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Abstract 

 

Plant vacuoles play a wide range of functions within the cell, from the maintenance of turgor 

pressure and rigidity, to the storage or degradation of various molecules. Two types of vacuoles with 

distinct pH can coexist in the same single cell. Acidic vacuoles can be considered as homologues to 

animal lysosomes while neutral vacuoles are involved in proteins and secondary metabolites storage. 

Targeting of proteins to the lytic vacuole has been extensively studied and the vacuolar receptors 

involved, the VSRs, are now well characterized in higher plants. However, less is known about the 

traffic of proteins to the neutral/storage vacuole. RMR proteins are thought to be vacuolar receptors 

for the neutral/storage vacuole. However, the complete deletion of the five RMR genes in 

Physcomitrella patens did not lead to any developmental phenotype. This work aimed to investigate 

the role of RMR proteins in the moss. 

In the first chapter, we review the plant secretory pathway system and how proteins are 

targeted to vacuoles. 

In the second chapter, we studied the moss secretory pathway by developing a fluorescent 

reporter library. Several mechanisms seem to be conserved between the moss and the flowering 

plants.  

In the third chapter, we focused on the characterization of the single and quintuple knock-out 

RMR mutants. We finally obtained a trafficking phenotype: the fluorescent reporter Citrine-Card was 

mistargeted in the single, triple and quintuple KO mutants. Fluorescent signal was detected in 

endoplasmic reticulum in the mutants, while it was observed in the central vacuole in WT. Trafficking 

to vacuole of a protein carrying this ctVSD was RMR-dependent. 

In the last part of this thesis, we identified some putative binding partners of the cytosolic part 

of PpRMR2 by GST pull-down assay and mass spectrometry analysis. 
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Résumé 

 

Chez les plantes, les vacuoles occupent un grand nombre de fonctions, allant du maintien de 

la pression de turgescence et de la rigidité cellulaire en passant par le stockage ou la dégradation de 

diverses molécules. Deux types de vacuoles ayant un pH distinct peuvent coexister au sein d’une même 

cellule. Les vacuoles acides sont considérées comme étant des homologues aux lysosomes présents 

dans les cellules animales, tandis que les vacuoles neutres sont impliquées dans le stockage de 

protéines et de métabolites secondaires. L’adressage des protéines à la vacuole lytique a été largement 

étudié et les récepteurs vacuolaires impliqués, les VSRs, sont des protéines bien caractérisées. À 

l’opposé, les connaissances sur l’adressage des protéines à la vacuole neutre ou de stockage sont 

moindres. Les protéines RMR sont très probablement les récepteurs vacuolaires impliqués, bien que 

la délétion des cinq gènes RMR chez Physcomitrella patens n’ait conduit à aucun phénotype visible. Ce 

travail a donc pour objectif l’élucidation du rôle des protéines RMR chez la mousse.  

 

Dans le premier chapitre de cette thèse nous avons regroupé les principales données 

concernant le système sécrétoire et endomembranaire chez les plantes, et nous avons également 

documenté comment les protéines sont adressées aux vacuoles.  

Dans le second chapitre, nous avons étudié le système sécrétoire de la mousse en développant 

une bibliothèque de marqueurs fluorescents. Différents mécanismes cellulaires semblent conservés 

entre les mousses et les plantes à fleurs.  

Dans le troisième chapitre, nous nous sommes intéressés à la caractérisation des simples et 

quintuple knock-out mutants RMR. Nous avons finalement obtenu un phénotype de tri vacuolaire: un 

défaut d’adressage est observé avec le marqueur fluorescent Citrine-Card dans les simples, triple et 

quintuple KO mutants. Le signal fluorescent a été détecté dans le réticulum endoplasmique chez les 

mutants, tandis que la fluorescence est observée dans la vacuole centrale chez le WT. Cela montre que 

l’adressage à la vacuole d’une protéine comportant ce ctVSD est dépendant des RMRs.  

Dans la dernière partie de ce travail, nous avons identifié des partenaires interagissant très 

probablement avec la partie cytosolique de PpRMR2 par des analyses de GST pull-down et de 

spectrométrie de masse. 

  



16 
 

  



17 
 

List of abbreviations 

 

% (v/v)   mL / 100mL 
% (w/v)   g / 100 mL 
µg   microgram 
µl   microliter 
APs   Aspartic proteinases 
ARF1   ADP-Ribosylation factor 1 
ATP   Adenosine triphosphate 
ATPase   Adenosine triphosphate hydrolase 
A. thaliana  Arabidopsis thaliana 
BFA   Brefeldin A 
BiFC   Bimolecular fluorescence complementation 
BiP   Binding immunoglobulin protein 
BP-80   Binding protein of 80 kDa 
CCV   Clathrin-coated vesicle 
cDNA   Complementary DNA 
CME   Clathrin-mediated endocytosis 
COPI   Coat protein I 
COPII   Coat protein II 
CTPP   Carboxyl-terminal propeptide 
ctVSD   C-terminal vacuolar sorting determinant 
C-ter   C-terminal  
DIP   Dark-induced protein 
DMSO   Dimethyl sulfoxide 
DNA   Deoxyribonucleic acid 
DV   Dense vesicle 
E. coli   Escherichia coli 
EE   Early endosome 
EDTA   Ethylenediaminetetraacetic acid 
ER   Endoplasmic reticulum 
ERAD   ER-associated protein degradation 
ERES   ER-export sites 
ESCRT   Endosomal sorting complex required for transport 
GDP   Guanine diphosphate   
GEF   Guanine exchange factor 
GFP   Green fluorescent protein 
Gly   Glycine 
GRAIL   Gene related to anergy in lymphocytes 
GREUL   Goliath Related E3 Ubiquitin Ligase 1 
GST   Glutathione-S-transferase 
GTP   Guanosine triphosphate 
HECT   Homologous to the E6-AP carboxyl terminus 
HR   Homologous recombination 
HSP70   70 kilodalton Heat-shock protein 
Ile   Isoleucine 
IPTG   Isopropyl β-D-1-thiogalactopyranoside 
IRT1   Iron regulated transporter 1 



18 
 

Kb   Kilobase 
KDa   Kilodalton 
KO   Knock-out 
LE   Late endosome 
Leu   Leucine 
LSP   Leaderless secretory proteins 
LV   Lytic vacuole 
M   Molar 
Mbp   Mega base pairs 
mg   milligram 
ml   milliliter 
mM   milliMolar 
mRNA   Messenger RNA 
miRNA   Micro RNA 
MVB   Multivesicular bodies 
N. benthamiana Nicotiana benthamiana 
N. tabacum   Nicotiana tabacum 
nm   Nanometer 
nM   NanoMolar 
NR   Neutral red 
NV   Neutral vacuole 
OD   Optical density 
PA domain  Protease-associated domain 
PAC   Precursor Accumulating Vesicles 
PBS   Phosphate buffer saline 
PCR   Polymerase chain reaction 
PEG   Polyethylene glycol 
PI3K   Phosphatidylinositol 3-kinases 
PI4K   Phosphatidylinositol 4-kinases 
PM   Plasma membrane 
P. patens  Physcomitrella patens 
PSI   Plant specific insert 
PSV    Protein storage vacuole 
psVSD   Physical structure vacuolar sorting determinant 
PVC   Prevacuolar compartment 
Rab   Ras-related in brain 
RFP   Red fluorescent protein 
RING   Really interesting new gene 
RMR   Receptor-like membrane RING-H2 
RNA   Ribonucleic acid 
RNAse   Ribonuclease 
siRNA   Small interfering RNA 
RFN13   RING finger protein 13 
SCAMP1  Secretory carrier membrane protein 1 
SDS   Sodium dodecyl sulfate 
SDS-PAGE  SDS-Polyacrylamide gel electrophoresis 
SNARE   Soluble N-ethylmaleimide sensitive factor adaptor protein receptor 
SP   Signal peptide 
ssVSD   Sequence-specific vacuolar sorting determinant 
SRP   Signal recognition particle 
UPR   Unfolded protein response 
TEMED   N, N, N’, N’-tetrramethylethylenediamine 



19 
 

TGN   Trans-Golgi network 
TIP   Tonoplast intrinsic protein 
TM   Transmembrane domain 
UV   Ultraviolet 
VAMP   Vesicle associated membrane protein 
VSD   Vacuolar sorting determinant 
VSR   Vacuolar sorting receptor 
WT   Wild type 
YFP   Yellow fluorescent protein 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



20 
 

  



21 
 

Chapter 1 
General Introduction 

A. Generalities about the plant secretory pathway and the endomembrane 

system 
 

The plant endomembrane system consists of different organelles: the nuclear envelope, the 

endoplasmic reticulum (ER), the Golgi apparatus, the trans-Golgi Network (TGN), the pre-vacuolar 

compartment, the endosomes, the vacuoles and the plasma membrane. Some are directly connected 

by a maturation process while others are connected by trafficking vesicles. These different 

components collaborate for cargo molecule processing, packaging, transport and delivery to their 

residence site within the cell. Proteins are transported from the ER through the Golgi apparatus and 

then are directed to their final destination (plasma membrane, vacuole…) (Figure 1.1). The 

maintenance of this cellular compartmentation is primordial for the function of the plant cell. The 

secretory pathway plays a major role for the cell, because it is involved in cell interaction, 

differentiation and division, but also in various biotic and abiotic stress responses. 

 

 

 

 
 
 

Figure 1.1 Simplified representation of the secretory pathway in plants (Foresti and Denecke, 2008) 

Three routes of proteins trafficking to the vacuole have been described. First, via the classical route, proteins 

traffic through the ER, Golgi and TGN before reaching prevacuolar compartment. In the second route, cargoes 

bypass the Golgi and traffic to vacuole directly from the ER. The last route is a post-Golgi clathrin-mediated route 

from the TGN through the PVC. 
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A.1 Early secretory pathway 

 

Endoplasmic Reticulum 

Role of the ER 

The endoplasmic reticulum (ER) is the first organelle in the secretory pathway and plays a 

central role in the cell. It is a multifunctional compartment, involved in protein synthesis and post-

translational modifications, addition of N-linked oligosaccharides, formation of disulfide bonds, lipid 

biosynthesis but also in calcium storage (Hammond & Helenius, 1995). The traditional model of ER 

structure describes two main parts, both of which are present in all eukaryote cells: the rough ER (RER) 

and the smooth ER (SER). The RER membrane is associated with ribosomes and is partially continuous 

with the nuclear envelope whereas the smooth ER is composed of tubular structures without 

ribosomes. Recent studies showed the ER as a highly dynamic organelle, composed by a network of 

interconnected tubules. This structure can adapt in response to specific stimuli by morphological 

modifications and ER movements are driven by the cytoskeleton (Sparkes et al., 2011; Sparkes 2013). 

In plants, ER forms a continuous compartment between adjacent cells through plasmodesmata 

(Sparkes 2013) and it is closely associated with the actin cytoskeleton (Sparkes et al., 2009).  

 

Translocon and Signal peptide 

The entry of secretory proteins into the ER is usually linked with the presence of a signal 

peptide (SP) at the N-terminus of the protein. Import of soluble and membrane resident proteins into 

the ER occurs with the association of ribosomes and a protein pore called translocon. The SP is 

recognized and bound by a signal recognition particle (SRP), which interacts with the rough ER 

membrane, allowing the translocation of the polypeptide across the membrane through the 

translocon (Lütcke 1995; Hamman et al., 1998). Translocons form structurally and functionally dynamic 

aqueous pores in the ER membrane, and play a major role in the maintenance of the membrane 

permeability. The co-translational translocation of a nascent protein starts when the latest is still 

bound to the ribosome. The SRP binds at the same time the SP of the nascent protein and the 60S 

ribosome unit, causing a pause of the translocation process. This complex interacts then with the SRP 

receptor localized on the ER membrane, triggering the transfer of the peptide to the translocon. During 

the further translation and transfer to the ER lumen, the growing polypeptide is protected from cytosol 

exposition through the ribosome’s alignment with the translocon pore (Lodish et al., 2008). The pore 

is open only when a peptide is being translocated, preventing ionic leakage between the cytosol and 

the ER lumen. 
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Removal of the SP occurs while the protein is translocated through the membrane and it is a 

major step contributing to correct folding of the protein (Nielsen et al, 1997; Vitale and Denecke 1999). 

The signal peptide is cleaved by a signal peptidase, a transmembrane protein associated with the 

translocon. Cleavage of the SP allows the protein release from the membrane and then its proper 

folding in the ER lumen (reviewed by Auclair et al., 2011).  

 
ER quality control 

Proteins are folded in the lumen of ER where glycosylation can also occur. At this step, the ER 

plays an important role in quality control whereby misfolded proteins are recognized and retained 

within the ER or directed to a degradation pathway (Hammond and Helenius 1995, Vitale and Denecke 

1999). This quality control is primordial for the cell because it is involved in various stress responses 

and thus in plant adaptation to the environment (reviewed by Liu and Howell, 2010).  

A misfolded protein can have three fates. Firstly, it may accumulate or aggregate in the lumen; 

secondly it may be targeted to the vacuole or the lysosome (in animals), where protein degradation 

occurs and thirdly it may be degraded in the cytosol by the proteasome machinery after re-exportation 

to the cytosolic face of the ER (Brodsky and McCracken 1999; Vashist and Ng 2004). How the cell 

determines which process to use and how misfolded protein are recognized is still unclear.  In fact, a 

large percentage of ER-synthesized proteins are misfolded or unfolded, justifying the major role of the 

ER quality control: to avoid the dispatching of non-properly matured proteins to their final cellular 

compartments. Misfolded proteins are detected by various sensors, including the molecular 

chaperones. The main chaperone families of the ER are heat shock proteins (Hsp) including BiP 

(HSP70), the peptidyl-prolyl isomerases, the thiol-disulfide oxidoreductases, calnexin and calreticulin 

(reviewed by Ellgaard and Helenius, 2003).      

 

ER Associated Degradation system (ERAD) 

ERAD is a quality control system of the ER which clears the misfolded proteins from the ER 

through ubiquitylation. This cellular pathway plays an important role in cell homeostasis (reviewed by 

Ruggiano 2014). To date, most knowledge of this mechanism came from studies in yeast and mammals. 

Less is known about the plant ERAD system. This system involves an ubiquitin-proteasome system, 

where the substrate is ubiquitylated before degradation in the cytoplasm (Müller et al., 2005; reviewed 

by Liu and Li, 2014). Brandizzi et al. (2003) visualized a putative ERAD pathway using a GFP fusion 

protein recognized as misfolded by the cell, which was degraded after a retrograde translocation back 

to the cytosol. The ERAD system has also been shown to play a major role during salt stress in 

Arabidopsis. Ubiquitylated proteins are more abundant under these conditions. Consequently, an 
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Arabidopsis mutant line with a defective ERAD system (hrd3-a mutant) is more sensitive to salt stress 

than the wild-type line: seedlings are smaller and weaker (Liu et al., 2011).  

 

Unfolded Protein Response 

The Unfolded Protein Response (UPR) is an adaptive response from the cell to environmental 

and internal stresses. This intracellular signaling pathway is an essential part of the ER quality control 

and helps to reduce the misfolded and unfolded proteins accumulation (Liu and Kaufman 2003). UPR 

allows the re-establishment of cell homeostasis in order to decrease the ER stress, caused by various 

factors such as luminal calcium luminal depletion, hypoxia, pathogen infection or genetic mutation. 

This pathway involves different mechanisms that will cooperate to deal with the stress such as the 

induction of UPR genes, the decrease of global protein synthesis and the activation of the ERAD system 

(Fanata et al., 2013). Extended activation of the UPR pathway can lead to apoptotic cell death.       

 

 

From the ER to the Golgi apparatus 

Two classes of coat proteins, COPI and COPII, are involved in the transfer of proteins between 

the ER and the Golgi apparatus. This vesiculation is highly conserved within the eukaryotic domain. 

Proteins destined to the Golgi apparatus are exported from the ER by COPII-coated vesicles. The COPII 

vesicles bud off from specific sites of the ER membrane, the ER-exit sites (ERES; Barlowe et al., 1994; 

reviewed by Viotti, 2014). In the reverse direction, COPI-coated vesicles mediate a retrograde 

transport that selectively recycles mistargeted proteins (e.g. KDEL targeted proteins) from the cis-Golgi 

complex back to the ER (reviewed by Duden 2003). 

 

COP vesicles 

COPII: anterograde traffic 

COPII vesicles mediate the transport of cargo from the ER to the cis-Golgi (Robinson et al., 

2007). Their formation requires ER export sites (ERES) where the packaging of cargo into vesicles 

occurs. COPII complex formation occurs in several steps with protein interactions (Figure 1.2). First, 

the ER-membrane-resident GEF (guanine nucleotide exchange factor) protein Sec12 catalyzes the 

activation of the small GTPase Sar1, helping it to release GDP and to bind GTP. Once Sar1 is activated, 

it anchors into the ER membrane by insertion of its amphipathic N-terminal tail. Sar1 GTP drives the 

assembly of the cytosolic COPII subunits. The coat is formed by Sec23/Sec24 dimers forming an internal 

layer and completed with Sec13/Sec31 for the external scaffold layer. When the coat is achieved, the 

vesicle buds and is released from the ER donor membrane. Finally, the hydrolysis of Sar1-GTP is 
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triggered by Sec23, which leads to the disassembly of the COPII coat (Jürgen 2004; Hanton et al., 2009; 

Hwang and Robinson 2009; reviewed by Tang et al., 2005; Hugues and Stephens 2008). 

 

 

        
 

Figure 1.2 Mechanism of COPII coat assembly (adapted from Yorimitsu et al., 2014).  

Vesicle formation starts upon the recruitment of Sar1 to the ER membrane. Then ER integral membrane protein 

Sec12 exchanges GDP for GTP bound to Sar1 through its GEF activity. Membrane-associated GTP-bound Sar1 

recruits the inner coat Sec23/24 complex and then assembles along with cargo protein into the pre-budding 

complex. Outer coat Sec13/31 complexes are recruited to the pre-budding complexes and self-assembled. The 

polymerization of Sec13/31 by self-assembly drives membrane curvature to form a spherically shaped vesicle. 

 

 

Mutations in gene coding for COPII components leads to developmental deficiencies in plants 

(reviewed by Chung et al., 2016) and interruption of the COPII-mediated transport has severe effects 

on protein traffic which can lead to cell death (Hanton et al., 2009). 

 

COPI: retrograde traffic 

COPI vesicles mediates recycling of proteins from Golgi to ER, in order to capture escaped ER 

resident proteins, and retrograde transport within the Golgi (from trans to cis cisternae; Pimpl et al., 

2000). First studied in mammalian cells, they have been described in yeast and plant cells (reviewed 

by Hanton, 2005). They require a seven-subunit coat (named coatomer) and the GTPase ARF1 (Jürgens 

2004). Assembly of the coat begins with the activation of ARF1 by the released of GDP and the binding 

of GTP catalyzed by an ARF-GEF (Figure 1.3). This activation leads to a direct interaction of ARF1 with 

the Golgi membrane. Activated and membrane-anchored ARF1 recruits the seven coatomer subunits 

from the cytosol. These subunits can be separated in two layers: the inner layer involved in cargo 

binding and membrane attachment, including ɣ, δ, ξ and βCOP; and the outer scaffold including , β’ 

and εCOP. The formation of the coat contributes to the capture of the cargo proteins and causes the 

curvature of the membrane. When the coat is totally formed, the vesicle buds. The uncoating of COPI 
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vesicle starts with GTP hydrolysis which triggers the dissociation of ARF1 from the vesicle membrane 

(Kirchhausen 2000; Beck 2009 and Barlowe 2013). 

 

 

       
 

Figure 1.3 Mechanism of COPI coat assembly (adapted from Yorimitsu et al., 2014). 

COPI vesicle formation is also initiated by GTP-GDP exchange on ARF1 through the action of the GEF Gea protein 

(Gea1 or Gea2), which is peripherally located on the Golgi membrane. GTP-bound ARF1 stably binds to the 

membrane by a myristoylated amphipathic helix. The heptamer complex of the COPI coat is recruited en bloc 

and associates with cargo as well as two ARF1 molecules though the inner layer coat complex (β/γ/δ/ζ-COP). As 

in COPII, vesicles are formed upon polymerization of the outercoat (α/β’/ε-COP). The amphipathic helix of ARF1 

has some role in the scission of budded vesicles. 

 

 

ER exit sites (ERES) 

ERES are the sites of export for proteins to the Golgi, where COPII vesicles are forming. Their 

physical structure is still unclear but they have been described to be a sort of membrane 

microdomains. Little is known about ERES in plant because most studies come from animal cells and 

the features of ERES can be different depending on the cell type and between kingdoms (DaSilva et al., 

2004; review by Tang et al., 2005). It was proposed to define them as sites where nascent COPII 

membrane and COPII vesicles in transit can be found (DaSilva et al., 2004). In tobacco cells, ERES and 

Golgi bodies were observed moving together and are probably closely associated. Even if the reason 

needs to be elucidated, ERES and cisternal Golgi stacks are physically close (DaSilva et al., 2004; Budnik 

and Stephens, 2009). It has been shown that Golgi stacks do not associate with only one ERES but can 

be bound to several ERES at the same time (Yang et al., 2005).     

ER retention signal 

ER resident proteins carry a retention signal. For soluble proteins most of the time this signal 

is a tetrapeptide KDEL, HDEL or RDEL found in C-terminal position. A substitution of one amino acid in 



27 
 

this tetrapeptide is enough to disrupt the retention of the protein (Denecke et al., 1992). Different 

studies have shown that secreted proteins fused with KDEL sequence in C-terminal position were then 

retained in the ER (reviewed by Pagny et al., 1999). This mechanism of retention is highly specific and 

mostly conserved between mammals and plants (Denecke et al., 1992; reviewed by Pagny et al., 1999). 

