mentioned before, In addition to TOL6, I also analyzed the constitutively ubiquitinated 

TOL1 where I used the pTOL1::TOL1:Venus in tol1-1, pTOL1:TOL1:ubq:Venus in tol1-1 

and pTOL1:TOL1:ubqI44A:Venus in tol1-1 (Fig. 26A). Confocal Laser Scanning 

Microscopy (CLSM) was used to access the subcellular localization.   I also performed 

cellular fractionation experiments of total plant lysates, to verify the protein distribution 

between soluble and membrane fraction (Fig. 26D). 
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For the TOL1:Venus in tol1-1 reporter I could show that the subcellular localization in the 

root epidermal cells of 6 days old seedlings  is at the cytoplasm as well as the PM similar 

to the results described in section 4.3 (Fig 26B, left panel), which was confirmed by the 

cellular fractionation assay (Fig. 26D, first two lanes). When the ubiquitin is constitutively 

fused to the C-terminus of the TOL1 protein (TOL1ubq:Venus), it showed an altered signal 

localization, as it became more diffused and showed an enhanced concentration in the 

cytoplasm (Fig. 26B, middle panel), which was not as prominent in the  

TOL1ubqI44A:Venus expressing plant line, exhibiting the tendency of restoring to the 

signal to that of TOL1:Venus (Fig. 26B, right panel). 

Relative signal intensities from TOL1:Ven, TOL1ubq:Ven and TOL1:ubqI44AVenus were 

measured with Image J software via the ration between the cytoplasmic intracellular  

signal respect to the signal at the PM in 6 days old epidermal root cells.  Statistically, the 

difference in localization showed to be highly significant between the TOL1:Ven and the 

TOL1ubq:Ven reporter line as well as the I44A ubiquitin chimera TOL1ubqI44A:Venus, 

albeit to a slightly smaller degree (Fig. 26C). This shows that a functional ubiquitin tag 

modifies the localization of TOL1:Venus in the endosomal system of  plants. 

This was not so well reflected when I performed the subcellular fractionation experiments. 

The signal distribution of TOL1:Venus is predominantly in the cytoplasm as shown in 

section 4.3. and this is not significantly altered when the ubiquitin was constitutively 

attached to the TOL1 (TOL1ubq:Venus) (Fig. 26D middle). The TOL1ubqI44A:Venus 

showed its localization mostly in the cytosolic fraction, similar to the TOL1:Venus 

distribution (Fig. 26D right). These differences could be due to the fact that the PM 

localized TOL1:Venus, is not tightly associated with the PM and is therefore not found in 

the membrane fraction in the cellular fractionation experiment. A more detailed analysis 

of the exact localization of TOL1 should help to elucidate this issue, but was beyond the 

scope of this thesis. 
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Figure 26 TOL1ubq:Venus interfere with the localization : (A) Schematic representation of ubiquitin chimera that were used for the 

described experiments. Red circle represents ubiquitin, red circle with X the mutated ubiquitin I44A. (B) Signal distribution of 

TOL1p::TOL1:Venus in tol1-1, TOL1p::TOL1:ubiquitin:Venus in tol1-1 and TOL1p::TOL1:ubiquitinI44A:Venus tol1-1 plant lines in root 

meristem cells of 6 days old seedlings. Scale bars =25μm  (C) Graphic representation for Relative signal intensities of the above 

mentioned TOL1 ubiquitin chimera at the cytoplasm of tol1-1 root meristem cells after normalization to PM signal intensities (n=number 

of cells analyzed; n=72, n=75 and n=70 respectively; ***P ≤ 0.001, Studentʼs t-test-test). (D) Subcellular fractionation of 

TOL1p::TOL1:Venus, TOL1p::TOL1:ubiquitin:Venus and TOL1p::TOL1:ubiquitinI44A:Venus (S=soluble, m=membrane). TOL lysate 

were separated out of soluble and membrane fraction with long centrifugation and incubated with anti-GFP antibody.  

TOL1V=TOL1:Venus; TOL1UV=TOL1ubq:Venus; TOL1UIV=TOL1ubqI44A:Venus. 

 

I also analyzed if the constitutively ubiquitinated TOL1 (TOL1ubq:Venus) has an effect on 

the functionality and role of TOL1 in plant growth. For this purpose I assessed the 

differences between the three plant lines TOL1:Venus in tol1-1, TOL1ubq:Venus tol1-1 

and TOL1ubqI44A:Venus in tol1-1 and compared them to Col0. 

When measuring the root lengths of 7 days old seedlings (see 3.10.8), the tol1-1 single 

knockout showed around 35% of small roots (root with abnormal development). The same 

results were observed on TOL1ubq:Venus in tol1-1 seedlings, differently to the 

TOL1:Venus in tol1-1, Col0 wild type  and TOL1ubqI44A:Venus in tol1-1 plant lines  (Fig. 

27A), where no differences were observed. This demonstrate that, the single knockout 

tol1-1 itself shows a subtle root growth defect, which is rescued by expressing 

TOL1:Venus and TOL1ubqI44A:Venus but not TOL1ubq:Venus.  