 

Traffic from ER to Golgi   

As described previously, ER proteins are packaged in vesicles and exported to the Golgi at ERES 

sites.  Because ER and Golgi bodies are highly dynamic structures, different models of protein 

trafficking from ER to Golgi in plants have been proposed (Figure 1.4; Hanton et al., 2005). The first 

model called “vacuum cleaner model” is based on the Golgi bodies’ movements along the ER. Golgi 

stacks collect vesicles at ERES in order to obtain their cargoes. The second model is called “stop and 

go”. Here the Golgi bodies stop at ERES, obtain cargoes, move along the actin filaments, then stop at 

another ERES and collect more cargoes. This model suggests the involvement of a specific signal on 

ERES causing a transitory association between Golgi and ERES. Then last model is the “ERES mobile 

model” where Golgi and ERES together are highly mobile along the ER. This model describes a 

continuous transport of cargoes between these two compartments. However, the connections 

between Golgi and ER are still unclear and the mechanisms of interaction need to be elucidated 

(Hanton et al., 2005). 
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Figure 1.4 Models for proteins transport from ER to Golgi (Hanton et al., 2005). 

A: The vacuum cleaner model. Golgi bodies move along the ER surface, picking up cargo. The entire ER is capable 

of exporting proteins. B: The stop-and-go model. Golgi bodies move along the ER and stop at fixed ERES, where 

protein transport takes place. After transfer of cargo from ER to Golgi, the Golgi body moves to the next site and 

collect more cargo. C: The mobile ERES model. Golgi bodies and ERES move together, allowing continual protein 

transport between the two organelles. 

 

 

ER exit bypassing Golgi   

Multiple export pathways from the ER have been described in plants. The classical export 

pathway from ER to the Golgi is sensitive to Brefeldin A (BFA), a fungal metabolite which can reversibly 

block the retrograde traffic by inhibiting the formation of COPI vesicles and consequently also block 

the anterograde traffic. Other BFA-insensitive pathways have been described but it is possible that 

most of them exist only in seeds (Vitale and Denecke 1999). It has been shown that some storage 

proteins may bypass the Golgi and traffic to the vacuole via precursor-accumulating vesicles (PAC) e.g. 

in maturing pumpkin seeds. Aggregates of storage proteins were visible within the ER by 

immunocytochemical staining (Hara-Nishimura et al., 1998). Toyooka et al. (2000) highlighted the 

transport of a vacuolar cysteine proteinase (SH-EP) from the ER to the protein storage vacuole (PSV) 
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bypassing the Golgi. This SH-EP has a C-terminal KDEL ER-retention signal. The proform of the enzyme 

has been observed accumulating at the edges of ER, in vesicles budding from it and in large vesicles 

distinct from PSV but not in the Golgi. Others studies support the hypothesis of a direct pathway from 

ER to lytic vacuoles. Originally discovered in yeast, a route from the cytosol to the lytic vacuole 

involving autophagy was also proposed in plants. Structures similar to autophagosomes containing 

vacuolar proteins like seed storage proteins were detected by electron microscopy (Michaeli et al., 

2014). In 2013, Viotti et al., proposed a Golgi-bypassing route in Arabidopsis, where the ER membrane 

contributes to lytic vacuole biogenesis. Indeed, the tonoplast intrinsic protein α-TIP was able to reach 

the vacuole even after treatment with Brefeldin A in mesophyll protoplasts of tobacco plants (Gomez 

and Chrispeels 1993). 

 

Golgi apparatus 

The Golgi apparatus is a major organelle consisting of different stacked polarized cisternae, 

which can be divided in three main compartments: cis, medial and trans-Golgi which are functionally 

distinct (Staehelin and Moore 1995). The Golgi apparatus processes proteins arriving by vesicles from 

the ER at the cis-Golgi face and sends them from the trans-Golgi face to various locations in the cell 

(lysosomes, plasma membrane…) or out of the cell (secretory vesicle). Unlike mammalian cells which 

have one large Golgi apparatus next to the nucleus, numerous (up to one hundred) mobile Golgi stacks 

can be found in the cytoplasm of plant cells (DaSilva et al., 2004). Different major functions of the Golgi 

in the plant cell have been described. It can be considered as the glycan factory of the cell because it 

synthetizes and exports complex polysaccharides for the cell wall but also glycolipids for the plasma 

membrane and storage glycoproteins (Staehelin and Moore 1995). Golgi resident enzymes are single 

pass transmembrane proteins which are found in distinct cisternae depending on their function. The 

two main families of enzymes are the glycosidases and the glycosyltransferases, which are involved in 

the production of glycans and the modifications of N-or O-linked carbohydrates, attached to proteins 

and lipids (Saint-Jore-Dupas et al., 2004). After these modifications and maturations (glyco-) proteins 

are packaged in transport vesicles in the trans-Golgi and sent to their specific destinations in the cell 

(Driouich et al., 1993; Dupree and Sherrier 1998).  

Plant Golgi bodies are highly motile because they are physically and mechanically bound to the 

actin cytoskeleton. In tobacco epidermal cells expressing a GFP fused to the actin-binding domain of 

talin, Golgi bodies were observed moving along the ER in an actin-dependent way but they did not 

interact with the microtubules (Brandizzi et al., 2002). Previous studies also showed a close link 

between Golgi stacks moving along actin cables and the ER, by expressing a Golgi protein fused to GFP 

(Boevink et al., 1998). 
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Two models of protein transport across the Golgi stacks have been proposed. The first one is 

based on the protein transport between the Golgi cisternae by vesicles budding from one cisterna and 

fusing with the next, in both anterograde and retrograde directions. The Golgi is here considered as a 

static organelle with small vesicles moving between compartments (Orci et al., 1998).  

The second model proposes that proteins and lipids are transported in the cis-to-trans 

direction through cisternal maturation; while retrograde transport of Golgi-resident proteins is 

mediated by COPI vesicles (Glick et al., 1997; Allan and Balch 1999; Alberts et al., 2008). This model 

implies a dynamic organization of Golgi apparatus with the trans-cisternae being consumed while a 

new cis-cisternae forms. It is now the more generally accepted model. Transport of Golgi-resident 

proteins by COPI vesicles was also demonstrated (Orci et al., 1997). 

 

A.2 Late secretory pathway 
 

Trans-Golgi Network (TGN) 

Initially thought to be part of the Golgi apparatus as in animal cells, the TGN was shown in 

plants to be an independent and separate organelle (Hawes and Satiat-Jeunemaitre 2005). Uemura et 

al. (2004) characterized in Arabidopsis protoplasts fluorescent plant TGN markers that localized in 

structures distinct from Golgi bodies. Foresti and Denecke (2008) also showed in tobacco leaf 

epidermis cells that fluorescent markers of plant TGN do not colocalize with Golgi markers. 

The TGN has been described as a dynamic organelle, with a role in the exocytosis and 

endocytosis pathways (Foresti and Denecke 2008; Kang et al., 2011). However the definition of plant 

TGN is still unclear, it has been suggested to function as an early endosome while in animal cells these 

are two separate compartments (Lam et al., 2007; Viotti et al., 2010; reviewed by Uemura and Nakano 

2013). One of the first studies used a rice secretory carrier membrane protein 1 (SCAMP1), known to 

be a post-Golgi proteins involved in endocytosis in animals, which was fused to YFP and expressed in 

tobacco BY-2 cells. The localization was observed in plasma membrane (PM) and mobile cytosolic 

organelles. These highly motile organelles are BFA-sensitive and form aggregates after treatment. 

Confocal immunofluorescence with SCAMP1 antibodies confirm that these organelles are distinct from 

Golgi and multivesicular bodies (MVB) and act as early endosomes (Lam et al., 2007). Viotti et al. (2010) 

observed in Arabidopsis that secretory proteins passed through the TGN before reaching their final 

destination, by studying the route of a brassinosteroid receptor BRI1 and a boron exporter BOR1, both 

localized in the PM. Using a secreted version of GFP, a YFP fusion of these membrane proteins and the 

endocytic tracer FM4-64, their work also allowed to distinguish the TGN and MVB as two distinct 
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compartments. The TGN was described as a highly mobile organelle which temporarily associates with 

the Golgi. 

 

 The size of the TGN may vary according to the cell function or specialization, but also 

depending on the number and type of vesicles that bud from it (Marty 1999; reviewed by Gendre et 

al., 2015).  Three type of vesicles associated with the TGN have been described: the clathrin-coated 

vesicles (CCV), the COPI vesicles and the secretory vesicles (reviewed by Gendre et al., 2015). Proteins 

trafficking through the TGN can be directed to the plasma membrane or to the vacuole or lysosome in 

animal cells. At this point, targeting to the vacuole require a vacuolar sorting determinant, while 

targeting to the plasma membrane can be considered as the default pathway (Sanderfoot and Raikhel 

1999).  

 

Endosomes 

Plants endosomes are highly dynamic membrane structures, considered as an intermediate 

compartment, which take part in endocytosis and biosynthesis pathways by receiving vesicles from the 

TGN or the plasma membrane.  Endosomes are part of the late secretory system and are involved in 

the recycling or degradation of plasma membrane proteins and in the traffic of secreted proteins 

targeted to the vacuole or lysosomes (Geldner 2004; Otegui and Spitzer 2008). Endosomes also play a 

role in diverse cellular mechanisms such as polar tip growth, cell polarity, auxin mediated cell-cell 

communication and gravitropism (Geldner 2004; Samaj et al., 2005). With these numerous 

implications endosomes are important players in trafficking pathways signaling and regulation (Reyes 

et al., 2011). In yeast and mammals, different types of endosomes have been described. The early 

endosomes (EE) receive endocytic cargo vesicles from the plasma membrane. At this point, material 

can also be return to the PM via recycling endosomes. EE are considered as an important sorting 

station for vesicles in the endocytic and secretory pathway. Late endosomes (LE) are derived by 

maturation form the EE; they are also called multivesicular bodies (MVB) because they are formed by 

the invagination of the endosome membrane itself. They are involved in the degradation of membrane 

proteins by fusion with lysosomes or act in their recycling to the TGN (Otegui and Spitzer, 2008). The 

endosome system in plants differs from the other eukaryotes. Two main compartments have been 

described in literature: the TGN, which acts as early or recycling endosomes, and the MVB, considered 

as a late endosome (Otegui and Reyes, 2010; Contento and Bassham, 2012). These two compartments 

have been highlighted using the fluorescent dye FM4-64, which labels first the PM. This dye allows to 

study the endocytic pathway as it labels also very quickly the early endosomes and later the vacuole 

(Contento and Bassham, 2012; Bolte et al., 2004). 
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Early endosomes were not observed in plants while MVB were described to be active transport 

carriers for vacuolar proteins. Indeed, mutation in Rab5-like GTPase, a MVB localized protein, leads to 

vacuolar transport perturbation (reviewed by Otegui and Spitzer, 2008). Plant endosomes play a major 

role in endocytosis and more precisely in protein recycling, protein degradation and receptor-

mediated signaling. Recycling of vacuolar cargo receptors via endosomes to the TGN needs a complex 

of proteins called retromer. This complex is conserved through eukaryote kingdom, localized in EE and 

it is involved in the recruitment of the cargoes (Seaman 2012). Some proteins were observed to be 

continually cycling between the PM and the EE, like the auxin carrier PIN1 (Otegui and Reyes 2010). 

Endosomes are also involved in degradation of membrane proteins via lysosomes or vacuoles. 

Membrane proteins that will be degraded are marked by an ubiquitin tag which causes their 

internalization into the MVB. Different protein complexes, called Endosomal Sorting Complex Required 

for Transport (ESCRT-0-I-II and III), are involved in this mechanism. ESCRT complexes differ in different 

organisms. The ESCRT-0 does not exist in plants while it is essential in animals, another unrelated 

complex replaces it. Endosomes play also a role in receptor-mediated signaling. In this process, 

activated receptors at the PM can be internalized by endocytosis into endosomes and then interacting 

with other downstream factors, in the endosomes membrane (Otegui and Spitzer 2008; Otegui and 

Reyes, 2010). 

 

Vacuoles 

Vacuoles are an endpoint of the secretory system in plants. They are dynamic organelles and 

important compartments for plant cell metabolism and life (Wink 1993). In general, a plant cell 

contains one large vacuole, which can occupy more than 90% of the total cell volume. Vacuole function 

depends of the cell type. They participate in homeostasis, cell turgor, growth and storage of metabolic 

products. They also have a hydrolytic role and can sequester toxic compounds. The size, number and 

function of vacuoles within a single cell depend on the kind of tissue and the cell type (reviewed by 

Marty 1999). These different functions can occur in the same compartment but a cell can also contain 

two different types of vacuoles (Paris et al., 1996).  

 

A.3 Vesicular traffic 

In the plant secretory pathway, vesicles mediate the transport of cargo proteins from an 

organelle to the next, until they reach their final destination. Vesicles move through the cytosol by 

interaction with cytoskeleton elements. The basis of this essential mechanism consists of the vesicle 

budding from a donor compartment, which contains cargo proteins, to the fusion of this vesicle to an 
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acceptor compartment where the cargo is released (Bonifacino and Glick 2004). This active process 

requires the recruitment of coat proteins and the intervention of small GTPases (Jürgens 2004). First 

studied in mammalian cells and yeast, the three major types of coated vesicles COPI, COPII and CCV 

are also found in plants (Figure 1.5). This classical model for vesicle transport requires different steps, 

from the formation of coated bud in the donor compartment, the vesicle formation and transport, to 

the coat protein release and fusion of the vesicle with the target membrane in order to discharge its 

content (Jürgens and Geldner 2002; Hwang and Robinson 2009). 

 

 

 

Figure 1.5 The three type of coated vesicles and their localization in the cell (from Hughson 2010) 

In the early secretory pathway, newly synthetized proteins are transported by COPII and COPI coated vesicles 

between the ER and the Golgi. From the TGN, cargo proteins traffic to the plasma membrane or recycling 

endosomes by clathrin coated vesicles. 

 

 

Clathrin-coated vesicles 

Clathrin-coated vesicles (CCV) consist of a two-layered coat: the outer layer of clathrin 

structural proteins and the inner layer of adaptor protein (AP) complexes. The clathrin molecule is 

composed of heavy and light polypeptide chains. Three heavy chains and three light chains assemble 

to form a structural unit called a triskelion, which assembles to form the clathrin lattice. AP complexes 

play a major role in vesicle formation. They mediate the clathrin lattice recognition and assembly of 

the cargo proteins (Schmid 1997). Different AP complexes have been identified (AP1 to AP4) in 
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eukaryotic cells, which are involved in different pathways (reviewed by McMahon and Gills 2004). The 

coat assembly is also controlled by the ARF1-GTPase. Protein sorting at the TGN and endosome is 

mediated by AP1 complex which recognize the luminal domain of the cargo protein, while AP2 

mediates CCV formation at the PM. Other adaptor proteins have been identified in animal cells but 

have not been found in plants. CCV have been localized at the TGN and the plasma membrane in animal 

cells as well as in plant cells (Sanderfoot and Raikhel 1999; Jürgens and Geldner 2002).  

 

Mechanism of membrane fusion 

Vesicle and target membrane interact first via tethering proteins recruited by Rab proteins. 

Rab proteins are a large family of GTPases proteins, involved in the regulation of membrane trafficking 

and vesicles formation. They are key regulatory factors in docking of vesicles on target membranes 

(Hutagalung and Novick, 2011). The fusion of the transport vesicle with the acceptor compartment 

involves the action of SNAREs (soluble NSF attachment protein receptors): a v-SNARE in the vesicle 

membrane and t-SNAREs in the target membrane. This primes the interaction of the v-SNARE protein 

on the vesicle surface with the cytosolic domain of t-SNAREs localized on the target membrane. Then 

a SNARE complex is formed by four SNAREs, forming a bundle which brings the membranes close 

enough for fusion, where the vesicle releases the cargo to the acceptor compartment (Sanderfoot and 

Raikhel 1999). The dissociation of the SNARE complex is an ATP-dependent reaction, mediating by α-

SNAP (soluble NSF attachment protein) and NSF proteins. (Hutagalung and Novick 2011) (Figure 1.6). 

 

 
 
 
 

Figure 1.6 The SNARE mechanism of vesicle fusion (from Sanderfoot and Raikhel, 1999). 

On the vesicular membrane, the v-SNARE and the Rab-type GTPase recognize on the target membrane the t-

SNARE and Sec1 p-Homolog. After this docking event, Sec1 p-Homolog is removed and the formation of the 

SNARE complex allows the vesicle fusion with the target membrane. Finally, α-SNAP and NSF mediate the 

dissociation of the SNARE complex, allowing the retrograde recycling of the v-SNARE. 
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A.4 Endocytosis   

Endocytosis general mechanisms 

Endocytosis is a mechanism of internalization of material and protein cargoes into plasma 

membrane transport vesicles. This process plays a crucial part in numerous cellular mechanisms as 

turnover of proteins or hormone transport,  but also in various responses to environmental signals like 

responses to pathogens or cell signaling (Otegui and Spitzer 2008; Reyes et al., 2011; Contento and 

Bassham 2012). It is the principal way for membrane and extracellular proteins to enter the cell 

(reviewed by Fan et al., 2015) (figure 1.7). In animals, three types of endocytosis have been described: 

phagocytosis, pinocytosis and receptor-mediated endocytosis (Alberts et al., 2008). Phagocytosis is the 

ingestion of large particles via vesicles called “phagosomes”. This process takes place in the immune 

response and in clearance of dead cells. Pinocytosis represents the internalization of fluid and solutes 

(proteins and polysaccharides) via small vesicles, formed from coated pits of the plasma membrane. 

This mechanism is involved in cellular metabolism and signaling. Receptor-mediated endocytosis, also 

described in plants, occurs for specific molecules transport (proteins and lipids) and implicates clathrin-

coated vesicles. It plays a role in various cellular functions, from the turn-over of membrane proteins, 

the uptake of extracellular molecules, to the activation of signaling pathways (McMahon and Boucrot 

2011).  
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Figure 1.7 The endocytic pathway in plants (Contento and Bassham 2012) 

Components of the endocytic pathway are involved in biosynthetic, degradative and recycling transport. The 

trans-Golgi network and early endosomes act as the point of organization for these three pathways. This diagram 

displays the organelles involved in endomembrane trafficking: nucleus, endoplasmic reticulum (ER), Golgi 

complex (GC), trans-Golgi network (TGN) / early endosome (EE), late endosome (LE) or multivesicular body (MVB) 

or prevacuolar compartment (PVC), late prevacuolar compartment (LPVC), vacuole surrounded by the tonoplast, 

recycling endosome (RE). The colored arrows designate potential traffic between organelles. The green arrows 

indicate pathway 1, the biosynthetic transport route to the plasma membrane that passes through the TGN and 

sometimes the MVB. The blue arrow shows a pathway (2) that is taken by plasma membrane components (red 

ovals) as they are internalized into endocytic vesicles and move through the TGN. Proteins associated with the 

TGN are listed. The thick, red arrows represent a recycling pathway (3), by which plasma membrane components 

might be returned to the plasma membrane through a specialized RE. Proteins associated with the RE are shown. 

The orange arrows designate the transport pathway (4) for newly synthesized vacuolar components, as well as 

cellular materials destined for degradation in the vacuole. Proteins associated with MVBs are shown. Transport 

from the TGN to MVBs is designated by a black arrow. Retrograde transport from the VAC to the MVB is 

represented by curved black arrows. 
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Clathrin mediated endocytosis in plants (CME) 

In plants, the endocytic pathway is involved in various essential functions, as cell growth, 

nutrients uptake, hormonal signaling, detection of environmental signals and defense against 

pathogens. The main endocytic process is dependent on clathrin coated vesicles that pinch off from 

PM, where the cargoes are recognized, then packaged and incorporated into CCV. After the scission, 

newly formed CCV can fuse with the early endosomes, from where cargoes can continue to their final 

destination (Chen et al., 2011). CCV are also a main way for membrane protein retrieval and membrane 

receptor down regulation. Two major kinds of proteins are involved in plant CME. The first group 

includes the sub-units of the clathrin coat, the adaptor (AP) complexes. The second group is formed by 

various cytosolic proteins, playing a role in budding and fission events (Holstein 2002). Cargo selection 

requires adaptor complexes that recognize different motifs or post-translational modifications such as 

phosphorylation or ubiquitylation. The recognition of specific motifs is a mechanisms well studied in 

animals but still unclear in plants. The role of CME in plant development was highlighted by studies on 

the PIN proteins. These proteins were the first identified cargoes of CME, allowing to establish a link 

between endocytosis and auxin-mediated development (reviewed by Chen et al., 2011). CME was also 

described to be involved in the regulation of plant defense response against pathogens, specifically 

against bacterial and fungal elicitors. Pathogen attack could trigger plant immune response by 

regulating some membrane receptors via endocytosis. It is the case of the Arabidopsis FLS2 receptor, 

which recognizes the bacterial flagellin and is taken up from the PM into CCV (reviewed by Fan et al., 

2015). CME plays also a role in uptake of nutrients such as metallic ions. The receptors IRT1 and BOR1, 

for iron and boron respectively, have been described to cycle from PM to endosomes. When needed, 

these proteins are sorted into vacuoles for downregulation in order to avoid metallic ion toxicity (Chen 

et al., 2011).  

 

Clathrin-independent endocytic routes in plants 

Alternatives endocytic pathways have been described in plants. One of these involves 

membrane microdomains also called lipids rafts. Microdomains are well studied in yeast and mammals 

but less is known in plants. These dynamic platforms, insoluble in some detergents, are implicated in 

the concentration of some receptors and in the assembly of certain signal transduction machineries. 