I also compared the amount of rosettes leaves, when the inflorescences are 1cm in height 

between these plant lines, and observed that the T-DNA insertion plant line tol1-1 produce 
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less rosette leaves (Fig. 27B second panel) which leads to earlier flowering. Similar results 

were observed for the TOL1ubq:Venus in tol1-1 reporter line (Fig. 27B, fourth panel), 

which also produced less number of rosette leaves demonstrating its earlier flowering. 

This defects where not observed in Col0 (Fig. 27B, first panel) and the expression of  

TOL1:Venus (Fig 27B, third panel), as well TOLubqI44A:Venus (Fig. 27B, last panel) in 

tol1-1 rescued this early flowering phenotype. These differences on the number of rosette 

leaves turns out to be extremely statically significant between the tol1-1 and 

TOL1ubq:Venus in tol1-1  when compared to Col0, TOL1:Venus in tol1-1 as well as 

TOLubqI44A in tol1-1   (Fig. 26 C), suggesting that the monoubiquitination of TOL1 affects 

its functionality in planta.  

 

 

 

 
Figure 27 Monoubiquitination of TOL1 affects with the plant development :   (A) Graphic representation of Col0, tol1-1, 

TOL1:Venus in tol1-1, TOLubq:Venus in tol1-1 and TOL1ubqI44A:Venus root length of seven days old separated in three categories. 

3.4cm is the average of Columbia in the same conditions. (B) Phenotype of 21 Days old plants of Col0, tol1-1, TOL1V in tol1-1, 

TOL1ubq in tol1-1 and TOL1ubqI44A in tol1-1. (C) Graphic representation of rosette leaves counted after all the plants were flowering 

at the time point when the stem is 1cm in height. 

TOL1V=TOL1:Venus; TOL1UV=TOL1ubq:Venus; TOL1UIV=TOL1ubqI44A:Venus 
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4.7.5 Constitutively ubiquitinated TOL5 alter the distribution and function in plant 

I performed similar experiments for pTOL5:TOL5:Venus in tol5-1, 

pTOL5:TOL5:ubq:Venus in tol5-1, pTOL5:TOL5:ubqI44A:Venus in tol5-1 (Fig. 28A). 

Subcellular localization analyzed by CLSM, showed TOL5:Venus in the cytoplasm (Fig. 

28B, left panel), with some vesicular punctate as previously shown in section 4.3. Upon 

adding the ubiquitin chimera to the C-terminal TOL5 (TOL5ubq:Venus), it showed clear 

reduction of cytoplasmic concentration of TOL5ubq:Venus signal (Fig 28B, left).  When 

adding the I44A mutation in ubiquitin chimera, the protein signal of TOL5ubI44A (Fig. 28B 

right) was again abundantly concentrated at cytoplasmic fraction, restoring the wild type 

TOL5:Venus signal concentration, therefore, without vesicular punctate.  This difference 

in concentration showed to be statistically significant between TOL5:Venus and 

TOL5ubq:Venus reporter line as well as for TOL5ubqI44A:Venus (Fig. 28C) when 

measured the ration between the cytoplasm to  PM signal (Cytoplasm/PM).   

These differences in localization were also reflected in the subcellular fractionation where 

abundant concentration of TOL5:Venus signal was found at cytoplasm (Fig. 28D left 

panels). The TOL5ubq:Venus signal showed a clear alteration of its concentration, which 

is now less pronounced in the soluble fraction and more abundant in the membrane 

fraction (Fig. 28D middle panels). TOL5ubqI44A:Venus  was similar to the TOL5:Venus   

predominantly in the soluble fraction, restoring the TOL5:Venus wild type signal 

distribution, demonstrating that localization of TOL5 is affected by constitutive 

ubiquitination.   

Thus, the constitutive ubiquitination of TOL5 (TOL5ubq:Venus) changed the cytoplasmic 

concentration of the TOL5:Venus, which is no longer abundantly concentrated at 

cytoplasm. These results could indicate that the posttranslational modification of TOL5 

with ubiquitin could alter also the function of the protein, emphasizing the regulatory role 

of ubiquitination of TOL proteins in plant development, similar to the previously showed 

model by (Hoeller et al., 2006) where, the monoubiquitinated UBD-containing proteins can 

adopt a closed, auto-inhibited conformation due to the intramolecular UBD-ubiquitin 

interaction. 