Membrane microdomains play a role in the amplification or the attenuation of various cellular signaling 

cascades (Puri et al., 2004). In Arabidopsis, flotillin1 (flot1) was the first membrane protein identified 

which form microdomains, acting in an independent clathrin-endocytic pathway. This protein involved 

in seedling development was localized in plasma membrane and in intra-cellular vesicles. Flot1 was 

also observed to partially colocalize with the endocytic marker FM4-64 (Li et al., 2012; reviewed by Fan 

et al., 2015).  
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Ubiquitylation mediated plant endocytosis 

One of the well-known roles of ubiquitin tag is the marking of proteins for degradation by the 

26S proteasome. However, ubiquitin is also involved in protein trafficking to the vacuole / lysosome 

by endocytosis. This pathway was first observed in yeast and mammals but today evidence is 

accumulating in plants. In Arabidopsis, it was observed in the study of the iron transporter ITR1. This 

transporter was described in the TGN/ EE of root hair cells and it is responsible for the iron uptake 

from the soil. IRT1 needs to be monoubiquitylated to enter the endocytic route for vacuolar 

degradation. Mutations in the two key lysines, sites of ubiquitination, increases its stability. IRT1 has 

been described to cycle between the PM and the early endosomes, depending on its 

monoubiquitylation (reviewed by Tian and Xie, 2013).  

 

A.5. Protein secretion 

Unconventional protein secretion  

Proteins trafficking through the “classical” protein secretion pathway are transiting from the 

ER via the Golgi/TGN to their final destination. By default, soluble proteins are secreted at the plasma 

membrane. Cell secretion plays a role in cell to cell communication and pathogen defense, which can 

be constitutive of induced by internal or external stimuli (Krause et al., 2013). Uptake in the ER is 

determined by the presence of a Signal Peptide at the N-terminal end of the newly synthesized 

polypeptide. There are also some secreted proteins lacking this SP. These Leaderless Secretory Proteins 

(LSP) do not follow the ER/Golgi classic route but are trafficking through an “unconventional secretion 

pathway” and are directly secreted from the cytosol into the extracellular matrix (Agrawal et al., 2010; 

Ding et al., 2012; Krause et al., 2013). First identified in mammalian and yeast cells, data for 

unconventional secretion studies in plants are now accumulating (Drakakaki and Dandekar 2013).  

 

Plant secretome studies 

The term secretome was firstly defined by Tjalsma et al. (2000) after their work on protein 

transport in Bacillus subtilis. It was including the protein secretion machinery and the secreted 

proteins. Nowadays, the term secretome has evolved and has be defined for plants by Agrawal et al. 

(2010) as “the global group of secreted proteins into the extracellular space by a cell, tissue, organ or 

organism at any given time and conditions through known and unknown secretory mechanisms 

involving constitutive and regulated secretory organelles” (reviewed by Krause et al., 2013). Previous 

studies showed that LSPs can represent more than 50% of the identified secretome and suggested that 

LSP may play a role in stress responses and defense against pathogen (Agrawal et al., 2010).  Early work 
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on the plant secretome was performed with cultured cells but it has been shown that these do not 

reflect natural conditions. Recent studies propose alternatives to cell cultures, allowing in planta work, 

such as gravity extraction from leaves or vacuum infiltration methods (Alexandersson et al., 2013; 

Krause et al., 2013).  

B. Vacuole types and protein targeting to vacuole 
 

B.1 Vacuole types 

Plant cells can contain different vacuole types with different functions, depending of the cell 

type and the developmental stage. The distinction between Lytic Vacuole (LV) and Protein Storage 

Vacuole (PSV) and their presence within a single cell were demonstrated by different studies (Hoh et 

al., 1995; Paris et al., 1996; Vitale and Raikhel 1999). Epimashko et al. (2004) demonstrated that 

mesophyll cells of Mesembryanthemum crystallinum L. under salt stress conditions have two 

functionally different vacuoles, an acidic and a non-acidic. This allows the plant to compartmentalize 

salt storing and malate accumulation/mobilization. 

 

The three kinds of vacuoles described in literature are the following: 

Lytic Vacuole: it is an acidic compartment which can be compared to the lysosome in animal cells. This 

lytic vacuole contains hydrolytic enzymes and plays an important role to maintain cell turgor. This type 

of vacuole develops in vegetative organs in plants. Acidic vacuoles were shown to accumulate the pH-

sensitive dye Neutral Red (NR) (Di Sansebastiano et al., 2001). 

Neutral vacuole: it has been described in vegetative tissues and did not accumulate NR in contrast to 

the lytic vacuole (Di Sansebastiano et al., 2001).  

Protein Storage Vacuole: involved in the accumulation of proteins, this type of vacuole is found in 

storage tissues of seeds and developing seeds. 

 

According to the classical model, after trafficking through the ER and Golgi, vacuolar proteins 

are targeted to their final destination. Protein targeting to vacuoles is dependent on a signal, which 

can be found at different locations in the protein structure: at the N- or C-terminus or internal to the 

protein. The first model for the biogenesis of distinct vacuolar type was based on the localization of 

aquaporin Tonoplast Intrinsic Protein (TIP) isoforms and proposed an organelle-specific localization. 

Based on immunolocalization, these first studies showed that -TIP are present in Protein Storage 

Vacuole (PSV) whereas γ-TIP are found in Lytic vacuole (LV) (Paris et al., 1996; Neuhaus and Roger, 
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1998; Jauh et al., 1998) and δ-TIP in vacuole accumulating pigments and vegetative storage proteins 

(Jauh et al., 1999).  More recent studies on A. thaliana demonstrated that TIP isoforms distribution 

and expression are regulated during development (Hunter et al., 2007; Gattolin et al., 2010). TIP 

isoforms distribution is tissue specific and depends on the developmental stage: γ and δ-TIP are found 

in vegetative tissues (but not in root tip) whereas -TIP predominates during seed maturation but 

decreases after germination (Hunter et al., 2007). In Soybean, the reversible functional switch from 

vegetative storage to lytic vacuole in paraveinal mesophyll is accompanied by a replacement of δ-TIP 

by γ-TIP (Murphy 2005). 

 

B.2.Vacuolar sorting determinants 

Soluble vacuolar proteins are sorted to the vacuoles by cargo receptors, which bind a specific 

component: a vacuolar sorting determinant (VSD). This sorting signal is found in the vacuolar protein 

precursor and it is mostly removed during maturation after vacuolar sorting. In plant cells, three 

vacuolar sorting determinants have been distinguished: sequence specific VSDs (ssVSD), C-terminal 

VSDs (ctVSD) and protein-structure-dependent VSDs (psVSD). Each determinant is structurally and 

functionally distinct (Neuhaus and Roger 1998) (Figure 1.8). 

  

- ssVSDs: they address proteins to the lytic vacuole. SsVSDs were first characterized in sweet 

potato prosporamin and in barley proaleurain (Matsuoka and Nakamura 1991; Koide et al., 

1997; Holwerda et al., 1992). In mutants lacking the propeptide, sporamin was secreted, 

proving the presence of vacuolar sorting determinant in the propeptide (Matsuoka and 

Nakamura 1991). An ssVSD can be located in an N-terminal or C-terminal propeptide or in an 

internal propeptide, e.g. in castor bean ricin (Frigerio et al., 2001). In the case of sporamin and 

aleurain, the N-terminal propeptide contains a NPIR motif. Mutational analysis indicates that 

an Ile or Leu is critical for the function of the VSD, as well as less conserved amino acids around 

it (Matsuoka and Nakamura 1999). 

 

- ctVSDs: they were first characterized at the C-terminal region of barley lectin (Bednarek et al., 

1990; Bednarek and Raikhel 1991), tobacco chitinase A (Neuhaus et al., 1991) and phaseolin 

(Frigerio et al., 1998). All three proteins are missorted if they are synthesized without their 

carboxyl-terminal propeptide (CTPP). The function could also be blocked by replacement of 

the C-terminal amino acid by a Gly (Neuhaus et al., 1991) or by the addition of two Gly or a C-
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terminal N-glycan (Bednarek et al, 1990), indicating C-terminal binding by the putative 

receptor. There is no other conserved motif. 

 

- psVSD: this determinant is a feature of some seed storage proteins, which aggregate in the ER 

or in the Golgi. Vacuolar sorting could be caused by this aggregation. Castelli and Vitale showed 

that phaseolin forms membrane associated aggregates which are sorted to the vacuole while 

mutated phaseolin did not aggregate and was secreted (Castelli and Vitale 2005; Frigerio et al., 

1998).  

 
 

 
 
 
Figure 1.8 Proteins targeting to vacuole, current model. Different routes have been described, involving two 

cargo receptors. The first route involves a sequence specific VSD which target the protein to the lytic vacuole. 

The second route involves a C-terminal VSD which target the protein to the PSV. The third route involves a protein 

structure VSD forms aggregates in the ER or in the Golgi and go to the PSV. 

 
 

B.3 Vacuolar sorting receptors in plant cells 

Two families of vacuolar receptor are thought to be involved in protein trafficking to vacuoles: 

the VSR (Vacuolar Sorting Receptor) and the RMR (Receptor Membrane Ring-H2) families.  

 

The VSR family 

The VSR receptor was first identified as the BP-80 protein and isolated from pea clathrin-

coated vesicles (Kirsch et al., 1994; Paris et al, 1997; Paris and Neuhaus, 2002). VSR are type I 

membrane proteins, constituted of an N-terminal luminal domain which includes a Protease-
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Associated domain (PA), a large VSR specific domain, three Cys-Rich EGF Repeats (Epidermal Growth 

Factor) a single transmembrane domain, and a short cytosolic tail (Figure 1.9). 

 

 
 
 
Figure 1.9 Schematic VSR structure (not to scale). N-ter: N-terminus; PA: Protease-associated domain; VSR: VSR 

domain; EGF: Epidermal Growth Factor domain (3 repeat); MP: plasma membrane; TM: Trans-membrane 

domain; C-ter: C-terminus 

 

 

 

Kirsch et al. (1994) demonstrated that BP-80 binds in vitro the ssVSD of barley proaleurain, but 

showed no affinity for the pea prolectin and the barley prolectin, the latter carrying an already 

characterized ctVSD signal. Several publications have shown the involvement of VSR in the transport 

of vacuolar soluble proteins to the LV (Jiang and Rogers 1998; DaSilva et al., 2006; Zouhar et al., 2010). 

BP-80 was described by immunocytochemistry to localize in the trans-cisternae of the Golgi, in the 

TGN, and in the prevacuolar compartment (Paris et al., 1997). The current model suggests that BP-80 

is a pH-dependent ligand binder. Cargo proteins are bound in the Golgi. Recycling of BP-80, from the 

prevacuolar compartment to the Golgi after cargo release, is a strongly supported hypothesis (DaSilva 

et al., 2006). However, an alternative model implying ER to TGN traffic has been proposed (Niemes 

2010; Robinson 2013). Reviewed by Robinson and Neuhaus (2016), this second model proposes that 

VSRs interact with their ligands earlier in the secretory pathway, in ER or in cis-Golgi. It also brings 

evidence that the dissociation of the ligand-receptor complex cannot occur in a pH-dependent way, 

because of the similarity of pH value between the two compartments.  

VSR proteins are encoded by seven genes in A. thaliana (AtVSR1 to AtVSR7). Homologous receptors 

have been identified in all land plants including lycophytes and mosses, where eight VSR genes have 

been found.  
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The RMR family 

RMR proteins were identified by their homology to the PA domain of VSR proteins (Cao et al., 

2000; reviewed by Wang et al., 2010). For this reason, RMRs were thought to be involved in ligand 

binding as vacuolar receptors. RMR structure consists of an N-terminal luminal domain, the Protease-

associated domain, a single transmembrane domain and a cytosolic tail with a RING-H2 domain (Really 

Interesting New Gene, with two Histidines) (Figure 1.10). RING domains are cysteine-rich, zinc-binding 

domains and are known as protein-interaction domains. They consist of a pattern of conserved 

cysteine and histidine residues binding two zinc ions (Borden 2000; Kosarev et al., 2002). RING domains 

are involved in various cellular mechanisms in eukaryotes, such as signal transduction, transcription 

and protein-protein interactions (Borden and Freemont 1996). RMRs belong to the PA-TM-RING 

protein family, which combine PA, transmembrane domain and RING domains, and has been identified 

in many organisms: in plants, mammals (GRAIL; Seroogy et al., 2004), Xenopus (GREUL1; Borchers et 

al., 2002) and Drosophila (Goliath; Bouchard and Cote 1993) but not in yeast (Bocock et al., 2009). In 

plants, many RMRs include a C-terminal serine rich region (Jiang et al., 2000).   

 
 

 
 
Figure 1.10 Schematic RMR structure (not to scale). N-ter : N-terminus ; PA : Protease-associated domain ; P : 

plasma membrane ; TM : Trans-membrane domain ; RING-H2 : RING H2 domain, Serine rich : Serine rich cytosolic 

tail; C-ter: C-terminus. Furthermore, in Arabidopsis thaliana RMR 1, 3 and 4 include a C-terminal serine rich region 

(Jiang et al., 2000).  

 

 
 

In tobacco and tomato cells, RMR proteins were localized in organelles also labelled with anti-

DIP antibodies: the PSV crystalloid (Jiang et al., 2000). DIP (dark-induced tonoplast intrinsic protein) is 

an isoform of TIP, found in the crystalloid bodies, precursors of the PSV during seed development. Jiang 

et al. (2000) proposed that DIP-positive organelle might function as PVC and fuse to form the PSV. Park 

et al. (2005) described localization of AtRMR1 in the prevacuolar compartment of PSV and in the Golgi. 

In Arabidopsis protoplasts, AtRMR1 colocalizes with DIP-positive organelles. In vitro binding assays 
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showed an interaction of the luminal domain of AtRMR1 with the ctVSD of phaseolin. These results 

strongly suggest that AtRMR1 may act as a cargo receptor for proteins with ctVSD targeting to the PSV. 

However, in both tobacco leaves and Arabidopsis protoplasts, Occhialini (2011) found AtRMR2 mostly 

localized in the TGN while AtRMR1 localized in ER structures. Occhialini also described by BiFC 

(Bimolecular Fluorescence Complementation) that AtRMR2 can form homodimers and can also form 

heterodimers with AtRMR1, both localizing in the TGN. In rice, OsRMR1 was localized by immunogold 

labelling in Golgi apparatus, in TGN and in an electron-dense organelle similar but distinct from the 

MVB (Shen et al., 2011). This organelle was proposed to act as a PVC for the PSV pathway in rice. 

Moreover, Scabone et al. (2011) showed that transmembrane (TM) and C-terminal domain (CT) of 

AtRMR1 fused to a RFP construct was localized in the lumen of central vacuole, in leaves, roots and 

embryos of A. thaliana transgenic plants. These results highlight the involvement of the TM-CT of 

AtRMR1 in protein targeting to vacuole. 

 

RMR proteins are encoded by six genes in Arabidopsis (AtRMR1 to 6) and by five genes in 

Physcomitrella patens. RMR proteins form two distinct subfamilies in Angiosperms and Gymnosperms. 

Single and double mutants in AtRMR genes had no detectable phenotypes (Stigliano, PhD thesis; E. 

Rojo, personal communication). AtRMR1 belongs to the subfamily 1 while the five other AtRMRs 

belong to the subfamily 2. Moss RMRs form a clearly separate clade from Angiosperms and are 

represented by two subfamilies, the first one including RMR1 and 2, and the second one including 

RMR3, 4 and 5 (figure 1.11). 
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Figure 1.11 Phylogenic tree of plant RMRs. The majority of Angiosperms have two types of RMRs, e.g. 

Arabidopsis. Two sub-families of RMRs have been identified in moss. 

 

 

 

Protease-Associated domain 

VSR and RMR have in common a PA domain. It was first found as an insert in several classes of 

animal proteases but also in an animal hormone receptor. The PA domain is thought to serve as a 

regulatory domain in non-catalytic regions of protein and could form protein-protein interactions. In 

VSRs and RMRs the PA domain is thought to be involved in ligand binding in the lumen of the secretory 

pathway but its role is still unclear (Mahon and Bateman 2000; Luo and Hofman 2001). Features of PA 

domain were discussed more recently in different studies. It was described to play a role in prodomain 

processing and secretion of tomato subtilase 3; mutants in which some amino acids of the PA domain 

were deleted, were unable to cleave the prodomain of the enzyme (Cedzich et al., 2009). Luo et al. 

(2004) presented a model of how the luminal region of VSRs recognizes their cargo. In this work, the 

crystal structure of the PA domain of AtVSR was determined alone and coupled with the barley aleurain 

VSD sequence. Conserved among various VSRs, its role in cargo recognition appears to require a highly 

conserved cargo binding loop. Because this loop is also present in RMRs structure, it is consistent to 

think that the function is also conserved. Another part of this work showed that sequence preceding 
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the NPIR motif of VSD is recognized by the PA domain of AtVSR. Finally, several role of the PA domain 

have been proposed, as the involvement in protein/protein interaction and specifically in 

ligand/substrate binding or the regulation of substrate access to active site (Cao et al., 2000; Mahon 

and Bateman 2000; Luo and Hofmann 2001; Luo et al., 2014).          

 

C. C-terminal VSD used in this work  

C-terminal VSDs are small propeptide sequences found at the end of precursors of vacuolar 

proteins, which were described to be necessary and sufficient for the targeting to a vacuole. In the 

next section we describe in more details ctVSD previously confirmed in literature that were used during 

this work. 

 

 

C.1 Ct-VSD of tobacco Chitinase A 

Plant chitinases hydrolase chitin and chitosan, a polymer of N-acetylglucosamin and 

glucosamine, structural components found in a wide variety of organisms like fungi or insects. There 

are numerous kinds of chitinases in plants, with specific cellular localization and activity (Punja and 

Zhang, 1993). These enzymes play a role in resistance against pathogens but are also involved in 

different physiological mechanisms such as stress responses or plant growth (reviewed by Grover 

2012). They can be classified according to their biochemical and molecular characteristics. A 

classification according to their amino acids sequence leads to several families and classes (Neuhaus 

1999). In 1991, Neuhaus et al. worked on tobacco cells expressing two different chitinases: a class I 

tobacco, the chitinase A which accumulates in vacuoles, and a secreted cucumber class III chitinase. 

Deletion of the C-terminal propeptide of tobacco chitinase A caused its secretion, while addition of 

this C-terminal propeptide to the cucumber chitinase caused its accumulation in vacuoles. These 

results showed that the C-terminal sequence of tobacco chitinase A is both necessary and sufficient 

for vacuolar targeting. A fluorescent marker was then developed: the C-terminal VSD of tobacco 

chitinase A was fused to the GFP reporter and fluorescence was accumulating in neutral vacuoles, i.e. 

those that do not accumulate the dye Neutral Red (Di Sansebastiano et al., 1998). 

C.2 Ct-VSD of barley lectin (BL) 

Lectins are carbohydrates binding proteins and are produced by a wide variety of plants. They 

bind their ligand without altering its structure (Peumans and Van Damme, 1998). Most plant lectins 
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localize in protein bodies of seed cotyledons. Numerous roles were proposed for them, such as defense 

against pathogens or involvement in plant-microbe symbiosis (reviewed by De Azevedo Moreira et al., 

1991). Barley lectin accumulates in specific tissues such as adult root tips and root cap cells in seedlings 

(Lerner and Raikhel, 1989). The functional role of the C-terminal propeptide (CTPP) (15 amino acids) 

was investigated and it was found to be also a VSD. Bednarek et al. (1990) showed that barley lectin 

lacking the CTPP was secreted from the cells. The cucumber chitinase was addressed to the vacuole in 

tobacco protoplasts, when it was fused with the C-terminal propeptide of barley lectin, (Bednarek and 

Raikhel, 1991). 

 

C.3 Ct-VSD of Phaseolin 

Phaseolin is one of the major glycoproteins in common bean (Phaseolus vulgaris L.) seeds and 

can represent up to 50% of the total proteins in mature seeds (Slightom et al., 1983). It was described 

to accumulate in the PSV in developing cotyledons. Frigerio et al. (2001) generated a phaseolin mutant 

where the last four C-terminal amino acids AFVY were deleted. The mutant was secreted. They also 

showed that the truncated peptide coupled with the fluorescent reporter GFP was secreted in the 

apoplast. They concluded that the C-terminal tetrapeptide AFVY is necessary for the protein targeting 

to the vacuole, in transgenic tobacco and in Arabidopsis cells. 

 

C.4. Ct-VSD and PSI of Cardosins  

Cardoon flowers (Cynara cardunculus L.) are used in cheese manufacture. These milk-clotting 

properties are due to two plant aspartic proteinases: the cardosins A and B. They share a similar 

structure including a PSI (Plant Specific Insert) domain, which separates the two chains of the mature 

form (Vieira et al., 2001; Pissara et al., 2007). Although Cardosins A and B belong to the same family, 

their localization, trafficking in the cell and biological role are very different and not completely 

resolved.  

 

 

 

Generalities about Aspartic proteinases (APs) 

Aspartic proteinases are widely distributed in the living world. They can be found in animals, 

plants, yeast, fungi and viruses (reviewed by Simoes and Faro, 2004). This enzyme family is involved in 

a broad range of biological mechanisms such as protein maturation or degradation, stress responses, 
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programmed cell death and defense against pathogens (Mutlu and Gal, 1999; Simoes and Faro 2004). 

APs are classified in different families according to their amino acid composition.  

 

Plant APs 

Plant aspartic proteinases are found all across the plant kingdom, from gymnosperms (Salmia 

1981) to monocotyledonous (rice, maize) and dicotyledonous plants (Arabidopsis, cardoon, tobacco). 

First identified from seeds, they were also found in leaves, flowers and petals (Mutlu and Gal 1999). 

They are synthetized as a single-chain precursor and the mature form is obtained after a proteolytic 

maturation. Most plant APs belong to the A1 family, also found in animals and microbes, which is active 

at acidic pH and inhibited by pepstatin A (a potent reversible inhibitor originally isolated from an 

actinomyces; Umezawa et al, 1970; Mutlu and Gal 1999). Plant APs are tissue specific but are primarily 

found in vacuoles and protein bodies. In mammalian cells, Aps mostly localize in lysosomes but can 

also be secreted (Simoes and Faro, 2004).   

 

Plant AP domain structure 

The closest non-plant AP is the lysosomal cathepsin D which can have up to 45% amino acids 

sequence similarity with plant APs. Plant APs have a common structure that can be divided into three 

domains: an N-terminal region, a PSI domain and a C-terminal region (reviewed by Mutlu and Gal 1999; 

Simoes and Faro 2004). The PSI is a sequence of about 100 amino acids, which is partially or entirely 

removed during the maturation process of the protein. Its function was not clearly identified, but an 

involvement in protein sorting to vacuoles was supposed. One of the best characterized plant AP is the 

barley grain phytepsin (Runenberg-Roos et al., 1991). Kervinen et al. (1999) determined its structure 

and suggested that the PSI domain is a membrane binding region involved in vacuolar targeting. 

Törmäkangas et al. (2001) worked on phytepsin trafficking in tobacco protoplasts and showed that the 

deletion of the PSI domain leads to the secretion of the protein. The implication of PSI in membrane 

destabilization has been proposed by Egas et al. (2000). This work shows the capacity of the PSI domain 

to interact with vesicles causing leakage of their content, under acidic pH conditions. 

 

Cardosin A 

The first well-characterized cardosin was the cardosin A, localized in the pistil and which mostly 

accumulates in protein storage vacuoles of the stigmatic papillae (Ramalho-Santos et al., 1997). It was 

also found in lower amounts in the vacuoles of epidermal cells. It was shown that two morphologically 

distinct vacuoles can coexist in the same cell of stigmatic papillae (Pissara et al., 2007). One of the 

hypothetical roles for cardosin A is in pollen recognition. Two further roles have been suggested: in 
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flower senescence as cardosin A accumulates in these mature organs, and in pathogen defense 

(Ramalho-Santos et al., 1997; Simoes and Faro 2004; Pissara et al., 2007). In 2008, Duarte, Pissara and 

Moore showed that cardosin A can be transiently expressed and addressed to the vacuole in 

heterologous species, i.e. in tobacco leaves and Arabidopsis seedlings. This work also suggested that 

an N-terminal segment of the PSI domain is cleaved during the maturation process, after exportation 

from the ER. More recently, the PSI sequence and/or the C-terminal sequence of cardosin A were 

described to be sufficient to target a fluorescent reporter to the vacuole (Pereira et al., 2013).  

 

Cardosin B 

Even though cardosin B has a similar amino-acid composition to cardosin A, its expression 

drastically differs and is developmentally regulated. It is localized in the extracellular matrix of pistil 

cells and young inflorescences and is secreted to the cell walls (Vieira et al., 2001). In contrast to 

cardosin A, the PSI domain of cardosin B is completely removed during the protein maturation. 

Figueiredo et al. (2006) showed that cardosin B is accumulated during the programmed cell death 

(PCD) of the nucellus and the maturation of the embryo sac. These results suggest the involvement of 

cardosin B in PCD events. A function in defense against pathogens has also been proposed (Vieira et 

al., 2001). 

 

During her PhD thesis, C. Pereira worked on the expression on the cardoon aspartic proteinase 

(AP) cardosin A, in heterologous systems (A. thaliana and N. tabacum). The aim of her work was the 

study of the intracellular transport of cardosin A to its final destination: the LV and the PSV. Results 

showed that cardosin A has two VSDs: the PSI (Plant Specific Insert) domain and a C-terminal sequence 

(ctVSD). She also observed that the ctVSD mediates the transport by the classical secretory pathway 

whereas the PSI domain mediates the traffic to the vacuole via a route bypassing the Golgi (Pereira 

2012). 

C.5 Ct-VSD and PSI of moss Aspartic proteinase 

As explained before, plant aspartic proteinases are mainly found in the vacuole or protein 

bodies and are involved in different mechanisms such as protein processing and degradation (Simoes 

and Faro, 2004). In P. patens, Schaaf et al. (2004) isolated a cDNA encoding an aspartic proteinase 

named PpAP1. This cDNA was cloned to obtain a construct of AP1 with a C-terminal GFP fusion. This 

homologous reporter is a good tool to explore targeting to vacuole in a seedless plant. Results showed 

vacuolar fluorescence accumulating in transiently transformed moss protoplasts. 
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D. RMR homologues 
 

PA-TM-RING proteins, which combine PA, transmembrane domain and RING domains, have 

been identified in several organisms such as mammals (GRAIL; Seroogy et al., 2004), Xenopus (GREUL1; 

Borchers et al., 2002) and Drosophila (Goliath; Bouchard and Cote, 1993) but not in yeast (Bocock et 

al., 2009) (Figure 1.12). These homologues of RMRs are involved in various cellular functions, e.g. 

protein quality control, cell proliferation, apoptosis, immune regulation or signaling (reviewed by 

Nakamura 2011). The majority of these PA-TM-RING proteins possess also an apparent N-terminal 

signal peptide and are E3 ubiquitin ligases. In mammals, different classes of E3 ligases have been 

described, according to their subcellular localization. The ER localized E3 ligases target substrates for 

proteasomal degradation. The mitochondrial class help to maintain the mitochondrial integrity while 

others E3 ligases act in endocytic compartments and are involved in endocytosis or lysosomal 

degradation. However, E3 ligases have been described to be quite unstable because of their self-

ubiquitylation activity (Nakamura 2011). The expression level of PA-TM-RING proteins is very low in 

mammals, suggesting specific role as molecular regulators for organization, integrity or dynamics of 

membrane organelles (Erickson 2011; Nakamura 2011). 

 

 

 
Figure 1.12 Comparison of the domain structures of various putative transmembrane RNF proteins (Nakamura 

2011). PA, protease-associated domain; TM, putative transmembrane domain; RNF, Ring Finger 

 

 



51 
 

D.1 GRAIL (mammals) 

The GRAIL protein (Gene Related to Anergy in Lymphocytes) also known as RNF128 (Ring Finger 

protein 128), is necessary for anergy induction (Seroogy et al., 2004) and is involved in primary T cells 

activation, survival and differentiation (Kriegel et al, 2009). Anergy is a mechanism in which the 

lymphocytes are functionally inactivated but remain alive (Schwartz 2003). It is an immunologic self-

tolerance mechanism and is reversible. Anergic CD4 cells are unable to proliferate and their production 

of Interleukin 2 (IL2) is considerably diminished (Anandasabapathy et al., 2003). In this T cell 

unresponsiveness pathway, ubiquitylation and deubiquitylation are important triggering factors 

(reviewed by Whiting et al., 2011).   

GRAIL is a PA-TM-RING protein composed of 428 amino acids and it is a type I transmembrane 

single sub-unit E3 ligase protein. It contains a highly conserved cytosolic RING-H2 finger. A mutation 

analysis demonstrated that an intact RING domain is essential for its E3 ligase activity. Indeed, 

mutation of both histidines in the RING domain, substituted by two asparagines, is enough to disturb 

this E3 activity (Anandasabapathy et al., 2003). GRAIL also has a luminal PA domain (Figure 1.13). The 

PA domain recognizes and captures on the luminal face of the membrane the substrate CD83, which 

is then ubiquitylated by the RING finger domain on the cytosolic face. As mentioned before, GRAIL 

expression is affected by ubiquitylation and deubiquitylation events but it is also regulated by 

autoubiquitylation with several K48-linked ubiquitins (Whiting et al., 2010). 

 

Figure 1.13 Schematic representation of the structural domains of GRAIL protein (Whiting et al., 2011). The RING 

finger domain is a RING-H2 type and functions as an ubiquitin E3 ligase. The Protease Associated domain captures 

transmembrane protein targets for ubiquitylation.  
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D.2 Goliath and Godzilla 

The d-goliath was first characterized in drosophila as a protein with 2 zinc finger structures 

involved in the regulation of gene expression during mesoderm formation (Bouchard and Côté, 1993). 

Goliath homologues, such as m-goliath in mouse or h-goliath in human were later identified. Another 

member of the family, Godzilla, was also identified in Drosophila. Both proteins, have the PA-TM-RING 

domains (figure 1.14).  

 

 

Figure 1.14 Schematic domain structure of Drosophila Goliath and Godzilla (Yamazaki et al., 2013): SP, signal 

peptide; PA, protease-associated domain; TM, transmembrane, and RING domain. Goliath and Godzilla encode 

endosome-localized PA-TM-RING E3 ligase  

 

 

 
Goliath and Godzilla were localized in endosomal membrane. Goliath is specifically expressed 

in muscles while Godzilla shows a more general expression pattern in Drosophila. The high identity 

between their two RING domains (also conserved among the larger Goliath family) suggests conserved 

role and function. Yamazaki et al. (2013) demonstrated that mutation of the two key histidines to 

asparagines of the RING domain leads to the loss of ability to generate large endosome. This work 

highlights a role of Goliath and Godzilla in regulation of recycling endosome trafficking via 

ubiquitylation of target proteins. The main target of these proteins was identified as the SNARE 

receptor VAMP3 (Yamazaki et al., 2013). Furthermore E3 ligase activity was demonstrated by in vitro 

ubiquitylation tests (Guais et al., 2006).   

 

D.3 RING Finger protein 13 

RING Finger protein 13 (RFN13) was first identified in chicken (chicken RING zinc finger, C-RZF), 

as being over expressed in embryogenic brain cells, when growing with the addition of tenascin-C, an 

extracellular matrix glycoprotein (Tranque et al., 1996). This protein is another member of the PA-TM-

RING family like GRAIL and Goliath (Figure 1.15). The RFN 13 gene is conserved in many organisms such 

as mammals (dog, cow) or insects (mosquito) (Jin et al., 2011). It is ubiquitously expressed in various 
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non-embryogenic tissues. In mouse, RFN13 was localized in the endosomal and lysosomal system and 

show to have an E3 ubiquitin ligase activity (Bocock et al., 2009). In other organisms, it has been found 

in the nucleus and/or membrane organelles like endosomes. RNF13 is one of the best known proteins 

of the goliath family and it may be involved in the regulation of cancer and tumor development, by 

ubiquitylation of various proteins. Its expression can be upregulated by myostatin and tenascin, two 

cellular factors associated with cell proliferation (reviewed by Jin et al., 2011). RFN13 has also a 

nuclear-localization signal and may traffic to the inner nuclear envelope in response to a signal (Bocock 

et al., 2009).    

 

 

 

Figure 1.15:  Schematic structure of RNF13 protein (Jin et al., 2010). 

SP, signal peptide; PA, protease-associated domain; TM, transmembrane region; RING, RING finger domain; NLS, 

nuclear localization signal; LC, low complexity. 

 

 

D.4 Other PA-TM-RING proteins 

There are numerous other PA-TM-RING proteins, mainly identified in mammals, involved in 

various cellular functions, depending of their subcellular localization. Some are acting in proteins 

degradation mechanism in the ER, like RNF170 or RNF122, playing a role in ubiquitylation of ERAD 

substrate or calcium signaling and ubiquitylation, respectively. Other PA-TM-RING proteins were 

observed to be involved in apoptosis. RNF182 is a pro-apoptotic factor regulating pH homeostasis. 

RNF152 is a lysosomal E3 ligase with a pro-apoptotic and a self-ubiquitylation activities (reviewed by 

Nakamura 2011). 
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E. RMR proteins and ubiquitylation activity: a key role for the RING domain? 

The ubiquitin system plays an important role in diverse cellular functions. Its best known 

implication is as label of proteins for the degradation pathway by proteasomes (Hershko 1988; Hershko 

and Ciechanover 1998). However, ubiquitin is also involved in non-proteolytic processes, such as 

proteins internalization into the endocytic pathway (Kölling and Hollenberg 1994), translocation of 

membrane proteins to the internal vesicles of late endosomes by the ESCRT system (reviewed by Reyes 

et al., 2011) or DNA repair and kinase activation in mammalian cells (reviewed by Hofmann 2009).  

 

E.1 Ubiquitylation mechanism 

Ubiquitin is a highly conserved protein of 76 amino acids, found in all eukaryotic organisms. 

Ubiquitylation consists of the covalent attachment by the C-terminus of one (or several) ubiquitin to 

the ε-amino group of a substrate lysine. Ubiquitylation is ATP-dependent and requires a cascade of 

three enzymes: E1, the ubiquitin activating enzyme; E2, the ubiquitin conjugating enzyme and E3, the 

ubiquitin ligase enzyme (reviewed by Varshavsky 1997; Guerra and Callis, 2012) (Figure 1.16). Firstly, 

E1 activates the ubiquitin by using ATP hydrolysis, to form a high-energy thioester bond between the 

C-terminal glycine of ubiquitin and a cysteine of the E1 enzyme. Activated ubiquitin is then transferred 

to a cysteine residue of an E2 enzyme by a transesterification reaction. The last step consists of the 

ubiquitin delivery by the E3 ligase to the protein substrate. The substrate is recruiting by the E3, which 

initiates the conjugation (reviewed by Varshavsky 1997; Vierstra 2003). 
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Figure 1.16 Schematic representation of the ubiquitylation enzyme cascade (from Ubiquitylation.svg and Guerra 

and Callis, 2012). E1 activates ubiquitin at the expense of two ATP equivalents by forming a high-energy thioester 

bond between the E1 active-site Cys and the C-terminus of ubiquitin. Ubiquitin is then passed to an active-site 

Cys on E2. Then, the ubiquitin-E2 thioester bond is brought into proximity of the desired protein target by the E3 

ligase, which then transfers ubiquitin to a lysine. Many E3 can polyubiquitylate the substrate. 
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E.2 Different ubiquitin tags for diverse purposes 

The number of linked ubiquitins and at which lysine they are linked to each other can vary. 

Three types of ubiquitin tags have been described: monoubiquitylation, multiubiquitylation and 

polyubiquitylation. These different tags target proteins to different pathways in the cell (Figure 1.17).  

 

 

 

 

Figure 1.17 Different tags of ubiquitylation and outcome of marked proteins (Ye and Rape, 2009)  

 

 

 

A pyramid of ubiquitylation allows specific regulated ubiquitylation of many different substrates. In 

Arabidopsis, ubiquitin is activated by two different E1, 37 different E2 and more than 1500 different 

E3 (Vierstra 2012). Polyubiquitin chains linked via Lys-48 and Lys-11 are the signal for proteasome 

degradation. Multiubiquitylation is a sorting signal for internalization into the endocytic pathway 

(Kölling and Hollenberg, 1994). Monoubiquitylation is a signal for the transfer of transmembrane 

proteins to internal vesicles within multivesicular bodies (MBV) (Katzmann et al, 2002). 

Polyubiquitylation via Lys-63 is a tag for endocytosis (Reviewed by Piper and Lehner 2011; Lauwers et 

al., 2010; Katzmann et al., 2002).  
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E.3 RING domain and ubiquitylation: the E3 ligases family 

The ubiquitin tag is involved in broad and diverse roles in many cellular mechanisms. 

Numerous E3 ligases have been identified among eukaryotes providing the specificity of their function 

and mode of action. Three major families have been described in eukaryotes: the RING, the HECT and 

the U-box proteins.  

 

RING E3 ligases 

RING E3s are the largest E3 subfamily known to date. They can be considered as molecular 

scaffolds, helping other proteins to interact and transferring directly the ubiquitin tag from E2 to the 

substrate. RING domains bind the E2 enzyme through the loop region with zinc coordination and the 

central helix (Deshaies and Joazeiro 2009; Pickart 2001). This 70 amino acids RING domain is cysteine-

rich, zinc-biding domain and can be considered as protein-interaction domain. A conserved pattern of 

cysteine and histidine residues coordinate two zinc ions (Borden 2000; Kosarev et al., 2002) (Figure 

1.18). 

 

 

 

Figure 1.18 The RING finger domain (Deshaies and Joazeiro, 2009) 

a. Primary sequence organization of the RING-HC domain. The first cysteine that coordinates zinc is 

labelled as C1, and so on. H1 denotes the histidine ligand. Xn refers to the number of amino acid residues 

in the spacer regions between zinc ligands. 

b. Ribbon diagram of the three-dimensional crystal structure of the RING domain from protein c-Cbl. The 

zinc atoms sites I and II are numbered. 
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In sub-family RING-H2, the cysteine in position 5 is substituted by a histidine (Borden and Freemont 

1996; Borden 2000). Many RING domains have intrinsic E3 activity, but some do not (Deshaies and 

Joazeiro, 2009). In other proteins, RING domains are also involved in various mechanisms, such as 

signal transduction, transcription and protein-protein interactions (Borden and Freemont, 1996). RING 

E3 ligases can function as oligomers and can multimerize to form heterodimers, like Mdm2-Mdmx, 

which interacts with tumor suppressor in mouse (reviewed by Deshaies and Joazeiro 2009; Linares et 

al., 2003). Different structural types of RING E3 ligases have been observed. Some are single subunit 

E3 like cCbl, which activates Tyrosine Kinase Receptor (e.g. EGF receptor). Deletion or mutation in the 

RING inhibits the EGF dependent-EGFR degradation. Others are multi sub-units E3 (e.g. APC), where 

the substrate recognition occurs by one of the separate subunit (reviewed by Deshaies and Joazeiro, 

2009). 

RING E3 ligases can be regulated in several ways. Substrate or E2/E3 modification by 

phosphorylation/dephosphorylation can directly enhance or decrease the ubiquitylation activity. 

Many RING E3 are ubiquitylated by autocatalytic processes but this down regulation could be also 

mediated by a distinct E3 ligase (Deshaies and Joazeiro, 2009).  

 

HECT E3 ligases 

The HECT domain, possessing an intrinsic catalytic activity, is composed of about 350 residues, 

and can be divided in two distinct sub-domains, the N-terminal and the C-terminal lobes. The larger N-

ter lobe is the binding site of the E2 enzyme and is connected by a flexible region to the smaller C-ter 

lobe, where the active site cysteine residue is found (Bernassola et al., 2008). In mammals, the HECT 

family is composed of about 30 E3, and the first member identified was E6AP (also known as UBE3A), 

an enzyme involved in tumorigenesis and brain development (reviewed by Metzger et al., 2012). The 

best characterized sub-group of HECT enzyme is the C2-WW-HECT, conserved from yeast to mammals, 

containing a tryptophan-tryptophan domain and involved in the regulation of endocytosis and 

trafficking via polyubiquitylation. In general, HECT E3 may be implicated in oncogenic regulation 

because many already identified protein substrates are tumor suppressor molecules (Bernassola et al., 

2008). 
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U-box E3 ligases 

The U-box domain is a 70 amino acids sequence, found in yeast and mammals, with 

architecture similar to the RING domain, without metal ions. This molecular scaffold does not contain 

zinc binding zone but a network of hydrogen bonds and salt bridges instead. U-box domain possesses 

an E2 binding surface and some sites for chaperone binding (especially from heat-shock protein 

family). Deletion or mutation in this domain leads to the loss of ubiquitylation activity (Hatakeyama et 

al., 2001). The most studied U-box E3 ligase is CHIP (also known as STUB1), which is thought to take 

part in protein folding and degradation by ubiquitylation, and acts probably as a co-chaperone. 

Previous studies showed that CHIP is a mediator of cytosolic protein quality control, involved in 

ubiquitin-proteasome system degradation. It targets proteins for proteasomal degradation in 

combination with HSP70 and takes part in glucocorticoid receptor ubiquitylation when interacting with 

HSP90 (Hatakeyama et al., 2001; Metzger et al., 2012).  
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F. The moss Physcomitrella patens 
 

F.1 P. patens as an experimental model 

P. patens is a bryophyte and a member of the Funariaceae family. Its life cycle, significantly 

different from flowering plants, is characterized by an alternation of generations, where the haploid 

stage (the gametophyte) is dominant. P. patens is used as a model organism in plant biology, genetics 

and development. It has numerous advantages for biological studies because of its interesting 

phylogenetic position. More than four hundred millions years ago, mosses and vascular plants diverged 

but they still have genetic and biological mechanisms in common (Cove and Knight, 1993). The study 

of moss will allow understanding processes involved in the evolution between higher and lower plants. 

In this way, P. patens is an ideal tool for the comprehension of the development of flowering plants 

such as Arabidopsis thaliana. 

 

Mosses and higher plants share many physiological and molecular mechanisms, e.g. the 

regulation of their development by similar hormones (auxins, cytokinins, abscisic acid; Cove 1997) or 

stress responses (Machuka et al., 1999). Therefore we can suppose that other processes are conserved, 

such as the functioning of the secretory system. We can postulate that cellular mechanisms involved 

in vacuolar targeting are also conserved between mosses and flowering plants. Moreover, P. patens 

can be quickly and easily grown with in vitro culture and the protonema stage allows studies at the 

single cell level. One of its biggest advantages for genetic studies is the high frequency of site-specific 

integration of a foreign DNA in its genome by means if homologous recombination. P. patens 

protoplasts have a high regenerative capacity and because of this, they are an excellent plant material 

for genetic transformation.  

 

F.1.a Life cycle 

The life cycle of Physcomitrella patens is dominated by the haploid gametophyte (Figure 1.19). 

The first tissue developing from the spore is the filamentous protonema. It is composed of two cell 

types:  

- Chloronema cells, characterized by the presence of abundant chloroplasts and a cell wall 

between adjacent cells perpendicular to the filament axis. 

- Caulonema cells, characterized by the presence of fewer chloroplasts and an oblique cell wall 

between adjacent cells (Cove and Knight 1997). 
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These two filament types grow by the extension and division of the apical cell. Caulonema cells grow 

rapidly and play an adventitious role, while chloronema cells develop more slowly and assume an 

assimilatory role for the plant (Cove 2005).  

Study of chloronema growth has shown that the cells elongate by a polarized process called tip growth. 