 



                                                                                                                                           RESULTS 

 

118 
 

 

Figure 28 TOL5ubq:Venus interfere with localization : (A) Schematic representation of ubiquitin chimera that were used for the 

described experiments. Red circle represents ubiquitin, red circle with X the mutated ubiquitin I44A. (B) Signal distribution of 

TOL5p::TOL5:Venus, TOL5p::TOL5:ubiquitin:Venus and TOL5p::TOL5:ubiquitinI44A:Venus in root meristem cells (6 days after 

germination (DAG)) of tol5-1 plants. Scale bars =10μm  (C) Graphic representation for Relative signal intensities of the above 

mentioned TOL5 ubiquitin chimera at the PM of tol5-1 root meristem cells after normalization to cytoplasmic signal intensities 

(n=number of cells analyzed; n=72, n=153 and n=139 respectively; ***P ≤ 0.001, Studentʼs t-test-test). (D) Subcellular localization of 

TOL5p::TOL5:Venus, TOL5p::TOL5:ubiquitin:Venus and TOL5p::TOL5:ubiquitinI44A:Venus (S=soluble, m=membrane). TOL lysate 

were separated out of soluble and membrane fraction with long centrifugation and incubated with anti-GFP antibody.  

TOL5V=TOL5:Venus; TOL5UV=TOL5ubq:Venus; TOL5UIV=TOL5ubqI44A:Venus 

 

Furthermore, I also checked the effect off the ubiquitination of TOL5 on the functionality 

of the protein and its contribution to plant development. I started by measuring the root 

length, and separated them into the three previously described categories (see 3.10.8). 

The tol5-1 single knockout showed some defects in root development with approximately 

30% of the roots being exceedingly small. Similar defects but less pronounced at 10%, 

were also observed in TOL5ubq:Venus in tol5-1 seedling roots.  No defects were observed 

in seedlings expressing the full length TOL5:Venus or the TOL5ubqI44A:Venus in tol5-1 

background, which fully rescue the phenotype or in Col0 seedlings (Fig. 28A).  

When counting the rosette leaves, to check the flowering time of different constructs, the 

single knockout tol5-1 produces less rosette leaves revealing its earlier flowering time 

when compared to Col0, or the other lines (Fig. 29B). Statistically, there is no significant 
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difference between the TOL5:Venus, TOL5ubq:venus and TOL5ubqI44A:Venus in tol5-1 

as well as Col0, in the number of rosette leaves, suggesting that, expression of 

TOL5ubq:Venus in tol5-1 does rescue the tol5-1 single knockout phenotype. Taken 

together these results indicates that, the constitutively ubiquitinated TOL5ubq:Venus 

affects the distribution of TOL5 in planta although it does not necessarily affect its function. 

More detailed analysis will be needed to differentiate between these two different effects. 

 
 

Figure 29 Monoubiquitination of TOL5 affects with the plant development :  (A) Graphic representation of Col0, tol5-1, 

TOL5:Venus in tol5-1, TOLubq:Venus in tol5-1 and TOL5ubqI44A:Venus root length of seven days old separated in three categories. 

3.4cm is the average of Columbia in the same conditions. (B) Phenotype of 21 Days old plants of Col0, tol5-1, TOL5:Venus in tol5-1, 

TOL5ubq:Venus in tol5-1 and TOL5ubqI44A:Venus in tol5-1. (E) Graphic representation of rosette leaves counted after all the plants 

were flowering showing at the time point when the stem is 1cm in height.  

TOL5V=TOL5:Venus; TOL5UV=TOL5ubq:Venus; TOL5UIV=TOL5ubqI44A:Venus 
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5 DISCUSSION 

5.1. The TOL protein family play a role in the 

degradation of PM proteins between the PM and the 

cytoplasm 

 
TOL proteins are a family of nine proteins (TOL1-9) described in Arabidopsis thaliana, 

which recognize ubiquitinated cargo at the PM and presumably sort them to the ESCRT 

machinery to ensure their vacuolar targeting for degradation (Korbei et al., 2013). They 

contain two conserved UBDs and function as potential alternate to the ESCRT-0 complex 

in plants in recognition of ubiquitinated cargo destined for degradation (Korbei et al., 

2013).  Previously, we demonstrated that the TOLs proteins works as a molecular players 

in the first steps in the degradation of ubiquitinated PM proteins in plants (Korbei et al., 

2013). Nevertheless, the detailed mechanism, function and localization of the TOL 

proteins were still not clear. The results from my PhD showed that, the different members 

of the TOL proteins are localized differentially in planta. TOL6:Venus is clearly localized 

at PM and in early endosomes, while TOL1:Venus and TOL3:Venus are localized in both 

the PM and the cytoplasm but mostly in the cytoplasm and TOL5:Venus is localized 

exclusively in the cytoplasm. Similar results were previously observed for TOL6:mcherry 

and TOL5:mcherry (Korbei et al., 2013). This difference in localization, where some TOLs 

are at PM while others are localized in the cytoplasm point towards potentially different 

functions of the TOLs in the endosomal system of plants. TOL6, which is localized 

predominantly at the PM, showed its function at the PM, where it aid is the internalization 

of for example ubiquitinated PIN2, initiating a cascade of events that guide the PIN2 cargo 

to the vacuole (Korbei et al., 2013). On other side TOL5, which has different localization 

to TOL6, specifically at cytoplasm, was recently published to have a function on MVB 

where it co-localizes with BOR1 on its route to the vacuole, when subjected to high 

concentration of BOR1 (Yoshinari et al., 2018). These differences in functions of the TOL 