In this case, growth occurs only at the tip of the cell. This mechanism is found in various walled cells 

such as pollen tubes or root hairs (Menand et al., 2007). Protonema cells are a very convenient 

biological material for studies which allow to easily isolated protoplasts for transiently genetic 

transformation. The initial meristem of the gametophore (also called bud) is formed by the 

development of one lateral sub-apical cell from the caulonema. It forms the different parts of the 

gametophore: 

- basal pigmented cells called rhizoids, allowing mosses to anchor in the soil and to absorb   

nutrients and water. 

- leafy moss shoots with both male (antheridia) and female (archegonia) reproductive organs. 

 

The zygote formed by gamete fusion develops into a diploid sporophyte, including a capsule containing 

numerous haploid spores (up to 4000). 
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Figure 1.19 Development of Physcomitrella patens (Roberts et al., 2012).  

A haploid spore or protoplast germinates to form a primary chloronema which subsequently differentiates into 

a more rapidly growing primary caulonema. The caulonema subapical cells divide to produce initials cells, which 

develop into lateral secondary chloronemata, secondary caulonemata (not shown), or buds. Buds develop into 

leafy gametophores, which produce apical gametangia. Fertilization of an egg by swimming sperm at the 

gametophore apex produces a zygote, which develops into a diploid sporophyte consisting of a stalk and 

sporangium (not shown). Meiotic divisions within the sporangium generate haploid spores. 

 

 

The sporophyte is generally develops at the end of summer while spores appears overwinter. 

Antheridia and archegonia are found on the same shoot and self-fertilization is frequent (Cove 2005). 

Favorable conditions for gametogenesis are short days combined with a temperature lower than 18°C. 

P. patens can grow in vitro on a mineral media, under discontinuous light and at 25 degrees Celsius. 

The complete gametophyte development requires about 8 to 10 weeks and the production of spores 

3 to 4 months (Cove 1997; Schaefer et al., 2001).  

 

F.1.b Genome 

Most laboratories working with P. patens use the wild-type (WT) strain Grandsen which 

originated from a single spore isolated in England (Schaefer 2002). P. patens has 27 small 

chromosomes per haploid genome and its genome size is about 480 Mbp (Reski 1994). It was 
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completely sequenced and published in 2008 (Rensing et al., 2008). Approximately 364 000 ESTs are 

available and 38 000 transcripts were predicted or mapped (www.cosmoss.org). Mosses diverged from 

the common ancestor with flowering plants about 400 million years ago. Phylogeny studies have 

shown that P. patens shares a homology of 66% of genes with Arabidopsis (Nishiyama et al., 2003). 

Mosses have an interesting phylogenic position and represent a major element to understand the early 

evolution of land plants. The three bryophytes lineages (liverworts, mosses and hornworts) diverged 

before the ancestral lineage of vascular plants. The common ancestor of land plant was proposed to 

be a leafless axial gametophyte with a simple sporophyte (Ligrone et al., 2012). 

 

F.1.c Homologous recombination and gene targeting in P. patens 

One of the major reason to use Physcomitrella patens as a genetic tool in our laboratory is the 

high gene targeting efficiency by homologous recombination (Schaefer 2001; Schaefer 2002; Kamisugi 

2006). Gene targeting consists in the replacement of a specific sequence in a genome by a foreign DNA 

sequence (or part of a sequence) through homologous recombination (HR). This mechanism could be 

a Knock-out (deletion or mutation in the targeted gene leading to its inactivation) or a Knock-in 

(insertion of a foreign sequence). The most employed method to obtain stable transformants by HR in 

Physcomitrella is the PEG-mediated DNA transfer to protoplasts (reviewed by Hohe et al., 2003). HR 

requires genetic constructs to contain sequences homologous to the targeting locus in the moss 

genome (figure 1.20). Hohe et al. (2003) showed that the use of a linear DNA is decisive to increase the 

proportion of stable transformants. Indeed, protoplasts transformation with circular DNA leads to a 

high number of unstable transformants. Illegitimate recombination can occur in P. patens genome but 

at a very low efficiency (reviewed by Schaefer 2002). Moreover, numerous copies of the transgene can 

be integrated during the same event of transformation (Kamisugi 2006). 

 

 

 

 

 

http://www.cosmoss.org/
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Figure 1.20 Principle of the homologous recombination in the moss genome via a recombination vector 

1: The WT locus in the moss genome: with an Open Reading Frame and the 5’ and 3’ extremities 

2: The replacement vector: with a modified ORF, a selectable marker and 5’/3’ homologous sequences 

3: After homologous recombination: replacement of the moss WT ORF by the modified ORF cassette 

 
 
 

Cre/ Lox System  

We will use the Cre/Lox system recombination for the elimination of the selectable marker. 

This system represents a very interesting tool in plant biotechnology, allowing specific mutations in 

the genome (Schaefer, 2002). The Cre/Lox system is composed by the Cre recombinase, the enzyme 

that catalyzes the recombination between two specific recognition sites, the LoxP sites (Nagy, 2000). 

Two LoxP sites flank the sequence that will be excised by the Cre recombinase. This Cre/Lox mechanism 

was discovered in the bacteriophage P1. In our working strategy of targeted mutagenesis, LoxP sites 

have to be integrated in our vector design. The Cre/Lox system allows also the elimination of multiples 

tandem insertions of the recombination cassette and of the selectable marker. 

 

F.1.d RNAi in moss 

Numerous endogenous siRNA (short interfering) and miRNA (micro interfering) are expressed 

in moss. These non-coding RNAs act as regulatory factors in the cell (Quatrano et al., 2007). Previous 

work underlined that gene targeting is sometimes ineffective when the gene of interest belongs to a 

large family because the function can be redundant with the other members. In this case, RNAi can be 

used as an efficient system to silence genes (Bezanilla et al., 2003). It has been shown in moss that 

multiple member gene of a family can be silenced at the same time. This tool to obtain moss mutants 

is an interesting way to study the effect of gene families, particularly when single gene mutations do 

not lead to a visible phenotype (Cove 2005; Bezanilla et al., 2003). 
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F.1.e Abiotic stress tolerance in moss 

Gene targeting is an efficient strategy to investigate the abiotic stress tolerance in moss. Frank 

et al. (2005) showed that Physcomitrella displays a high degree of tolerance to salt, osmotic and 

dehydration stress, in comparison to Arabidopsis. The analysis of chlorophyll content after stress 

recovery indicates that Physcomitrella can tolerate up to 350mM NaCl while Arabidopsis is limited to 

100mM. Mosses have also a high tolerance to severe water loss. Gametophytes and protonema are 

able to recover even after a loss up to 92% of their fresh weight. By a cDNA micro-array approach, it 

was found in Physcomitrella some genes related to stress responses, homologous to Arabidopsis. This 

work allows to confirm that some stress mechanisms are conserved between mosses and higher 

plants.  

 

 

F.2 The moss vacuole 

F.2.a Different kind of vacuoles 

As described for higher plants, e.g. Mimosa or Mesembryanthemum, two kind of vacuole can 

coexist in the same cell (Epimashko et al., 2004). Observations of protonema cells after Neutral red 

(NR) staining show that this is also the case in Physcomitrella patens. Neutral red is a vital stain which 

was first observed to accumulate in lysosomes of animal cells. This dye is also a pH indicator, changing 

from yellow to red with lower pH. NR is able to diffuse through the PM and the tonoplast of living cells. 

It is protonated in acidic compartments such as the vacuolar lumen in plants, where it is then trapped. 

This dye is widely used in light microscopy (reviewed by Oparka, 1991; Dubrovsky et al., 2006). Acidic 

vacuoles are stained red while neutral vacuoles do not accumulate the dye. In apical cells of 

chloronema, these two type of vacuoles can be observed in the same cell (Figure 1.21).  

 

 

 



66 
 

                     

 

Figure 1.21 Two types of vacuoles can coexist in the same cell 

Neutral (NV) and Acidic vacuole (AV). Neutral Red staining of protonema (chloronema) cells of P. Patens, 

observation in light microscope. Scale bar = 50µm 

 

 

 

F.2.b Vacuole structure and dynamics 

In animal cells, the distribution and the arrangement of some organelles, like the ER and the 

Golgi, have been observed to be regulated by the microtubules. In higher plants, this mechanism was 

described to be dependent on actin filaments. Oda et al. (2009) studied the vacuole organization in P. 

patens and more particularly the interaction between cytoskeletal structures and vacuolar 

membranes. They observed that moss vacuoles are dynamic structures, with inner sheets and tubular 

protrusions, especially in elongating cell tips. This worked demonstrated that contrary to flowering 

plants, microtubules were necessary to maintain vacuolar structures in moss. Visualization of tonoplast 

using fusion a construct expressing GFP and an A. thaliana t-SNARE AtVAM3, allowed to observed 

vacuolar membranes and other structures such as sheet-like and tubular components. In chloronema 

cells, observations showed that the vacuolar organization is simpler in sub-apical cells than in apical 

cells. Vacuoles of moss apical cells have a structure and a dynamics linked with their feature of tip 

growth. The close relationship between vacuoles and microtubules in moss emphasizes the 

evolutionary divergence, contrasting with the mechanisms observed in higher plants (Oda et al., 2009). 

Chloronema and caulonema cells display a different organelle composition, in accordance to their 

respective function. Chloronema cells present a high number of vacuoles and the organelles 

distribution is homogenous. On the opposite, most of the time caulonema cells show one basal vacuole 

and a different cytoplasmic repartition of organelles (Furt et al., 2012). 
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F.3 Quintuple RMR Knock-Out lines 

In order to characterize the function of RMR proteins, single, multiple and quintuple RMR 

Knock-Out (KO) lines of P. patens have been generated by S. Ayachi during her PhD thesis (Ayachi 

2012). Unfortunately, these mutants do not show any obvious phenotype (figure 1.22).  

 

 

Figure1.22 WT and RMRs mutant lines (from Ayachi, 2012). Scale bar 5 mm. Light microscopy.  

 

 RMR locus deletions were done by gene targeting of each PpRMR, eliminating the whole open reading 

frame (ORF). Replacement vectors carried a resistance cassette between two homologous sequences 

and two LoxP sites. Elimination of the resistance cassette was done using the Cre/Lox system, allowing 

to use it again for the next transformation. 

 

S. Ayachi observed in 5 KO mutant lines that the pattern and the number of acidic vacuoles were not 

affected by the gene deletion (Ayachi 2012). The presence of neutral vacuoles was also observed in 

the mutants. 5KO mutant lines showed no abnormal developmental phenotype. In the following work, 

single KO rmr2 or rmr5, triple KO rmr2/rmr3/rmr5 and quintuple KO were used. 
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G. Aim of this thesis 

Vacuoles are multifunctional organelles, essential for plant growth and development. They are 

involved in many cellular functions, from the maintenance of homeostasis to the storage of diverse 

molecules. Different kind of vacuoles can coexist in the same cell. Many studies concerning the role of 

the lytic/acidic vacuoles have been done but less is known about the traffic of proteins to the 

storage/neutral vacuole. So far, in higher plants, evidence are accumulating about implication of RMR 

proteins in vacuolar targeting but their mechanisms of action are still unclear.  

The present research aims to elucidate the role of RMR proteins in the moss Physcomitrella 

patens. The deletion of the five genes coding for RMR proteins did not lead to any developmental 

phenotype. The first part of this thesis deals with the moss secretory pathway and the development 

of a fluorescent reporter library. Phenotypic analysis of transgenic lines will help us to understand 

some of the evolutionary mechanisms that occurred during plant land evolution. The second part of 

this work is focused on the characterization of the five Knock-out RMR mutants. Our work hypothesis 

is that RMRs may act as vacuolar receptors targeting proteins to the neutral/storage vacuole. Finally, 

to complete this investigation about RMRs function, we identified some putative partners of the 

cytosolic part of PpRMR2.     
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Chapter 2  
Study of the secretory system in moss: 
fluorescent reporters library 

 

In plants, the secretory pathway consists of several organelles, from the ER to the vacuole, 

involved in the synthesis, maturation and targeting of proteins to their final destination within the cell. 

Vacuoles are considered as one of the endpoints of the secretory pathway. However, the majority of 

studies on this topic has been done in flowering plants and much less is known about seedless plants. 

Physcomitrella patens is a very suitable model for studying cellular mechanisms in lower plants and to 

better understand the evolutionary processes leading to current flowering and no-flowering plants. 

The highly efficient homologous recombination allows precise knock-out of genes, but also gene 

replacement, insertion of a reporter sequence into a gene to obtain a fusion protein of insertion of a 

reporter gene into a selected non-coding locus to obtain reproducible expression. Moreover, the 

filamentous structure of protonema is very appropriate for studies at the sub-cellular level. In fact, 

heterologous fluorescent markers can be expressed by insertion of the coding sequence, targeting 

non-coding loci (Schaefer 2001; Schaefer 2002; Kamisugi 2006). Filamentous cells of protonema 

facilitate the microscopic observations, allowing studies at single cell level.  

 

Fluorescent reporters have already been generated by S. Ayachi (a previous PhD student) in 

order to visualize organelles of the secretory pathway in P. patens. Typical ER patterns showing 

reticulated structures and the nuclear envelope were observed with the P6-YFP marker. Golgi and TGN 

reporters (GONST1-YFP and Venus-SYP61) were also used, showing respectively punctate pattern and 

dynamics dots (Ayachi 2012). In this thesis, other fluorescent reporters were developed in order to 

supplement this library. A heat-shock promoter was used for all the new constructs. It facilitates the 

observation of protein transport within the cell. Moreover, all the constructs were addressed to the 

non-coding locus, called 108 in the moss genome (Schaefer and Zrÿd, 1997).  
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A. General secretory system markers 

A.1 Reporter for the endoplasmic reticulum 

As described previously, the ER reporter already available in our lab is a fusion protein of YFP 

and the P6 protein, which is anchored in the ER membrane, with a cytosolic domain (Peremyslov et al., 

2004). To complete this work, we attached the C-terminal KDEL sequence to the fluorescent protein 

Citrine. This KDEL sequence is known to be sufficient to retain soluble proteins in the ER (Denecke et 

al., 1992; Pagny et al., 1999). Transgenic lines expressing the Citrine-KDEL fusion were generated. 

Confocal microscopic observations of protonema cells showed a reticular fluorescent pattern typical 

of ER, 24 hours after heat-shock induction. The nuclear envelope, which is continuous with the ER was 

also visible (figure 2.1).  

 

Previously, Schaaf et al. (2004) also showed that a GFP-KDEL fusion was retained within the 

endomembrane system in transiently transformed moss protoplasts. We confirmed this pattern in our 

stable fluorescent line.  
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Figure 2.1 KDEL sequence is retained in the ER in P. patens  

(A) Schematic representation of the Citrine-KDEL fusion construct. The KDEL sequence was fused to the C-

terminus of the Citrine. The signal peptide came from the A. thaliana chitinase I.  

(B) Fluorescence was observed in a typical ER pattern (left hand panel). Chloroplasts were visualized by the 

chlorophyll autofluorescence (center panel). The merged image shows the superposition of Citrine and 

chlorophyll (right hand panel). Observations were made on protonema 24 hours after heat-shock induction. 

Scale bar = 20 µm. 
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A.2 Reporter for the acidic vacuole   

Many studies described the presence of different types of vacuole within a same cell (Hoh et 

al., 1995; Paris et al., 1996; Vitale and Raikhel 1999; Epimashko et al., 2004). Acidic and neutral vacuoles 

were observed using Neutral Red staining, in flowering plants but also in moss. Cathepsin H, a 

lysosomal enzyme in mammalian cells, has a high degree of similarity with aleurain (Rogers et al., 

1985). Barley aleurain is a thiol protease found in acidic vacuoles and involved in the mobilization of 

reserves during seed germination (Holwerda and Rogers, 1993). This enzyme is synthetized as a 

proenzyme which is processed in two steps to it mature form, and which passes through the Golgi 

before reaching its final destination, the so-called aleurain-containing vacuole (Holwerda et al., 1990). 

Barley aleurain contains an ssVSD within its N-terminal propeptide, causing its sorting to the acidic 

vacuole. Exchange of this propeptide with the propeptide of another secreted thiol-protease (EP-B), 

caused secretion of aleurain and vacuolar targeting of EP-B (Holwerda and Rogers, 1992). A. thaliana 

Aleurain (AtAleurain) also has a similar ssVSD within its propeptide and is also addressed to the acidic 

vacuole (Zouhar and Rojo, 2009). 

 

A transgenic moss line expressing AtAleurain-GFP showed a central vacuole labelling, 

correlated with the large vacuole stained by neutral red (Ayachi 2012). In this thesis, transgenic lines 

expressing AtAleurain-Citrine were generated. To confirm the vacuolar targeting previously described 

by other studies, the fluorescent protein Citrine (a variant of YFP) was chosen because of its better 

tolerance to an acidic environment. Confocal observations of protonema cells 24 hours after heat-

shock induction indeed showed a vacuolar labeling. The same pattern was observed in leaves (Figure 

2.3).  

 



73 
 

 

 

Figure 2.3 AtAleurain fused to Citrine is targeted to the central vacuole 

(A) Schematic representation of the AtAleurain-Citrine fusion construct. The AtAleurain sequence was fused to 

the N-terminus of the Citrine.  

(B) Fluorescence was observed in a typical vacuolar pattern (left hand panel). Chloroplasts were visualized by the 

chlorophyll autofluorescence (center panel). The merged image shows the superposition of Citrine and 

chlorophyll (right hand panel). Observations were made on protonema and leaves 24 hours after heat-shock 

induction. Scale bar = 20 µm. 
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A.3 Secreted reporter  

 

A.3.a Citrine with just a signal peptide 

Signal peptides (SP) are additional sequences found at the N-terminal side of most proteins, in 

order to enter the secretory pathway at the ER and to be transported to the final location within the 

cell. Most of the time, SP are removed from the mature protein (Von Heijne, 1990). Denecke et al. 

(1990) showed in plants, that protein entering the secretory pathway with an added signal peptide can 

be secreted via a default pathway. In order to obtain transgenic line expressing a secreted fluorescent 

protein, the SP of AtChitinase I was fused to the N-terminus of Citrine. Synthesis into the ER then 

secretion out of the cell was the expected result for this fusion. Protonema and leaf observations by 

confocal microscopy, 24 hours after heat-shock induction, showed unexpectedly a strong vacuolar 

fluorescence, in both protonema cells and in leaves (figure 2.4). Schaaf et al. (2004) had described (but 

not commented) an ER pattern for an SP-GFP, in transformed moss protoplasts. We considered this 

pattern due to slow exit from the ER before secretion. 
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Figure 2.4 SP-Citrine entering the secretory pathway without any additional targeting sequence is addressed to 

the vacuole.  

(A) Schematic representation of the SP-Citrin fusion construct. The signal peptide came from the A. thaliana 

chitinase I. The SP sequence of AtChitinase I was fused to the N-terminus of the Citrine.  

(B) Fluorescence was observed in a typical vacuolar pattern (left panel). Chloroplasts are visualized by the 

chlorophyll autofluorescence (center panel). The merged image shows the superposition of Citrine and 

chlorophyll (right panel). Observations were made on protonema and leaves 24 hours after heat-shock induction. 

Scale bar = 20 µm. 
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A.3.b Secreted chitinase from P. patens 

The unexpected vacuolar localization of a presumptive secreted reporter forced us to adopt a 

different approach, using an endogenous secreted protein. In order to obtain a vacuolar reporter, S. 

Ayachi (2009) has inserted the coding sequence of GFP in translational fusion into the gene encoding 

a presumptive vacuolar chitinase of P. patens. Unexpectedly, a fluorescent labelling was observed in 

the cell wall and not in the vacuole. Because so far little is known about the secretion of proteins in 

moss, we tried another candidate and we chose to create a fluorescent reporter by fusing Citrine at 

the N-terminus of a secreted chitinase identified in an analysis of the P. patens secretome (Lehtonen 

et al., 2013). In this study, a class I chitinase was identified. Chitinases are enzymes that degrade chitin, 

the second most abundant polysaccharide on earth. Plant chitinases are pathogenesis-related proteins 

involved in plant defense. Different isoforms concentrate in vacuoles and extracellular spaces of 

infected tissues after pathogen attack (Neuhaus, 1999; reviewed by Hamid et al., 2013).  

 

Transgenic lines expressing the moss chitinase I fused to the C-terminal part of the Citrine were 

obtained. Accumulation of fluorescence in cell wall was observed from 24 hours after heat-shock 

induction, both in leaves and in protonema cells. An ER pattern was also observed at 24h hours after 

heat-shock induction, attesting of the entry of the construction in the secretory pathway. At 48h, only 

cell wall fluorescence was observed in leaves, confirming the secretion of the construct (figure 2.5). 
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Figure 2.5 The fusion Citrine-PpChitinase I is targeted to the cell wall 

(A) Schematic representation of the SP-Citrine-PpChitinase construct. The signal peptide used is the endogenous 

SP of the PpChitinase I. The rest of the sequence of PpChitinase I was fused to the C-terminus of Citrine.  

(B) Fluorescence was observed in a typical cell wall pattern (left panel). Chloroplasts were visualized by the 

chlorophyll autofluorescence (center panel). The merged image shows the superposition of Citrine and 

chlorophyll (right panel). Observations were made on protonema cells and leaves 24 hours and 48 hours after 

heat-shock induction. Scale bar = 20 µm. 
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B. Reporters for the neutral vacuole (ctVSD) 

 

B.1 CtVSD of tobacco chitinase A 

The C-terminal propeptide of tobacco chitinase A was shown to be both necessary and 

sufficient for vacuolar targeting of a reporter protein in flowering plants (Neuhaus et al., 1991). Di 

Sansebastiano (1998) showed neutral vacuole labeling in tobacco protoplasts when expressing GFP 

with fused at its C-terminus the CtVSD of tobacco chitinase A. This was also observed in transgenic A. 

thaliana (Flückiger et al., 2003). Preliminary results had indicated that this reporter was also vacuolar 

in P. patens protoplasts (Maxime Quebatte, diploma thesis 1999). Consequently, we also made a 

vacuolar reporter using this ctVSD for the moss. As mentioned before, Citrine was used instead of GFP 

because this fluorescent reporter has been described to be more resistant to acidic pH and 

photobleaching. As expected, a strong vacuolar pattern was observed in protonema cells 24 hours 

after heat-shock (figure 2.6).  