proteins could explain their different localizations observed between different TOL 

members. Here, I could conclude that, the TOL proteins plays role between the PM and 
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the MVBs by recognizing, sequestering and sorting ubiquitinated proteins from PM 

ensuring their targeting to the vacuole for degradation. The differences in localization 

could either support the idea that the different TOLs target different cargos and therefore 

localize differently or that the TOLs function in the degradation of ubiquitinated PM 

proteins, but at different sites in the endomembrane system, potentially handing cargo to 

one another. TOL proteins could functions as a network in the plant endosomal system, 

where some TOLs localized at PM binding to ubiquitinated PM proteins, internalize them 

and passes on to the next TOL that is mostly cytoplasmic, potentially on other endosomal 

structures in the cytosol. This network would allow the TOL protein to pass the 

ubiquitinated cargo to the rest of the ESCRT machinery at different sites in the endosomal 

system for their ultimate degradation in the vacuole 

Furthermore, this could explain why so many TOL protein have to be knocked out to 

ensure a significant phenotype as in the quintuple mutant tolQ, as the TOLs function 

partially redundantly, at different positions in the endomembrane system. The Venus-

tagged reporters for TOL3, TOL5 and TOL6 localize differently in the endo membrane 

system of plants and the respective genes are knocked out in the quintuple mutant tolQ. 

Therefore, it would also be interesting to check the localization of other TOLs that are part 

of tolQ specifically TOL2, and TOL9, and of course other TOLs family members as well. 

Nevertheless, this hypothesis would require further assessment using for example 

endocytosed styryl dye FM4-64, in combinations with different trafficking drugs like 

wortmannin or BFA to dissect the endosomal pathway in greater detail. Also, reporter 

constructs, to label the different endosomes, in combination with mutated TOL reporters 

could be employed to dissect the precise function the TOLs play in the endosomal system 

of plants.  

 

5.2.  TOLs bind to phospholipids 

Acquirement of membrane identities is promoted by the combinations between the 

presence of specific lipids and proteins on each membrane (Jean and Kiger, 2012). 

Phosphoinositides (PIs) are considered as the major determinants of membrane 

identities. These very low abundant lipids are important players for the recruitment of 
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peripheral proteins to membranes (Balla, 2013; Heilmann, 2016). Peripheral membrane 

proteins can be anchored to membranes by different mechanisms like protein-protein and 

protein-lipid interactions  (Cho and Stahelin, 2005).  In mammalian and yeast, the VHS 

and GAT domain are able to interact with phospholipids (Demmel et al., 2008; Wang et 

al., 2007). My results showed interaction between TOL proteins specifically (TOL6 and 

TOL2) and phospholipids. The presence of the VHS and GAT domains in the TOL proteins 

could explain the interaction of the TOLs with phospholipids, but this hypothesis has to be 

further tested by using for example deletion mutants lacking the VHS and GAT domains 

in the binding assay. As TOL proteins bind directly with PIs, as well as ubiquitinated cargo, 

the trafficking of ubiquitinated cargo may be directly regulated by the same PIs that recruit 

their associated adaptors, like the TOLs, to the appropriate organelle membrane (Dunn et 

al., 2004).  

For both TOL proteins that I tested, exclusive acidic phospholipids were found as binding 

partners in the PIP strip assay and my results showed the affinity of TOL6 and TOL2 to 

bind strongly to the phosphatidic acid (PA) and TOL6 also binds weekly to 

phosphoinositide phosphates (PIPs): PtdIns3P, PtdIns4P and PtdIns5P as well as 

PtdIns(3,4)P2, PtdIns(4,5)P2. The phospholipid PA is one of the lipids, which accumulates 

rapidly in response to different environmental signals like in response to a wide array of 

abiotic stress stimuli (McLoughlin and Testerink, 2013). PA represent a minor membrane 

phospholipid, which is formed in several stress conditions (Testerink and Munnik, 2005).  

The PM localization of TOL6 might therefore be regulated by its binding to PA in response 

to certain stress conditions. Since the PM function as boundary layer between extra and 

intracellular space and the PA play important role in stress response, the TOL proteins 

can be directly affected by environmental signal that is explained by its binding to PA or 

to other PM localized PIPs.  Thus, TOL proteins could participates in numerous pathways 

that the PA are involved, like stress response.  

With these preliminary results, it would be interesting to use mutated constructs of TOL2 

as well as TOL6 to check if the mutated version lost its capacity to bind phospholipids. In 

addition, of course it would be interesting to test other TOLs as well, which would help to 
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define the correlation between the PM localization of the TOL proteins with their binding 

to phospholipids, specifically the PA that is important in stress response. 