 

B.2 CtVSD of cardosin A 

Cardosin A is a protease targeted to the protein storage vacuole of the stigmatic papillae of 

cardoon (Ramalho-Santos et al., 1997). Study of the intracellular transport of cardosin A allowed to 

identified a ctVSD, involved in the transport to the vacuole by the classical route (Pereira 2012). This 

ctVSD was fused to the C-terminus of the Citrine. The fusion construct was expressed in stable 

transgenic lines. Confocal microscopy confirmed the expected vacuolar pattern. Central fluorescent 

vacuoles were observed from 24 to 48 hours after heat shock induction, in both protonema cells (figure 

2.7) and in leaves (figure 2.8).  
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Figure 2.6 The ctVSD of tobacco chitinase A targets Citrine to the central vacuole of moss 

 (A) Schematic representation of the Citrine-Chi construct. The signal peptide used is the SP of the A. thaliana 

chitinase I. The ctVSD of tobacco Chitinase A was fused to the C-terminus of the Citrine.  

(B) Fluorescence was observed in a vacuolar pattern (left panel). Chloroplasts were visualized by the chlorophyll 

autofluorescence (center panel). The merged image shows the superposition of Citrine and chlorophyll (right 

panel). Observations were made on protonema 24 hours after heat-shock induction. Scale bar = 20 µm. 
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Figure 2.7 The ctVSD of cardosin A targets Citrine to the central vacuole of moss protonema cells 

(A) Schematic representation of the Citrine-Card construct. The signal peptide used is the SP of the A. thaliana 

chitinase I. The ctVSD of cardosin A was fused to the C-terminus of the Citrine.  

(B) Fluorescence was observed in a vacuolar pattern (left panel). Chloroplasts are visualized by the chlorophyll 

autofluorescence (center panel). The merged image shows the superposition of Citrine and chlorophyll (right 

panel). Observations were made on protonema 24 hours and 48 hours after heat-shock induction. Scale bar = 20 

µm. 
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Figure 2.8 The CtVSD of cardosin A targets Citrine to the central vacuole in moss leaves 

Fluorescence was observed in a vacuolar pattern (left panel). Chloroplasts were visualized by the chlorophyll 

autofluorescence (center panel). The merged image shows the superposition of Citrine and chlorophyll (right 

panel). Observations were made on leaves 24 hours and 48 hours after heat-shock induction. Scale bar = 20 µm. 

 

 

B.3 CtVSD of moss aspartic proteinase 1 

Aspartic proteinases are enzymes involved in proteolytic processes and are found in a wide 

range of organisms, from bacteria to mammals. In moss, PpAP1 was identified to be an aspartic 

proteinase targeted to the vacuole (Schaaf et al., 2004). However, Schaaf et al. worked only on 

transiently infected protoplasts with the fusion GFP-PpAp1 and did not generate stable lines. In order 

to confirm their results and to test an endogenous ctVSD, the C-terminal sequence of PpAP1 was fused 

to the C-terminus of Citrine. PpAP1 is homologous to cardosins. The ctVSD of PpAP1 was identified by 

analogy. Because this ctVSD sequence is very similar to the ctVSD of cardosin A, a vacuolar labeling 

was also expected in transgenic lines. Microscopic observations indeed showed fluorescent vacuoles 

in protonema cells, from 24 hours after heat-shock (figure 2.9). 
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Figure 2.9 The CtVSD of PpAP1 targets Citrine to the central vacuole of moss protonema cells 

(A) Schematic representation of the Citrine-AP1 construct. The signal peptide used is the SP of the A. thaliana 

chitinase I. The CtVSD of PpAP1 was fused to the C-terminus of the Citrine.  

(B) Fluorescence was observed in a vacuolar pattern (left panel). Chloroplasts are visualized by the chlorophyll 

autofluorescence (center panel). The merged image shows the superposition of Citrine and chlorophyll (right 

panel). Observations were made on protonema 24 hours after heat-shock induction. Scale bar = 20 µm. 
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C. Plant Specific Insert reporters 

PSI domains are exclusively found in plant aspartic proteases. The physiological role of these 

saposin-like domains is still unclear but they are involved in pathogen resistance and vacuolar targeting 

(Törmäkangas et al., 2001; Bryksa et al., 2011). PSI domains interact with membranes. Deletion of the 

PSI domain of barley phytepsin lead to its secretion instead of its vacuolar targeting in tobacco 

protoplasts (Törmäkangas et al., 2001). Both cardosin A and B contain a PSI domain but their biological 

properties and cellular localizations differ. Despite a high amino acid sequence similarity, cardosin A is 

vacuolar while cardosin B is secreted in the extracellular matrix of the floral transmitting tissue of 

cardoon; but to vacuoles in agroinfiltrated tobacco leaves (Vieira et al., 2001; Pereira 2012). For this 

reason, PSI domains of cardosin A and B are interesting tools to understand vacuolar targeting. 

 

C.1 PSI domain from Cardosin A 

The PSI domain of cardosin A (PSI-A) was fused to the N-terminus of Citrine. A fluorescence 

signal was expected in the central vacuole. Confocal observations 24 hours and 48 hours after heat-

shock revealed a vacuolar labeling in protonema cells (figure 2.10). ER was also visible at both times, 

in some cells. 

 

C.2 PSI domain of the cardosin B 

The PSI domain of cardosin B (PSI-B) was fused to the N-terminus of Citrine. By analogy to what 

is observed in flowering plants, secretion of the fusion protein is expected so extracellular spaces 

should be labeled. Confocal observations 24 hours after heat-shock revealed an ER and nucleus pattern 

for most cells. A light vacuolar labeling could also be observed in few cells. 48 hours after induction, 

vacuolar labeling was stronger but the nuclear envelope was still visible for a majority of cells (figure 

2.11).  
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Figure 2.10 The PSI domain of cardosin A targets Citrine to the central vacuole of protonema cells 

(A) Schematic representation of the SP-PSIA-Citrine construct. The signal peptide came from the P. patens 

chitinase I. The PSI domain of cardosin A was fused to the N-terminus of Citrine.  

(B) Fluorescence was observed in a vacuolar pattern (left panel). Chloroplasts were visualized by the chlorophyll 

autofluorescence (center panel). The merged image shows the superposition of Citrine and chlorophyll (right 

panel). Observations were made on protonema 24 hours and 48 hours after heat-shock induction. Scale bar = 20 

µm. 
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Figure 2.11 The PSI domain of cardosin B targets Citrine to the central vacuole of protonema cells  

(A) Schematic representation of the SP-PSIB-citrin construct. The signal peptide used came from the P. patens 

chitinase I. The PSI domain of cardosin B was fused to the N-terminus of Citrine.  

(B) Fluorescence was observed in a vacuolar pattern (left panel). Chloroplasts were visualized by the chlorophyll 

autofluorescence (center panel). The merged image shows the superposition of citrin and chlorophyll (right 

panel). Observations were made on protonema 24 hours and 48 hours after heat-shock induction. Scale bar = 20 

µm.  
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D. Discussion  
 

So far, little is known about the moss secretory pathway. In our laboratory, a first set of 

fluorescent markers was established by a previous PhD student in order to study the organelles 

involved in the secretory pathway (Ayachi 2012). To complete this collection and to extend our 

knowledge about the secretory pathway in seedless plants, we developed further fluorescent markers, 

in particular several vacuolar reporters.  

 

Our results showed that general secretory system reporters like ER-retained marker or acidic 

vacuole marker were targeted to the expected destination in the moss cell, as in flowering plants. The 

ssVSD of barley and Arabidopsis aleurain have been found to direct the protein to the lytic vacuole 

(Holwerda and Rogers, 1993; Zouhar and Rojo, 2009). Our results showed that the ssVSD of AtAleurain 

directed the fluorescent reporter to the central vacuole. In plants as in animals, proteins with a KDEL 

sequence at their C-terminus were retained in the ER (reviewed by Pagny et al., 1999). In our case, the 

KDEL sequence was apparently sufficient to retain the SP-Citrine construct in the ER. Schaaf et al. 

(2004) worked on moss protoplasts and observed a similar pattern of fluorescent ER in transfected 

moss protoplasts expressing a SP-GFP-KDEL construct. Transgenic lines expressing the Citrine-

Ppchitinase showed an accumulation of fluorescence in the cell wall of protonema and leaves. 

 

Proteins having a ctVSD were described to be directed to the neutral/storage vacuole. The 

three characterized ctVSD of tobacco chitinase, cardosin A and PpAP1 were tested in moss. These 

constructs were targeted to the central vacuole, as predicted. Our results showed that ctVSD already 

validated in flowering plants, are also recognized and well processed in the moss.  

 

The PSI domains, found exclusively in plant APs, were described to play a role in proteins 

trafficking. Indeed the PSI from cardosin A is involved in vacuolar targeting (Pereira 2012). In cardoon, 

the PSI domain from cardosin B seems to play a role in the secretion of the protein in the floral 

transmitting tissue, destined to the extracellular matrix. In tobacco cells, cardosin A and B are vacuolar 

(Pereira 2012). In this work we observed that transgenic moss expressing the PSI domain from cardosin 

A fused to Citrine, showed a vacuolar pattern, as expected. In protonema, expression of the PSI.B fused 

to Citrine, showed first an ER labeling (at 24 hours) then a central vacuolar fluorescence (at 48 hours). 

We did not observed that PSIB-citrine is secreted in P. patens. 
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In plants, it has been demonstrated that proteins entering the secretory pathway by the ER 

with only a signal peptide can be secreted via a default pathway (Denecke et al., 1990). A conflicting 

result was obtained for the SP-Citrine construct, which was supposed to be secreted, as was the case 

in angiosperms. SP-Citrine was instead addressed to the central vacuole in protonema cells. In moss, 

fluorescent reporters entering the secretory pathway with only a SP and no specific other targeting 

signal appears to be directed to the vacuole. Our results suggest that secretion mechanisms have 

evolved between seedless and flowering plants and a specific signal is maybe necessary for protein 

secretion in moss. Otherwise, we can also suppose that the Citrine contains a cryptic signal for vacuolar 

targeting, recognized in moss but not in flowering plants. 

 

These fluorescent reporters highlight that there are cellular features involved in vacuolar 

targeting that are conserved between mosses and flowering plants. However, the question about 

different pathways existing to reach the same kind of vacuole remains non-answered. This topic was 

discussed in the following chapter with the used of secretory pathway inhibitors on mutants and WT 

transgenic lines. 
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Chapter 3 
Characterization of RMR Knock-out 
mutants  

 

Plants can contain different vacuole types within a same cell (Hoh et al., 1995; Paris et al., 

1996). According to the classical secretory pathway model, luminal proteins reach the vacuole after 

trafficking through the ER and the Golgi apparatus. These proteins are sorted to their final destination 

by cargo receptors, which recognize and bind a specific component, a vacuolar sorting determinant 

(VSD). First identified, ssVSDs are NPIR-like motifs which target proteins to the lytic vacuole. VSRs are 

well characterized vacuolar receptors and their role in protein sorting to lytic vacuole is now admitted 

(Jiang and Rogers 1998; DaSilva et al., 2006; Zouhar et al., 2010). Identified by their homology to the 

PA domain of VSR proteins, RMR proteins are thought to be vacuolar receptors, targeting proteins to 

the PSV (Cao et al., 2000). However, the role of RMRs is still unclear and needs further investigations. 

RMRs and their homologues belong to the PA-TM-RING protein family. In animals, several of these 

proteins have been identified as E3 ubiquitin ligases, suggesting another interesting role for RMRs.  

 

This part of our work was focused on the elucidation of the role of RMR proteins in P. patens, 

where five RMR genes have been identified. A previous PhD student generated single, multiple and 

quintuple Knock-Out (KO) lines of RMR in moss (Ayachi 2012). However, these mutants did not show 

any visible phenotype. Localization of ER and Golgi reporters was not different between WT and 

mutants (Ayachi 2012). In order to further characterize the RMR mutants, we tested several additional 

fluorescent reporters, treated the moss with secretory pathway inhibitors and stress conditions. The 

localization of RMR in moss was also addressed. The localization of RMR proteins can either support 

their role as vacuolar receptors or suggest new roles, such as involvement in an ubiquitylation 

mechanism. 
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A. Phenotypic characterization of RMR mutants with fluorescent reporters 

 

As described in the previous chapter, fluorescent reporters were developed to study the moss 

secretory system. A HSP promoter was used for all the constructs because it allows to observe the 

protein’s progression within the cell. All the constructs were inserted into the non-coding locus 108 in 

the moss genome (Schaefer and Zrÿd, 1997). In the following part, several markers described in the 

previous chapter were tested in RMR mutants, in order to detect a phenotypic difference between the 

WT and the mutant lines. 

 

A.1 CtVSD reporters 

CtVSD are found at the C-terminus of many proteins directed to the PSV. Because RMRs are 

possibly involved in the recognition of ctVSD, different ctVSD constructs were tested. In WT transgenic 

lines, several ctVSD constructs lead to a vacuolar fluorescent pattern. If RMRs play a role in this 

mechanism, protein mistargeting is expected in RMR mutants. 

 

A.1.a CtVSD of tobacco chitinase I 

This ctVSD has been used in our laboratory for a long time. In tobacco protoplasts, expression 

of the fluorescent protein GFP carrying the ctVSD of tobacco chitinase A, lead to a central vacuolar 

labeling (Di Sansebastiano et al., 1998). In tobacco protoplasts and Arabidopsis plants, this reporter 

labeled a different vacuole than another vacuolar reporter (Aleu-GFP6) targeted to acidic vacuoles (Di 

Sansebastiano et al., 2001; Flückiger et al., 2003). In this context, the construct Citrine-Chi was tested 

to study vacuolar targeting in moss. Two RMRs mutants were used, the triple Knock-out mutant where 

RMR 2 and 4 are remaining and the quintuple knock-out where all RMRs are missing. Transgenic lines 

were generated and analyzed by confocal microscopy. 24 hours after heat-shock induction, strong 

vacuolar fluorescence was observed in all lines. Unexpectedly, there was no phenotypic difference 

between the WT and the mutant lines (figure 3.1). 
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Figure 3.1 No targeting difference between the WT and the mutant lines expressing Citrine-Chi 

 Vacuolar fluorescence was observed in the three transgenic lines, WT (left panel), 3KO (center panel) and 5KO 

(right panel). Observations were made on protonema 24 hours after heat-shock induction. Scale bar = 20 µm. 

 

 

A.1.b CtVSD of cardosin A 

Cardosin was described to be accumulated in protein storage vacuoles of the stigmatic papillae 

of cardoon (Ramalho-Santos et al., 1997). The ctVSD of cardosin A was efficiently targeting a reporter 

to vacuole in tobacco. Because there was no targeting difference between WT and mutants expressing 

Citrine-Chi, Citrine with the ctVSD of cardosin (Citrine-Card) was tested in several RMR mutants. 5KO 

and 3KO (rmr1,3,5) transgenic lines were obtained. 24 hours after heat-shock induction, confocal 

microscopy showed a difference of fluorescent pattern in mutant lines. A typical ER pattern was 

observed in 3KO and 5KO mutants while it was strongly vacuolar in WT (figure 3.2). In mutants, the 

fusion protein was blocked in the ER, even 48 hours after heat-shock induction. In this typical ER 

pattern, the nuclear envelope is well visible.  

  

 



92 
 

 

Figure 3.2 The Citrine-Card construct is mistargeted in RMR mutant lines 

(A) Vacuolar fluorescence was observed in WT (left panel), but the fusion was mistargeted in the 3KO (center 

panel) and 5KO lines (right panel).  

(B) Leaf cells expressing the Citrine-Card construct, vacuolar in WT ER retained in 5KO line 

Observations were made 24 hours after heat -shock induction. Scale bar = 20 µm. 
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Moss RMRs can be separated into two sub-families, RMR1 and 2 in one, RMR3, 4 and 5 in the 

other one (figure 1.11). Since single RMR KO mutants were available in the lab, two mutants 

representing each subfamily were tested with the construction Citrine-Card: rmr2 and rmr5. In both 

1KO mutants, most of the fluorescence was retained in the ER in comparison with the WT line, 24 

hours after heat-shock induction (figure 3.3). A faint vacuolar pattern could also be observed in some 

cells in the mutant lines. Despite being member of two distinct sub-families, mutants lacking RMR2 or 

RMR5 showed the same fluorescent pattern as the 5KO line.  

 

 

 

Figure 3.3 Citrine-Card is also mistargeted in single KO mutant lines 

Vacuolar fluorescence was observed in WT (left panel), but the fusion was mistargeted in rmr2 (center panel) 

and in rmr5 (right panel). Observations were made on protonema 24 hours and 48 hours after heat-shock 

induction. Scale bar = 20 µm. 
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In WT expressing Citrine-Card, fluorescent vacuoles were observed. In all four mutant lines (1, 

3 or 5KO), most of the fluorescence was ER-localized. In order to investigate this phenotypic difference, 

immunoblot analysis of Citrine in the different lines was performed (figure 3.4). Total proteins were 

extracted 24 hours after heat-shock induction. The fusion Citrine-Card was detected in all lines. 

However, additional bands are also visible in all samples. They show partial degradation products of 

the fluorescent reporter, probably due to the high level of expression induced by the heat-shock 

promotor.  

 

 

 

 

Figure 3.4 Western blot of proteins extracts from moss lines expressing Citrine-Card. All lines showed the same 

protein pattern. 

Citrine has a molecular weight of 27 kDa (arrow), Citrine-card has a molecular weight of 27.7 kDa. Protonema 

was ground, 24 hours after heat-shock induction. Total soluble proteins were analyzed by SDS-PAGE followed by 

immunoblotting with anti-GFP to detect Citrine.  
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A.1.c CtVSD of PpAP1 

Moss aspartic proteinase 1 was described to accumulate in the vacuole of protonema cells 

(Schaaf et al., 2004). Because the sequence of the ctVSD of AP1 (LGF AEAA KGEFV) is very similar to 

that one of cardosin (VGF AEAA), the same mistargeting that was observed with Citrine-Card was 

expected in mutants expressing Citrine-AP1. However, 24 hours after heat-shock induction the same 

vacuolar pattern in both WT and mutant was observed (figure 3.5). There was no difference of 

fluorescent pattern: contrary to Citrine-Card, Citrine-AP1 was not retained in the ER in 5KO mutant. 

 

 

 

Figure 3.5 No targeting difference between the WT and the 5KO line expressing Citrine-AP1 

Vacuolar fluorescence was observed in both transgenic lines, WT (left panel) and 5KO (right panel). Observations 

were made on protonema 24 hours after heat-shock induction. Scale bar = 20 µm. 
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A.2 PSI reporters 

Exclusively found in plant aspartic proteases, PSI domains are involved in protein-membrane 

interactions. Little is known about their specific cellular role but there is evidence implicating them in 

vacuolar targeting (Törmäkangas et al., 2001; Bryksa et al., 2011). In cardoon flowers, cardosin A is 

targeted to the vacuole while cardosin B is secreted to the extracellular matrix. In tobacco 

Agroinfiltrated leaves however, both cardosins are vacuolar. Both ctVSD and PSI domains of cardosin 

A and B targeted mCherry to vacuoles, but the PSI domains of cardosin A and B are differently affected 

by dominant-negative mutants of rabD2 or Sar1 (Pereira 2013). Therefore we tested the PSI domains 

of both cardosin A and B in 5KO RMR line. If RMRs are involved in their trafficking to vacuoles, we 

expected a mistargeting of the fluorescent signal in the mutants. 

 

 

A.2.a PSI from cardosin A 

WT and 5KO transgenic line expressing the PSI domain of cardosin A fused to Citrine showed a 

mixed ER and vacuolar labeling, 24 hours and 48 hours after heat-shock induction (figure 3.6). No 

difference was observed between the WT and the 5KO line.  

 

 

A.2.b PSI domain from cardosin B 

The PSI domain of cardosin B was found to target mCherry to the vacuoles in the agroinfiltrated 

tobacco (Pereira 2012). In WT transgenic protonema cells, the fusion PSIB-Citrine was targeted to the 

central vacuole. In the 5KO line, fluorescent ER was visible 24 hours after heat-shock induction. 

However, after at 48 hours a vacuolar fluorescence was observed, similar to the WT line (figure 3.7).  
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Figure 3.6 No targeting difference between the WT and the 5KO line expressing PSIA-Citrine 

Vacuolar fluorescence was observed in both transgenic lines, WT (left panel) and 5KO (right panel). Observations 

were made on protonema 24 hours and 48 hours after heat-shock induction. Scale bar = 20 µm. 
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Figure 3.7 No difference of targeting is observed between the WT and the 5KO line expressing PSIB-Citrine 

Vacuolar fluorescence was observed in both transgenic lines, WT (left panels) and 5KO (right panels) 48 after 

heat-shock induction. Observations were made on protonema cells. Scale bar = 20 µm. 
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A.3 Further vacuolar markers 

A.3.a Secreted Citrine (SP-Citrine) 

In flowering plants, expression of a fluorescent protein targeted to the secretory pathway via 

the ER (by a signal peptide) leads to its secretion. In contrast, in moss, a WT transgenic line expressing 

the SP-Citrine construct showed a strong vacuolar fluorescence. This construct was also tested in 5KO 

and 1KO lines, to see if this unexpected vacuolar targeting was affected in RMR mutants. 24 hours after 

heat-shock induction, the typical vacuolar pattern was observed in both mutant lines (figure 3.8). 

 

 

 

Figure 3.8 No difference of targeting was observed between the WT and the mutant lines expressing SP-Citrine 

Vacuolar fluorescence was observed in all transgenic lines: WT (left panel), 5KO (center panel) and rmr2 (right 

panel) 24 hours after heat-shock induction. Observations were made on protonema cells. Scale bar = 20 µm. 

 

 

A.3.b Acidic vacuole reporter 

Neutral red coloration of protonema showed an acidic central vacuole accumulating the dye 

for most part of cells. This vacuole is also labeled in transgenic plants expressing the AtAleurain-GFP 

(Ayachi 2012) and the AtAleurain-Citrine constructions. Barley Aleurain and Arabidopsis contain an 

ssVSD sequence responsible for the targeting to the acidic vacuole (Holwerda et Rogers, 1993; Zouhar 

et al., 2009). RMRs are not expected to be involved in this type of vacuolar targeting. 5KO line 

expressing the AtAleurain-Citrine construction was nevertheless tested. Observations 24 hours after 

heat-shock induction showed a vacuolar fluorescent pattern for a majority of the protonema cells 

(figure 3.10). As expected, the fluorescent pattern was the same as the WT transgenic line, and no 

difference was found.  
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Figure 3.10 No difference of targeting was observed between the WT and the 5KO line expressing AtAleurain-

Citrine  

Fluorescence localized in the central vacuole was observed in both transgenic lines, WT (left panel) and 5KO 

(right panel) 24 hours after heat-shock induction. Observations were made on protonema cells. Scale bar = 20 

µm. 

 

 

A.3.c Secreted moss chitinase 

A WT transgenic moss line expressing a fluorescent secreted chitinase was generated and the 

fluorescence was localized in cell wall. Although no difference of pattern was expected between the 

mutant and the WT, this construction was also tested on 5KO line. Confocal microscopy showed the 

same pattern as the WT line. The fluorescence signal was localized in cell wall 24 hours after heat-

shock induction, in protonema cells but also in leaves (figure 3.9). 

 

 

A.3.d ER-retained reporter 

The KDEL sequence is known to be a signal for ER retention. Tested in WT line expressing the 

Citrine-KDEL fusion, a typical ER labeling was observed in protonema cells. In a 5KO line, the same 

fluorescent pattern was expected. Confocal observations confirmed this expectation, the mutant line 

showed a strong ER labeling, with the well visible nuclear envelope (figure 3.11). 
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Figure 3.9 No difference of targeting is observed between the WT and the 5KO line expressing the fluorescent 

secreted Ppchitinase 

Fluorescence localized in the cell wall was observed in both transgenic lines, WT (left panels) and 5KO (right 

panels) 24 hours after heat-shock induction. Observations were made on protonema cells and leaves. Scale bar 

= 20 µm. 

 

 

Figure 3.11 No difference of labeling was observed between the WT and the 5KO line expressing the ER-retained 

signal. 

 Fluorescence was observed in a typical ER pattern in the WT transgenic line (left panel) and in the 5KO mutant 

line (right panel). Observations were made on protonema 24 hours after heat-shock induction. Scale bar = 20 

µm. 
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A.4 Discussion 

Because RMRs are thought to be involved in protein targeting to neutral/storage vacuole, 

several construct with ctVSD already characterized in angiosperms were tested in WT and KO mutant 

lines. Mistargeting of the reporter in the mutant line would indicate the involvement of RMR proteins 

in vacuolar targeting. The ctVSD of tobacco chitinase A was shown to be both necessary and sufficient 

for vacuolar targeting of a reporter protein and has been used since many times as a standard 

(Neuhaus et al., 1991; Stigliano et al., 2014).Moreover, Park and coworkers (2006) observed that the 

luminal part of AtRMR binds in vitro the ctVSD of tobacco chitinase. Moss protoplasts transiently 

expressing the whole PpAP1 sequence fused to GFP showed vacuolar fluorescence (Schaaf et al., 2004). 

The ctVSD of PpAP1 was sufficient to target Citrine to the moss vacuole. In our work, no striking 

difference of fluorescent pattern between WT and mutant lines were observed for these two ctVSD, 

as a vacuolar pattern was also observed in the mutant lines. The absence of RMRs did not have any 

effect on the vacuolar targeting of these reporters in moss. If RMRs are vacuolar receptors, these two 

proteins do not belong to cargoes recognized by moss RMRs.  

 

At last we detected an obvious difference of targeting for the ctVSD of cardosin A. In 

angiosperms, the C-terminal peptide of cardosin A was shown to be sufficient to target a reporter to 

the vacuole (Pereira et al., 2013). In our WT transgenic lines expressing Citrine with the ctVSD of 

cardosin A, a strong vacuolar fluorescent pattern was observed as expected, while fluorescence was 

retained in the ER in the 5KO, 3 KO and even two different 1KO mutants. Thus, when RMRs were 

absent, trafficking of this fluorescent reporter to the vacuole was inhibited. Moreover, it was enough 

to delete a single RMR gene (PpRMR2 or PpRMR5) to disrupt trafficking to the central vacuole. The 

same phenotype of the two single KO mutants excludes a differential function of the two subfamilies 

and could suggest a dosage effect. Indeed, we are still struggling to detect RMRs in P. patens and they 

could be very short lived. The ctVSD of PpAp1 differs from the ctVSD of cardosin A by only five 

additional amino acids and is unaffected. CtVSDs are inactivated when their very C-terminus is blocked 

by a bulky N-glycan or terminal Gly (Neuhaus et al., 1994; Bednarek et al., 1991). The addition of 

Glycine residues at the C-terminus of Citrine-Card could clarify the situation as it would prevent its 

interaction with RMRs and thus its vacuolar targeting. 

 

PSI domains are only found in plants. They have been described to be signals for protein 

targeting to the vacuole (Pereira 2013). Differential sensitivity to dominant-negative Rab or Sar1 

mutants underlined the existence of several pathways to reach the central vacuole. In moss, the PSI 

from cardosin A or B were both sufficient to target a reporter to the vacuole. There was no difference 



103 
 

between the WT and the 5KO line expressing either PSIA-Citrine or PSIB-Citrine, in both cases, 

fluorescence was vacuolar. Furthermore, we cannot decide yet if PSI A and B are taking the same route 

to reach the central vacuole in moss.  

 

 General secretory system reporters like ER-retained marker or secreted markers were not 

expected to be mistargeted in mutant lines. In both WT and 5KO lines expressing Citrine-Ppchitinase, 

fluorescence was localized in cell wall, as expected. In mutants, the ER-retained marker showed the 

same typical ER labeling than the WT. RMRs probably do not play a part in these cellular processes. 

 

We confirmed that the ssVSD of AtAleurain targets the fluorescent reporter Citrine to the 

central vacuole in moss and did not observe any difference between the WT and the mutant lines. In 

flowering plants, the ssVSD of aleurain is known to target the protein to the lytic vacuole by interacting 

with a VSR (Holwerda and Rogers, 1993). Our results confirm that RMRs are not involved in the 

recognition of ssVSD and in proteins trafficking to the acidic vacuole. Nevertheless, even though two 

types of vacuole (acidic/non acidic) have been observed in Physcomitrella patens with neutral red 

staining, there is no evidence for the existence of storage vacuoles in moss. 

 

 Regarding the SP-Citrine construct, which was first designed to obtain a secreted pattern, the 

fluorescent reporter was targeted to the central vacuole, both in WT and in 5KO lines. As discussed in 

the previous chapter, the fluorescent reporter Citrine could contain a cryptic signal for vacuolar 

targeting, which would be not recognized in flowering plant. Further studies like the addition of Glycine 

residues at the C-terminus of SP-Citrine, could also prevent the recognition of a potential cryptic ctVSD, 

and would help to clarify this mechanism. Another hypothesis that we considered was a default 

vacuolar targeting because of the overexpression due to the strong HSP promoter. Proteins could 

formed aggregates in the ER and directly go to the vacuole for degradation. This route bypassing the 

Golgi was described for some vacuolar storage proteins in seeds (Vitale and Galili, 2001). However, we 

did not observed any aggregates in the ER by confocal microscopy that should support this hypothesis.   
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B. Vacuolar routes studies: secretory pathway inhibitors effects 
 

In flowering plants, several different pathways to reach the vacuoles have been described. 

Generally, vacuolar proteins following the classical route are trafficking from the ER to Golgi/TGN, and 

to their final destination via multivesicular bodies or PVC compartments. This is the case for numerous 

soluble vacuolar cargoes such as aleurain, phaseolin or 12S globulin. However, proteins can also bypass 

the Golgi to directly reach the vacuole (reviewed by Uemura and Ueda, 2014). These routes were 

generally described in seeds for storage proteins, which may be packed into dense vesicles in the ER 

itself, before reaching the PSV (Vitale et al., 1999). In 2013, Stigliano et al. showed that two glycosylated 

vacuolar GFPs present a differential ENDO-H sensitivity and may thus follow distinct pathways. Analysis 

of the glycosylation pattern strongly suggested that one reporter transited through the Golgi and not 

the other one. Pereira et al. (2014) suggest a model where the several vacuolar routes depend on the 

cell type and environmental conditions. Secretory pathway inhibitors are efficient tools for studying 

proteins trafficking within the plant cell and Brefeldin A and Wortmannin are frequently used to block 

trafficking pathways. 

 

Brefeldin A (BFA) 

Initially discovered as an antibiotic, Brefeldin A is a fungal metabolite which reversibly and indirectly 

perturbs anterograde transport from the ER to the Golgi. Its targets are Sec7-type GEFs, necessary for 

Arf1 (ADP ribosylation factor 1 protein) activation, which plays a central role in Golgi transport. In many 

eukaryotes, BFA blocks the recruitment of COPI proteins, resulting in fusion of Golgi cisternae with ER 

(reviewed by Nebenführ et al., 2002). In plants, BFA induces changes in various organelles such as ER, 

Golgi and endosomal compartments. Tse et al. (2007) observed Golgi and PVC aggregates after BFA 

treatment in transgenic tobacco BY2 cells, expressing Golgi or PVC fluorescent reporter. However, they 

described a differential sensitivity to BFA of Golgi and PVC compartments. Not all Arf-GEF are BFA-

sensitive in plants and this sensitivity can differ in different species (Geldner et al., 2003). P. patens Arf-

GEF are expected to be BFA-sensitive, based on the critical amino acids in the Sec7 domain. 

 

Wortmannin 

Wortmannin is another fungal metabolite, which has been demonstrated to irreversibly inhibit 

phosphatidylinositol 3-kinases (PI3K) and phosphatidylinositol 4-kinases (PI4K) (Ui et al., 1995). PI3K 

catalyzes the production of phosphatidylinositol 3-phosphate (PI3P), an important lipid found in 

specific membranes of the secretory pathway. Wortmannin is known to perturb the secretory pathway 

and in plants specially the traffic to the lytic vacuole. It is generally used to study endosomal 
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organization and cellular trafficking. Previous studies demonstrated that Wortmannin interferes with 

protein trafficking to the acidic vacuole by blocking transport to the TGN. In plants, several routes 

addressing proteins to the vacuole have been described, and they do not show the same sensitivity to 

Wortmannin. It was shown that barley lectin and class I chitinases transit trough the Wortmannin-

sensitive vacuolar route in tobacco cells (Matsuoka et al., 1995). Wang et al. (2009) described that 

Wortmannin induces homotypic fusion of prevacuolar compartments as well as TGN in transgenic 

tobacco cells expressing GFP-BP80. More generally in plants, Wortmannin treatment leads to fusion of 

MVB and formation of abnormal vacuolar structures (reviewed by Foissner et al., 2016). In Arabidopsis 

root cells, Wortmannin causes clustering, fusion and swelling of TGN and MVB, affecting the recycling 

of the vacuolar receptor BP-80 and indirectly the vesicular transport to the vacuole (Takác et al., 2012). 

 

Study of inhibitors effects could help to distinguish the vacuolar routes followed by our different 

markers in moss. It may also give some clues about the involvement of RMRs in this trafficking 

protonema cells of transgenic lines were thus treated with Brefeldin A and Wortmannin. Localization 

of the fluorescent signal was then monitored by confocal microscopy. 

 

B.1 Results 

In the following work, protonema was treated overnight with 50µM of Brefeldin A or 30 µM of 

Wortmannin, following the heat-shock induction. Confocal observations were made the next day, 20 

hours after induction of protein expression. 

 

Transgenic lines (WT and 5KO) expressing AtAleurain-Citrine, usually showed a central vacuolar 

fluorescence. After Brefeldin A treatment, central vacuoles were not fluorescent anymore in either 

line (Figure 3.12). The fluorescent signal was visible in nuclear envelopes and in other ER structures. 

Protein transport to the Golgi was thus blocked by Brefeldin A. With Wortmannin, a different pattern 

was observed. Trafficking of AtAleurain to the vacuole was also blocked but the non-fluorescent central 

vacuole appeared swollen. Because of this, it was difficult to distinguish exactly where the fluorescent 

reporter was accumulated. Again no differences were noticed between the WT and the 5 KO line. 
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Figure 3.12 Vacuolar trafficking is inhibited by the secretory pathway inhibitors in protonema cells of transgenic 

lines expressing AtAleurain-Citrine. 

Protonema cells were treated with 50 µM Brefeldin A (center panel) or 30 µM Wortmannin (right panel) 

overnight, just after heat-shock. DMSO was used as control (left panel). Confocal observations were made 20 

hours after heat-shock. Scale bar = 20 µm. 

 

  

To investigate the mechanism of the vacuolar targeting of SP-Citrine, a WT and a 5KO 

transgenic line expressing it were also treated with BFA and Wortmannin. Vacuolar trafficking was 

again blocked after treatment with either inhibitor (Figure 3.13). Again, BFA treatment lead to a 

fluorescent ER-like pattern, with easily observed nuclear envelopes. A very similar pattern was 

observed after Wortmannin treatment but again the central vacuole was swollen. This vacuolar route 

was again inhibited in both WT and 5KO lines. The RMR-independent vacuolar targeting of both 

reporters was thus BFA-and Wortmannin-sensitive.  
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Figure 3.13 Vacuolar trafficking of SP-Citrine is inhibited by the secretory pathway inhibitors in protonema cells 

Protonema cells were treated with 50 µM Brefeldin A (center panel) or 30 µM Wortmannin (right panel) 

overnight, just after heat-shock. DMSO was used as control (left panel). Confocal observations were made 20 

hours after heat-shock. Scale bar = 20 µm 

 

 

We then tested the effect of these inhibitors on the lines expressing Citrine with the ctVSD of 

cardosin (Citrine-card) which has an RMR-dependent vacuolar localization: fluorescent vacuoles were 

observed in WT transgenic line while ER structures were visible in 1KO, 3KO and 5KO lines. In all three 

lines, treated cells showed an inhibition of vacuolar targeting of the fluorescent reporter (figure 3.14). 

Citrine-Card thus also follows a BFA-and-Wortmannin-sensitive pathway to vacuoles. After treatment 

with BFA, ER and nuclear envelope were visible in WT and 5KO lines. Cells treated with Wortmannin 

showed again swollen central vacuoles and fluorescent ER structures.  
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Figure 3.14 Vacuolar trafficking of Citrine-Card is inhibited by the secretory pathway inhibitors in protonema 

cells. 

Protonema cells were treated with 50 µM Brefeldin A (center panel) or 30 µM Wortmannin (right panel) 

overnight, just after heat-shock. DMSO was used as control (left panel). Confocal observations were made 20 

hours after heat-shock on three different lines: WT/SP-Ci-Card, 5KO/SP-Ci-Card and rmr2/SP-Ci-Card. Scale bar = 

20 µm 
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The ctVSDs of cardosin A and of tobacco chitinase A were thought to direct the reporter to the 

vacuole by the same pathway. However we observed a different targeting in 5KO line expressing these 

constructs. Citrine coupled with the ctVSD of cardosin A was predominantly retained in the ER while 

ctVSD of chitinase was directed to the vacuole. WT and 5KO line expressing the ctVSD of tobacco 

chitinase were treated with BFA and Wortmannin. Confocal observations revealed that the vacuolar 

route was also blocked after treatment with both inhibitors (figure 3.15), while in controls, most cells 

showed a strong vacuolar fluorescence. After inhibitor treatment, trafficking to the vacuole was mostly 

inhibited by BFA or Wortmannin. Citrine-Card took a BFA–and-Wortmannin-sensitive route, as all other 

constructs tested in this work.  

 

 

 

Figure 3.15 Vacuolar trafficking of Citrine-Chi is inhibited by the secretory pathway inhibitors in protonema cells. 

Protonema cells were treated with 50 µM Brefeldin A (center panel) or 30 µM Wortmannin (right panel) 

overnight, just after heat-shock. DMSO was used as control (left panel). Confocal observations were made 20 

hours after heat-shock. Scale bar = 20 µm 
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B.2 Discussion 

In flowering plants, different pathways to the vacuole were observed and characterized by the 

use of secretory pathway inhibitors like BFA and Wortmannin. Two post-Golgi routes were identified, 

involving two kind of vacuolar receptors. In one side, ssVSD were described to be recognized by VSR 

receptors and to target proteins to the acidic vacuole (Jiang and Rogers 1998; DaSilva et al., 2006; 

Zouhar et al., 2010). On the other side, ctVSD were shown to direct proteins to the neutral/storage 

vacuole and RMRs could play the role of receptors in this mechanism. The distinct routes to the vacuole 

were defined by different sensitivity to secretory pathway inhibitors. Cardosin A contains two VSDs, a 

ctVSD and a PSI domain, acting in distinct vacuolar route. Wortmannin treatment allowed to 

differentiate these routes: the ctVSD was guiding reporters to the central vacuole via a Wortmannin-

sensitive route, while reporters with the PSI domains trafficked via a Golgi/PVC-independent route, 

not affected by Wortmannin (Pereira, 2012). Stigliano et al. (2013) observed a differential effect of BFA 

on two vacuolar glycosylated GFPs, GFP-gl133-Chi and Aleu-GFP-gl133 (with a ctVSD and an ssVSD 

respectively), corroborating other evidence about the two distinct routes taken by these reporters to 

the vacuoles. GFP-gl133-Chi seems to transit from ER to vacuole by an independent-Golgi route. 

 

BFA has an effect earlier in the secretory pathway because it blocks the formation of COPI 

vesicles and indirectly affects the transport between ER and Golgi. The majority of Golgi enzymes are 

found in ER compartment after a BFA treatment (reviewed by Nebenführ et al., 2002). Cis-Golgi 

cisternae disappear progressively during BFA treatment in tobacco BY2 cells (Ritzenthaler et al., 2002). 

Wortmannin prevents vesicular transport later in the secretory pathway. It was described to inhibit 

the recycling of TGN vesicles in plants because it blocks the enzyme necessary for the production of 

endosomal membrane lipids. Wortmannin is known to induce fusion of PVC in tobacco BY2 cells but 

also in mung bean seeds (Wang et al., 2009). Fusion of TGN with PVC was also described after 

Wortmannin treatment. 

We chose to block trafficking pathway of some of our transgenic lines with BFA and 

Wortmannin in order to test for the existence of distinct vacuolar routes in moss. We selected lines 

expressing different kind of reporters, and supposed to take different routes to the vacuole. All lines 

targeting the reporter to the vacuole were equally affected by BFA and Wortmannin. This confirms 

that these drugs have similar targets in moss as in angiosperms. However, it does not indicate any 

difference in the transport pathway to vacuoles in moss. Further investigations could be done by 

testing the BFA and Wortmannin sensitivity of our other fluorescent line. Testing the line expressing 

Citrine-PpChitinase, could bring answers about common secretory compartments between proteins 

targeting to vacuoles and secreted proteins in seedless plants. As previously mentioned, PSI domain 
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from cardosin A traffics to vacuole via a Wortmannin-non-sensitive route (Pereira, 2012). Testing our 

PSIA and B fluorescent lines could also give information about these unconventional vacuolar 

determinants. 

 

C. Localization of PpRMR2 
 

Several studies already investigated the localization of RMRs in higher plants. The first 

publication described the presence of RMRs in the PSV crystalloid in tomato cells (Jiang et al., 2000). 

Later, AtRMR1 was localized in Golgi and in prevacuolar compartment of PSV (Park et al., 2005). More 

recently, AtRMR2 was described to localize mainly in the TGN while AtRMR1 was mainly in ER 

structures of tobacco leaves and Arabidopsis protoplasts (Occhialini 2011). In rice, OsRMR1 was 

localized in Golgi apparatus, in TGN and in PVC-like organelles (Shen et al., 2011). RMR proteins were 

first thought to be involved in vacuolar targeting because of their common PA domain with the well-

known vacuolar receptors VSR. The PA domain plays a role in protein-protein interactions. However, 

it was also found that in Arabidopsis the TM and the C-terminal domain of AtRMR1 localized in central 

vacuole when fused with the fluorescent reporter RFP (Scabone et al., 2011). This result could indicate 

that RMRs may act as receptors for cargoes trafficking all the way to the vacuoles.  