 

5.3. Mutation of the UBD of TOL6 alter the 

localization and functionality  

TOL proteins are considered to function as substitutes for ESCRT-0 complex in plants, in 

the concentration of ubiquitinated PM protein destined for degradation and the loading of 

the down-stream ESCRT machinery (Dubeaux and Vert, 2017; Gao et al., 2017; Isono 

and Kalinowska, 2017; Korbei et al., 2013; Sauer and Friml, 2014). TOL proteins are 

characterized by two α-helical Ubiquitin binding Domains (UBD), one N-terminal VHS 

domain, followed by a GAT domain (Korbei et al., 2013). UBD are specialized domains in 

proteins that recognize ubiquitin molecules and act as ubiquitin receptors (Husnjak and 

Dikic, 2012). In this thesis, I demonstrated that TOL6 binds strongly to ubiquitin via VHS 

and GAT domains, as mutation in these two UBD domains, in critical amino acids, 

abolished the capacity of TOL6 to bind ubiquitin in vitro.  Mutation of the VHS domain 

showed no strong alteration in ubiquitin binding, allowing the assumption that either there 

are additional amino acids involved on the interaction between VHS and ubiquitin in plants 

or this domain is not as important in plants for ubiquitin binding. Mutation of the GAT 

domain showed strong alteration in ubiquitin binding of the protein thus giving a high 

importance to the GAT domain in ubiquitin binding. The mutation in both UBDs, VHS and 

GAT domains resulted in an ubiquitin binding deficient TOL6, additionally affecting the 

functionality of the protein in plants.  

TOL6 proteins binds to ubiquitinated cargo at the PM and assists in sorting them via the 

ESCRT machinery to the vacuole for degradation.  The UBD deficient version of TOL6 is 

not able to rescue the tolQ phenotype, which the non-mutated version could. Thus, we 

can speculate that since TOL6 is not able to bind to ubiquitin anymore, the interaction 

between ubiquitinated PM proteins and ESCRT machinery is abolished, leading to 

accumulation of the ubiquitinated cargo and therefore the pronounced developmental 

phenotype. A functional TOL6 needs to be able to bind ubiquitin.  
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Furthermore, the mutated TOL6 has an altered localization when analyzed in vivo. 

Presumably, the TOL proteins function as a network allowing the interaction between the 

PM and the ESCRT machinery via its UBD.  If there is an alteration of UBD, it can lead to 

the destabilization of the network and therefore the interaction between PM and ESCRT 

machinery is abolished. Explaining the altered localization observed for mutated TOL6 in 

planta, which is not anymore at PM but in the cytoplasm.  Another version could be that 

the mutated TOL6 is not able to bind to ubiquitinated cargo at PM anymore, and therefore 

accumulates in the cytoplasm. In both cases, its functionality would be impaired. 

The ubiquitinated proteins triggers the association of ESCRT machinery with membranes, 

therefore in the absence of ubiquitinated cargos, there is no association between the 

ESCRT machinery. Thus, the mutated TOL6 that is not able to bind ubiquitinated cargo 

anymore is also not able to associate with membranes anymore, resulting to complete 

loss of function observed in mutated TOL6 plant line. 

Plants have to respond rapidly and accurately to changes in the environment. PIN protein 

family are important  auxin import facilitators in the PM (Grunewald and Friml, 2010). The 

abundance of PIN proteins is well controlled by a dynamic response and recycling 

between PM and endosomes which could culminate with protein degradation (Leitner et 

al., 2012; Spitzer et al., 2009). PIN2 is a well-known cargo of the ESCRT machinery, which 

when ubiquitinated is transported  to the vacuole for degradation (Leitner et al., 2012; 

Spitzer et al., 2009). The tolQ mutants showed defects on PIN2 and other cargoes 

degradation and vacuolar delivery with many other PM proteins having the same fate 

(Korbei et al., 2013). Thus, the mutated TOL6 that is not able to bind to ubiquitinated cargo 

anymore, presumable also unable to recruit the ESCRT, which leads to defects due to 

alter protein localization and abundance that culminate with defects in plant development, 

plant growth, in the non-rescuing mutated TOL6 plant line in tolQ as well as to a less 

severe extend to the tol6mTOTAL :Venus in tol6-1 plant line.   
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5.4. TOL proteins are ubiquitinated and potentially 

regulated by a mechanism termed coupled 

monoubiquitination  

Post-translational modifications (PTM) are important for determination of lifetime, 

localization and activity of proteins (Barbosa et al., 2016; Haglund and Stenmark, 2006). 

In plants, PTM dynamically regulates many different cellular processes by interfering with 

the activity, structure complex formation and subcellular localization of target proteins 

(Guo et al., 2013; Polyn et al., 2015). Ubiquitination serves as a PTM signal triggering 

endocytosis of PM proteins into the endosomal system and it participates in the regulation 

of endocytic pathways (Haglund and Dikic, 2005; Haglund and Stenmark, 2006; Hoeller 

and Dikic, 2010). Ubiquitin also generates interaction network by regulating the 

interactions between proteins that are important for endocytic machinery organization 

(Hoeller et al., 2006; Hoeller and Dikic, 2010) as well as affecting the abundance of 

endocytic sorting machinery components by inducing their proteasomal degradation 

(Husnjak and Dikic, 2012). Ubiquitin adaptors contain one or more UBD, which binds 

ubiquitin, furthermore the UBD can attract the ubiquitination machinery allowing for 

monoubiquitination of proteins containing UBD domain in a process called “coupled 

monoubiquitination” (Hoeller et al., 2006; Pickart, 2001). Monoubiquitinated adaptor 

proteins bind in an intramolecular interaction between their ubiquitin and their UBD 

thereby becoming auto-inhibited (auto-inhibition of endocytic adaptor) (Blanc et al., 2009; 

Hoeller et al., 2006; Hoeller and Dikic, 2010). Thus, the coupled monoubiquitination works 

as a negative-feedback control in the molecular machineries, which require transient and 

consecutive interactions between ubiquitin receptors and their ligands (Haglund and 

Stenmark, 2006). Furthermore, coupled monoubiquitination prevents binding to the 

ubiquitinated cargo, as the UBD is already occupied either by intra- or by intermolecular 

ubiquitin binding (Blanc et al., 2009). The TOL proteins have a crucial function in vacuolar 

targeting and subsequent degradation of ubiquitinated membrane proteins. TOL proteins 

contain two well-conserved UBD, the VHS domain at N-terminal followed by a GAT 

domain (Korbei et al., 2013; Sauer and Friml, 2014).  
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Here, I was able to show that, the TOL proteins are ubiquitinated in planta when I analyzed 

the immunoprecipitates of TOL1:Venus, TOL3:Venus, TOL5:Venus and TOL6:Venus, as 

well as the endogenous TOL6. This results are consistent with recent publications that 

showed ubiquitination of TOL1, TOL2 and TOL3 using mass spectrometric analysis of 

ubiquitinated proteins and the peptide found for TOL2 showed it is ubiquitinated in the 

VHS domain (Svozil et al., 2014; Walton et al., 2016).  

Interestingly, the ubiquitinated TOL6 was predominantly in the cytosolic fraction and not 

the membrane fraction. Revealing that, most likely the non-ubiquitinated PM localized 

TOL6 binds to ubiquitinated cargo at the PM, and sorts it to the endosomal system. This 

is further supported by the data that the constitutively ubiquitinated TOL6 

(TOL6:ubqVenus) does not fully rescue the phenotype and is more cytoplasmic in its 

localization, while the TOL6:Venus and the TOL6ubqI44A:Venus rescue and are localized 

at the PM. 

Thus, the ubiquitination of TOL6 works as a PTM signal in the regulation of the function 

of TOL6.  The non-ubiquitinated TOL6 fraction is functional and stays at the PM, where it 

is able to bind to any ubiquitinated cargo from the PM and triggers its transport into 

endosomal system for degradation. If the TOL6 is ubiquitinated it remains in the cytoplasm 

and is not able to bind to ubiquitinated cargo anymore due to its UBD that is already 

occupied. This explains the fact that the cytosolic fraction of TOL6 is ubiquitinated while 

the membrane fraction not. This was clearly observed when a constitutively functional 

ubiquitin chimera was added to the C-terminal of TOL6 that changed the localization 

where the reporter signal was not found at PM anymore, but at cytoplasm. Supporting 

that, when the TOL6 is monoubiquitinated, it remains at cytoplasm, because it is not able 

to bind another ubiquitinated cargo anymore. Besides that, it also altered the functionality 

of the protein, where it could not rescue the tolQ phenotype anymore.  

Furthermore, ubiquitination of TOL proteins probably functions in the regulation of cargo 

sorting by controlling the cellular distribution of TOL proteins. This can be explained by 

the ubiquitination of only the soluble fraction of the TOL6, which demonstrated that, the 

ubiquitination of the TOLs works as a switch from PM-localized that is not ubiquitinated, 
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to the cytoplasmic-localized TOL that is ubiquitinated. How this can be fully translated to 

the other TOLs needs to be further elucidated.  

The other TOLs are also ubiquitinated in planta and also show alterations in their 

localization (for TOL1 and TOL5), when we analyzed the constitutively ubiquitinated TOL 

reporters. But while TOL1 seems to behave similarly to TOL6, with the constitutively 

ubiquitinated version being more cytoplasmic than the non-ubiquitinated or the mutated 

ubiquitin chimera, TOL5 did not. Constitutively ubiquitinated TOL1:Venus revealed its 

increased concentration in the cytoplasm compared to the wild type TOL1:Venus, and 

could thus be regulated via a similar coupled monoubiquitination mechanism that works 

as a negative-feedback control (Haglund and Stenmark, 2006). Thus, the TOL1 

monoubiquitination affects the regulatory mechanism by auto-inhibition, avoiding it to bind 

to ubiquitinated cargo. 

TOL5 on the other hand seems to behave differently.  Here we see that the constitutively 

ubiquitinated version is actually more at the PM and less in the cytoplasm where the 

TOL5:Venus localization is diffuse in the cytoplasm with intracellular punctate potentially 

also in MVB like structures (Yoshinari et al., 2018). The constitutively ubiquitinated TOL5 

(TOL5ubq:Venus) showed an altered localization and is found at very low concentration 

at cytoplasm, potentially also at the PM. Cellular fractionation experiments revealed that 

a part of the TOL5:Venus protein concentration is in the membrane fractions, which could 

be the MVB bound TOL5 fraction (Yoshinari et al., 2018) and the constitutive ubiquitination 

of TOL5 does not alter the protein concentration in the membrane fraction. Ubiquitinated 

TOL5 may also generate an interaction network by regulating the interaction between 

ubiquitinated proteins or other TOLs, potentially at the PM and therefore be localized more 

at the PM in its ubiquitinated version. However, further detailed assessment will be 

necessary, including a more detailed analysis of in which endomembrane compartment 

the endogenous and the constitutively ubiquitinated version of TOL5 resides, before a 

conclusion of how the ubiquitination affects TOL5 can be drawn. 

Also here, the different subcellular localization of different TOLs including the different 

behavior of TOL1, TOL5 and TOL6 when constitutively ubiquitinated (TOL1ubq:Venus, 

TOL5 ubq:Venus and TOL6 ubq:Venus) points towards potentially different functions of 
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the TOL proteins in the endosomal system of plants. Nevertheless, all these scenarios 

support the idea of a dual role for ubiquitin in endocytic pathways, acting as sorting tag on 

trafficking cargoes as well as a regulatory signal on UBD-containing proteins. 

In figure 30 I summarize the predicted model for the function of TOL6, it recognizes the 

ubiquitinated PM proteins and sort them to the ESCRT machinery, to ensure vacuolar 

degradation (Fig. 30 left side). If the UBDs of TOL6 are mutated or the protein is 

constitutively ubiquitinated, it cannot bind the ubiquitinated cargo at the PM anymore and 

hand it over to the ESCRT-I machinery and the ubiquitinated cargo is therefore not 

transported further towards the vacuole for degradation (Fig. 30 right side). Furthermore, 

the mutated and the constitutively ubiquitinated version of TOL6 are not found at the PM 

anymore, but are more cytoplasmic (Fig. 30 right side). 

That this model applies for all nine TOL proteins is highly unlikely, as they localize 

differently in planta, with some being more at the PM and others in the cytosol.  If a similar 

model applies to the other TOLs and if the TOLs function consecutively, handing cargo 

from one TOL to another will still be the topic of further research in this area.  

Thus, the work done in this thesis helped to elucidate some of the important question in 

the early steps of PM protein degradation in plants and therefore adaptation and response 

to plants to their environment and it will serve as an important corner stone for future 

studies in this field. 

                                                                                                                                                                                                          

Figure 30 

Working model 

for the function of 

TOL6 proteins in 

the degradation 

of ubiquitinated 

PM proteins: 

stress response 

pathway. TOLs 

bind ubiquitin via 

their UBDs and 

are themselves 

ubiquitinated. 

Alteration both in its ability to bind ubiquitin as well as its own ubiquitination affects the localization and function of TOLs.
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9  ABREVIATIONS 

 

% v/v                               Volume-volume percentage 
% w/v                              Weight-volume percentage 
2,4-D                               2,4-dichlorophenoxyacetic acid 
Amp                                Ampicillin 
APS  Ammonium persulfate 
bp                                   Base pairs 
BSA  Bovine serum albumin 
°C                                   Degree Celsius 
CCV  Clathrin coated vesicle 
cDNA                             Complementary DNA 
CK2  Casein kinase 2 
CLSM                             Confocal laser scanning microscope 
CME  Clathrin mediated endocytosis 
Col-0  Columbia ecotype 0 
DAG  Days after germination 
dH20                              Distilled water 
DMF                               Dimethylformamid 
DMSO  Dimethyl sulfoxide 
DNA                               Deoxyribonucleic acid 
dNTPs                           Deoxynucleotide triphosphates 
DTE  1,4 Dithioerythrit 
DUB  Deubiquitinating enzyme 
DUIM  Double sided ubiquitin interacting motif 
E.coli  Escherichia coli 
EDTA  Ethylenediaminetetraacetic acid 
EE  Early endosome 
EGTA  Ethylene glycol tetraacetic acid 
EMS  Ethylmethansulfonate 
ESCRT  Endosomal sorting complex required for transport 
ER  Endoplasmatic Reticulum 
EtBr  Ethidium bromide 
E. coli                            Escherichia coli 
EDTA                            Ethylene diamine tetraacetic acid 
FREE1  FYVE domain protein required for endosomal sorting 1 
FYVE  Fab1, YOTB, Vac1 and EEA1 
g  Gram 
GAT  GGA and Tom 
gDNA  Genomic DNA 
Gent  Gentamycin 
GFP  Green fluorescent protein 
GGA  Golgi-localized, gamma-ear containing, ADP-ribosylation factor 

binding 
GST  Glutathione-S-transferase 
GTP  Guanosine triphosphate 
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GUS  β-glucuronidase 
HRP  Horseradish peroxidase 
Hrs  Hepatocyte growth factor regulated tyrosine kinase substrate 
ILVs  Intraluminal vesicles 
IPTG  Isopropyl beta-D-1-thiogalactopyranoside 
Kan  Kanamycin 
kb  Kilo base pairs 
kDa  Kilo Dalton 
kV  Kilo Volt 
LB  Lysogeny broth 
LE  Late Endosome 
l  Liter 
LB  Left border 
IPTG  Isopropyl-d-thiogalactopyranoside 
Kan  Kanamycin 
kb  Kilo base pairs 
kDa  Kilo Dalton 
µl  Microliter 
µM  Micromolar 
M  Molar 
MCS  Multiple cloning site 
MES  (2-N-Morpholino)ethanesulfonic acid 
mg  Miligram 
min  Minute 
MIU  Motif interacting with ubiquitin 
ml  Milliliter 
mm  Millimeter 
mM  Millimolar 
MS  Murashige-Skoog 
MCS  Multiple cloning site 
MVB  Multivesicular bodies 
nm  Nanometer 
OD  Optical density 
o/n  overnight 
ORF  Open reading frame 
PAGE  Polyacrylamide gel electrophoresis 
PCR  Polymerase chain reaction 
PI-3P  Phosphatidylinositol-3-phosphate 
PM  Plasma membrane 
PMP  Plasma membrane protein 
PMSF  Phenylmethylsulfonylfluoride 
PNS  Plant nutrient sucrose 
PP2Cs  Group-A 2C protein phosphatases 
RIPA  Radio immunoprecipitation assay 
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RB  right border 
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10  APENDIX 

Publications related to this PhD project: 

1. Expression of Arabidopsis TOL genes. 

 Moulinier-Anzola J, De-Araujo L, Korbei B. 

Plant Signal Behav. 2014; e28667. doi: 10.4161/psb.28667 

ABSTRACT 

A strict control of abundance and localization of plasma membrane proteins is essential 

for plants to be able to respond quickly and accurately to a changing environment. The 

proteins responsible for the initial recognition and concentration of ubiquitinated plasma 

membrane proteins destined for degradation, are well characterized in mammals and 

yeast, yet no clear orthologs were found in plants. Recently, we have identified a family of 

proteins in higher plants, which function in vacuolar targeting and subsequent degradation 

of ubiquitinated plasma membrane proteins termed TOM1-like (TOL) proteins. 

 

2. Immunoprecipitation of Membrane Proteins from Arabidopsis 

thaliana Root Tissue. 

Waidmann S, De-Araujo L, Kleine-Vehn J, Korbei B. 

Methods Mol Biol. 2018; 1761:209-220. doi: 10.1007/978-1-4939-7747-5_16. 

ABSTRACT 

Here, we present different methods for immunoprecipitating membrane proteins 

of Arabidopsis thaliana root material. We describe two extraction methods for the 

precipitation either for an integral membrane protein of the endoplasmic reticulum (ER) or 

a peripheral membrane protein partially localized at the plasma membrane, where we 

precipitate the protein out of the total membrane as well as total cytosolic fractions. 

 

https://www.ncbi.nlm.nih.gov/pubmed/25764436
https://www.ncbi.nlm.nih.gov/pubmed/29525960
https://www.ncbi.nlm.nih.gov/pubmed/29525960
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3. Function and regulation of TOLs: ubiquitin receptors in the 

endosomal system of plants 

Jeanette Moulinier-Anzola*, Lucinda De-Araújo*, Max Schwihla, Christina Artner, Lisa 

Jörg and Barbara Korbei.  (SUBMITTED) 

(* Both authors have equal contribution) 

Abstract 

Ubiquitination is decisive in numerous aspects of plant development and in adaptation to 

changing environmental conditions. To understand the significance and the variety of roles 

played by this modification, the function of ubiquitin receptors, which translate the ubiquitin 

signature into a cellular response, needs to be elucidated. Attachment of K63-linked 

ubiquitin chains is essential for the proper sorting of endocytosed plasma membrane (PM) 

proteins to the vacuole for subsequent degradation. In this study, we show that TOL 

(TOM1-like) proteins function uniquely in plants as multivalent ubiquitin receptors in the 

first steps of ubiquitinated cargo delivery to the vacuole via the conserved Endosomal 

Sorting Complex Required for Transport (ESCRT) pathway. TOL6, which resides at the 

PM and in early endosomes, interacts with components of the ESCRT machinery and 

binds to K63-ubiquitinated cargo, via two tandemly arranged conserved ubiquitin binding 

domains. Mutation of these domains results not only in loss of ubiquitin binding but also 

altered localization and abolishes TOL6 ubiquitin receptor activity. Function and 

localization of TOL6 is regulated by coupled mono-ubiquitination, whereby TOL6 

ubiquitination modulates the efficiency in the degradation of PM-localized cargos, 

potentially assisting in the fine-tuning of the delicate interplay between protein recycling 

and downregulation. We have thus analyzed in depth and for the first time in plants, the 

function and regulation of a ubiquitin receptor involved in vacuolar degradation of PM 

proteins.  
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