 

In P. patens, the five RMR genes are generally expressed at the same low level but not in the 

same proportions in all tissues and organs. RMR1, 3 and 5 are more expressed in sporophytes and 

spores while the expression level of RMR2 is higher in protonema and gametophores. RMR4 is the only 

one to be equally expressed in all type of organs (figure 3.16). As described before, a phenotypic 

difference between the WT and the KO lines was observed only when the fluorescent construct SP-

Citrine-Card was expressed. No differences were observed for the other ctVSD tested. The logical 

question that need to be answered is are RMR directly involved in this phenotype or is it an indirect 

effect of the lack of these proteins? Localization of RMRs in moss may help to investigate the cellular 

processes leading to this phenotype. PpRMRs have never been localized. Assays of PpRMRs 

immunodetection were done with antibodies raised against RMR2 and RMR4. Unfortunately, we did 

not detect the protein in moss extract. Immunolocalization was not possible as no antibody against 

Arabidopsis or rice RMR detected anything in western blot of moss extracts. Despite these antibodies 

were able to detect the recombinant RMR proteins produced in E. coli, we could not detect the moss 

proteins. 
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Figure 3.16 Expression profile of RMR1 and 2 according to the different moss organs (from Physcomitrella eFP 

browser). (A) RMR1 is more expressed in gametophore, sporophyte and chloronema 

   (B) RMR2 is more expressed gametophore, sporophyte and chloronema 

   (C) RMR3 is more expressed in gametophore, sporophyte and chloronema 

   (D) RMR4 is quite expressed at the same level in all organs 

   (E) RMR5 is more expressed in sporophyte and spore 
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C.1 PpRMR2 localization in Physcomitrella patens 

We decided to overexpress one PpRMR fused to the fluorescent reporter Cerulean, a blue 

variant of GFP. From the five PpRMRs, we chose to work with PpRMR2. It is shown to be more 

expressed in chloronema and gametophores than in caulonema or spores. 

A 1KO mutant of PpRMR2 (rmr2) was generated by S. Ayachi (2012) and a transgenic line expressing 

the fluorescent construct SP-Citrine-Card was developed from this mutant (see section A of this 

chapter). In this transgenic line, the fluorescent pattern observed was very similar to the pattern 

observed in 5KO/SP-Citrine-Card line: the fluorescence was predominantly found in the ER. The 

trafficking to central vacuole was thus disrupted. Another PhD student is in the process of testing 

complementation of the mutant lines with various mutated versions of PpRMR2. 

 

A construct with the full sequence of PpRMR2 cDNA C-terminally fused with the fluorescent 

reporter Cerulean was assembled with a HSP promoter. This construct was targeted to the non-coding 

PIG locus in the genome of P. patens WT. Stable lines were observed by confocal microscopy after 

heat-shock induction. 

 

 

C.1.a Preliminary observations  

Four transgenic lines PpRMR2-Cerulean were observed by confocal microscopy but 

unfortunately, no fluorescent signal was detected, 24 hours after heat-shock induction in any line 

(figure 3.17).  
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Figure 3.17 No fluorescent signal was detected in the transgenic line containing the RMR2-Cerulean construct. 

(A) The full length cDNA sequence of PpRMR2 was fused to the N-terminus part of the Cerulean. Protonema was 

observed 24 hours after heat-shock induction. No Cerulean signal was detected. Chloroplasts were visualized by 

the chlorophyll autofluorescence (left). The right image shows the superposition of chlorophyll and bright field. 

Scale bar = 20 µm.  

(B) Schematic representation of the PpRMR2-Cerulean construct.  

 

 

 

C.1.b Control of transgene insertion and expression 

To explain the absence of detectable fluorescent signal, we performed several controls on the 

selected transgenic lines. Firstly, a western blot of total proteins from these lines, obtained 24 hours 

after heat-shock was done. Unfortunately we failed to detect any Cerulean, using anti-GFP antibodies 

(Figure 3.18). As a control we used a line expressing Citrine-Card under the same promoter and induced 

in the same manner. 

 

Then we performed PCR on genomic DNA (genotyping) to assert proper insertion of the foreign 

DNA to the moss chromosome (figure 3.18). The whole construct was correctly detected in clones #2 

and #9. On the contrary, the insert was not properly detected in clones #1 and #3, explaining why we 

did not observe any fluorescent signal in these two clones.  
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Figure 3.18 Western blot analysis of protonema trangenic lines WT/RMR2-Cerulean 

The fusion protein RMR2-Cerulean has a predicted MW of 68 kDa. No signal was detected in the different lines. 

Equal amount of proteins extracted from protonema, 24 hours after heat-shock induction, were separated by 

SDS-PAGE and immunoblotted with anti-GFP antibodies. #1 to #39: transgenic lines WT/RMR2-Cerulean; C: 

positive control line expressing Citrine-Card (27kDa, black star). 

 

 

 

 

Figure 3.19 Genotyping of transgenic lines transformed with RMR2-Cerulean 

Genomic DNA was extracted and PCR amplification were made with two couples of primers (A) Primers flanking 

the fluorescent reporter were used. The expected size (black arrow) is 320 bp (B) Primers flanking the whole 

construct were used. The expected size (black arrow) is 1290 bp 
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We also controled the expression of RMR2-Cerulean by PCR on cDNA. Unfortunately, despite 

numerous amplifications assays with several couples of primers, results were too ambigous to 

conclude whether gene silencing was involved. It has been described that RMRs proteins are probably 

very instable. If RMR2-Cerulean is properly expressed in protonema, this could be a reason why we did 

not succed to detect the fluorescent protein even if the genomic insertion is confirmed.  

 

 

C.2 Proteasome inhibitors 
 

If PpRMR2 is not detected because of its low stability or its fast turn-over within the cell, 

treatment with proteasome inhibitors, could help to stabilize it and increase the probability of 

detection. Proteasome inhibitors are very helpful tools to study cellular processes. The proteasome 

represents the main system for proteins degradation. Inhibition of this mechanism will lead to 

stabilization of proteins by blocking the most important degradation pathway of the cell. In eukaryotes, 

the cytosolic proteasome also degrades unfolded membrane and secretory proteins reexported from 

the ER (reviewed by Lee and Goldberg, 1998). Treatment with proteasome inhibitors quickly reduces 

protein breakdown and causes an accumulation of ubiquitin-tagged proteins in the cell. Even though 

there are multiple active sites inside the proteasome structure, protein breakdown efficiently reduced 

even if not all sites are inhibited.  

 

The proteasome inhibitor II (Santa Cruz Biotechnology) was used in attempt to stabilize 

Cerulean-RMR2 in protonema of P. patens. Treatment was applied overnight at low concentration 

(100nM), after heat-shock induction. Observations were made as usual, 24 hours after the induction 

of proteins expression. Unfortunately, proteasome inhibitor treatment did not improve the detection 

of the Cerulean signal (figure 3.20). The fluorescent signal of Cerulean was not detected in any lines. 
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Figure 3.20 No fluorescent signal was detected in the transgenic line #9 expressing RMR2-Cerulean even after 

proteasome inhibitor II treatment. 

Observations were made 24 hours after heat-shock induction and proteasome inhibitor II overnight treatment 

(100 nM) on protonema cells. No Cerulean signal was detected. Chloroplasts are visualized by the chlorophyll 

autofluorescence (left panel). The merged image shows the superposition of chlorophyll and bright field (right 

panel). Scale bar = 20 µm. 
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C.3 Discussion  

Localization of PpRMRs would help to understand their role in moss. However, we could not 

detect RMR2-Cerulean by confocal microscopy. A previous collaborator already described the difficulty 

to localize AtRMR1 and 2 in Arabidopsis transgenic lines (Occhialini 2011). In his work, AtRMR1-YFP 

and AtRMR2-YFP were expressed under the control of the 35S promoter in different systems. AtRMR2-

YFP was localized in ER structures in N. benthamiana leaves and colocalization with the P6 reporter (an 

ER marker) was also confirmed. However, in transgenic Arabidopsis plants, AtRMR2-YFP was very 

difficult to detect and a very faint signal in ER was observed, despite the strong 35S promoter. In N. 

benthamiana leaves, AtRMR1-YFP was localized in dot structures and colocalization with the TGN 

marker SYP61 was confirmed. But in coexpression by agroinfiltration in N. benthamiana, the AtRMR1-

YFP fusion was not detectable without a preliminary treatment with a silencing inhibitor (p19) 

(Occhialini 2011). 

 

We identified two clones with proper insertion of Cerulean-RMR2 to the chromosome. If the 

heat-shock was done properly and if no post-translational modifications or regulations occurred, 

fluorescence should be detected in these two lines. However, we did not detect the Cerulean by PCR 

on cDNA. Detection of the fusion protein by western blot was no more successful. Results were too 

ambiguous to conclude if RNA silencing leading to a rapid degradation of the mRNA occurred, or if the 

problem was protein stability. 

 

Because the main objective of this thesis was the characterization of the 5KO RMR mutants, 

we did not go further to explain this result. One possibility would be to test e.g. PpRMR3 or PpRMR4. 

A truncated version of PpRMR2 could also be used. In N. benthamiana, truncated AtRMR1 or 2 tagged 

with YFP still labeled the same compartment than the full length protein, but the fluorescence was 

more intense (Occhialini et al., 2016). Other kinds of proteasome inhibitors could be used in order to 

increase the stability of the fusion construct and help its detection.  
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D. Phenotypic study of RMR mutants 
 

Plants are sessile organisms and must permanently adapt to a changing environment. They 

have to adjust their cellular functions depending of various stresses, in order to counterbalance the 

negative impacts on their development. Numerous studies described the correlation between the 

ubiquitin-proteasome system (UPS) and plant stress tolerance. The ubiquitination mechanism plays a 

major role in the response to environmental stresses, such as drought, cold or salinity. UPS regulates 

the level and the stability of proteins within the cell. The adaptation to abiotic stresses requires the 

degradation of stress signaling molecules (reviewed by Lee and Kim, 2011). Evidence of the relationship 

between E3 ligases and stress signaling are accumulating (reviewed by Lyzenga and Stone, 2011). In 

hot pepper (Capsicum annuum) the protein Rma1H1 (Ring membrane anchor E3 ligase homologue of 

Human) was described to increase the tolerance to drought stress by inhibiting the targeting of the 

aquaporin PIP2;1 to the PM (reviewed by Lee and Kim, 2011). More recently, the correlation between 

salt stress and UPS highlighted the role of the protein STRF1 (Salt tolerance RING Finger 1), a 

membrane trafficking-related E3 ligase in Arabidopsis (Tian et al., 2015). RMR proteins are sharing a 

RING domain with a major group of E3 ligases, suggesting they could have an E3 ubiquitin ligase activity 

as well. Study of the impact of abiotic stresses on the RMR mutants could help us to characterize the 

function of these proteins. Because a relationship between sever water loss and E3 ligase activity had 

already been described, a previous PhD student investigated the effect of drought stress on 5KO 

mutants (Ayachi, 2012). However, the mutants recovered as well as the WT line after drought stress 

and no drought sensitivity was observed in the 5KO line. We decided to further investigate the impact 

of a salt stress.  

 

D.1 Results 

A previous study on P. patens showed a relationship between small heat shock proteins (sHSPs) 

and abiotic stress tolerance, especially in heat, salt and osmotic stress recovery (Ruibal et al., 2013). 

We decided to apply the same salt concentration (500mM NaCl) to stress our WT and 5KO mutant 

lines. Discs of three week old protonema were cut and put on medium supplemented with 500mM 

NaCl. Unexpectedly, a phenotypic difference was observed between the WT and the mutant after 4 

weeks on regular NH4 medium, before applying salt stress (figure 3.21). The mutant line developed 

many more leafy gametophores than the WT. In WT, protonema represented the majority of the 

colony and only few gametophores were observed.  
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 Figure 3.21 A phenotypic difference was observed between the WT and the 5KO mutant line after 4 weeks on 

NH4 medium (no treatment). (A) and (C) WT; (B) and (D) 5KO 

Protonema was grown on NH4 medium for 3 weeks. Protonema discs were cut and grown on NH4 medium for 1 

more week. 

 

 

Despite the phenotypic difference observed before applying salt stress, the protonema discs 

were placed on NH4 medium supplemented with 500 mM of NaCl for two days. After two days of 

recovery in NH4 medium, both lines were drastically affected, protonema and leafy gametophores 

were yellowed. We did not observe any difference between the WT and the 5KO (data not shown). 

Two days of salt stress were too long because plants did not recovered and stayed yellowed. No 

difference in salt stress sensitivity was detected between mutant and WT. However, the important 

formation of gametophore in 5KO after 4 weeks on NH4 medium was unexpected. To confirm this 

difference, repetitions were done and 3KO and 1KO lines were also tested (figure 3.22). The same 

phenotype was observed in other mutant lines. All mutants developed many more leafy gametophores 

than the WT after 4 weeks on NH4 medium.  
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Figure 3.22 A phenotypic difference was observed between the WT, the 3KO, rmr2 and the 5KO mutant line 

after 4 weeks on NH4 medium 

Protonema was grown on NH4 medium for 3 weeks. Protonema discs were cut and grown on NH4 medium for 1 

more week. 
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D.2 Discussion 

In plants, numerous studies suggested a relationship between abiotic stress responses and E3 

ligases activity. As members of the PA-TM-RING family and particularly because of their cytosolic RING 

domain, RMRs are probably ubiquitin ligases as well. PpRMR mutants did not show any difference of 

sensitivity to drought stress but they could be involved in response to other abiotic stresses (Ayachi 

2012). To test this hypothesis, salt stress (500 mM NaCl) was applied on RMR deletion mutants. No 

difference of sensitivity and recovery was observed between mutants and WT lines. However, a 

surprising phenotypic difference was observed in controls (non-stressed colonies). The RMR mutants 

developed many more leafy gametophores than the WT line. Colonies were grown on NH4 medium, 

in which the nitrogen source is ammonium tartrate. Ammonium tartrate plays a role in moss 

development and cell cycle and more specifically in the formation of caulonema cells. Indeed, 

ammonium tartrate supplementation blocks the development of Physcomitrella at the chloronema 

state (Schween et al., 2003).  

 

Despite having a clear correlation between the phenotype observed on NH4 medium and the 

presence or absence of RMRs, the mechanism involved here remain to be elucidate. Replications and 

further investigations will be needed, e.g. testing different ammonium tartrate concentrations. Other 

abiotic stresses could also be tested such as heat, cold or dark stress. 
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Chapter 4 
Identification of RMR2 partners: clues to 
the role of RMRs in moss? 

 

RMR proteins are thought to be vacuolar receptors, playing a role in the trafficking of cargoes 

to the neutral or storage vacuole. So far, experimental evidence supporting this hypothesis is limited. 

In the previous chapter, a trafficking difference between the WT line and mutant lines (1KO, 3KO or 

5KO) was observed, but only for the Citrine tagged with the ctVSD of cardosin A. In WT, the fluorescent 

protein was localized in the central vacuole, while in mutants, it was predominantly retained in the ER. 

Surprisingly, even a single RMR missing was enough to disrupt the traffic to the vacuole. Even though 

this result supports an involvement of RMRs in vacuolar targeting, it does not prove about a direct role. 

As a complementary approach, identification of putative partners of PpRMR2 appeared essential. 

Moreover, independently of a role of RMRs in vacuolar targeting, an involvement in ubiquitylation is 

strongly suggested by the presence of the RING-H2 domain. RMRs are members of the PA-TM-RING 

family, which in animals have been found to act as E3 ubiquitin ligases (e.g. GRAIL in mammals) but 

without a role in trafficking. Based on this hypothesis, we decided to look for binding partners of the 

luminal domain, including the putative E3 ligase, and a pull-down assay using a Glutathione-S-

Transferase (GST) protein fusion was selected.  

 

1. Pull-down assay using a GST fusion protein 

GSTs are enzymes, involved in detoxification processes by conjugating reduced glutathione 

(GSH) with a wide range of xenobiotic compounds (Townsend and Twe, 2003). They also play a role in 

protection against oxidative stresses. A 26 kDa GST is now used as an efficient tag for the synthesis and 

recovery of recombinant proteins in bacteria. Purification of GST-fusion proteins using a GSH-coupled 

affinity matrix is widely used to study these proteins by activity tests, crystallography and affinity tests. 

A GST-fusion protein bound to such a matrix (as GSH coupled to agarose/sepharose beads) can be used 

to identify and characterize proteins interacting with the probe protein (Harper and Speicher, 2011). 

 

We expressed the cytosolic part of PpRMR2 fused to GST in an expression vector (pGEX) where 

its expression is inducible by IPTG. This pGEX-GST system is efficient for the production of soluble 

recombinant proteins, avoiding the sequestration of proteins in inclusion bodies (Harper and Speicher, 
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2011). PpRMR2-GST was then bound to GSH-coupled agarose beads, and used to capture putative 

binding partners of PpRMR2 from total proteins contained in moss lysates. The prey proteins were 

eluted from the beads and separated by SDS-PAGE before their identification by mass spectrometry 

(figure 4.1).  

 

 

 

 

 

Figure 4.1 GST pull-down system (adapted from biotechniques.com) 

The bait protein (cytosolic part of RMR2 fused to GST) is immobilized on agarose beads and incubated with a 

moss cell lysate containing putative target proteins. After washing steps, protein complexes are analyzed by SDS-

PAGE and identified by mass spectrometry.  

 

 

The C-terminal part of RMR2 was chosen for this experiment because this cytosolic part 

comprises the RING domain, which is a protein/protein interaction domain involved in a wide range of 

cellular processes. It is conserved in all animal homologues of RMRs - the PA-TM-RING protein group - 

(e.g. GRAIL, Goliath or RFN13), and plays an important role in their function as E3 ubiquitin ligases. We 

hope thus to identify among other binding partners substrates of the RMR E3 ligases. 
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2. Results 

For the GST pull-down assay, the GST-PpRMR2 fusion was purified and incubated overnight 

with total protein extracts from WT or 5KO line. After washing steps, proteins were separated by SDS-

PAGE and visualized by colloidal Coomassie blue staining (figure 4.2). The GST protein alone was used 

as control. 

 

 

 

 

Figure 4.2 Pull down assay. Proteins were eluted from the GSH beads after overnight incubation with total protein 

extracts from WT or 5KO moss, using either GST or GST-RMR2 as a bait. 

GST+WT: GST protein incubated with WT protein extract 

GST+5KO: GST protein incubated with 5KO protein extract 

GST-RMR2 + WT: GST-RMR2 fusion incubated with WT protein extract 

GST-RMR2 +5KO: GST-RMR2 fusion incubated with 5KO protein extract 

GST is 26 kDa (black arrow). The GST-RMR2 Fusion is 42 kDa (blue arrow). 

 

 

 

After separation, pulled-down target-proteins were analyzed by mass spectrometry. The experiment 

was performed twice. Proteins identified two times or more in both repetitions are summarized in the 

following table (table I). 
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Table I Putative partners of the cytosolic part of PpRMR2, identified by mass spectrometry  

 

 

 

 

Proteins involved in four distinct cellular pathways were found as potential partners of the 

cytosolic part of PpRMR2. The first proteins are involved in some ubiquitin pathway. The second 

proteins are regulatory subunits of the proteasome, involved in the binding of ubiquitylated proteins. 

The third proteins are chaperone proteins involved in the quality control. In the last group, the proteins 

are subunits of the coatomer, forming the coat of COPI vesicles, which mediate retrograde transport 

within the Golgi apparatus and from there to the ER. 
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3. Discussion 

Among the different putative partners, some appear more coherent with the results presented 

in chapter three. In flowering plants, RMRs were localized at different places in the cells. In rice, 

OsRMR1 was observed in the Golgi, TGN and PVC-like organelle (Shen et al., 2011). In A. thaliana, 

AtRMR1 was detected in the Golgi, PVC (Park et al., 2005) but also in ER structures, while AtRMR2 was 

localized in the TGN (Occhialini 2011). We found that the reporter Citrine-Card was affected by the loss 

of RMRs. In the different mutants, targeting to the vacuole was disrupted and most fluorescent signal 

was retained in the ER. Thus, one hypothesis is that RMRs already bind their cargo proteins in the ER 

and help them to exit from there. In this case, the coatomer would be involved in including RMRs into 

COPI vesicles, for their retrograde transport within the Golgi and/or from Golgi to ER, after RMRs have 

released their cargo in a later compartment of the secretory pathway. This function would be 

independent of an E3 ubiquitin ligase activity. In animal and yeast cells, a role of COPI vesicles in 

endosomal trafficking has also been detected (Gabriely et al., 2007; Huotari and Helenius 2001). 

Although such a role has not been identified so far in plants (Heard et al., 2015), COPI may play a role 

in post-Golgi trafficking of RMRs. 

 Since in vitro ubiquitylation tests with the cytosolic part of PpRMR2 showed an E3 ubiquitin 

ligase activity (C. Coppola, unpublished results), RMRs could also play an indirect role in the formation 

of vesicles by ubiquitylating coatomer subunits.    

 

Regarding the two E3 ubiquitin ligases identified as probable partners, we found that their 

homologues in human are acting in distinct pathways. Firstly, the HUWE1 E3 ligase, which has an HECT 

domain, plays a role in apoptosis and cellular proliferation by targeting proteins for proteasomal 

degradation. Secondly, the UBR4 E3 ligase, which has a zinc finger domain, is involved in chromatin 

scaffolding in the nucleus and interacts with calcium-bound calmodulin in the cytoplasm. These E3 

ligases may be regulated by ubiquitylation before ubiquitylating their own targets. They could be 

ubiquitylated by RMR2. Alternatively, RMRs may be ubiquitylated by either of these E3 ligases.  

 

Proteasome subunits would make sense because the best known fate for ubiquitylated 

proteins is proteasomal degradation. RMRs could also be targeted for degradation by the proteasome, 

which could explain an apparent low stability or fast turn-over. However, in this pathway, E3 ligases 

and proteasome do not need to interact directly.  

 

The next steps will be to confirm the putative partners, by studying their interactions with 

RMRs, in vitro and in vivo. Pull down assays using GST-RMR2 as the bait protein and the putative 
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partner fused to a His-tag as the target could be done. Interaction would be validated by 

immunodetection with antibodies against GST and His-tag. This approach could also be performed in 

the other way around, with partner as bait protein, trying to catch GST-RMRs. In vitro ubiquitylation 

tests using these partners as target for the cytosolic part of RMR2 (acting as an E3 ligase) could be 

another approach. Putative partners could be also cloned and expressed in transgenic moss lines 

already expressing PpRMR2 tagged with a fluorescent reporter, if we manage to obtain a visible signal. 
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Chapter 5 
General discussion and perspectives 

 

 1. The moss secretory pathway 

The first part of this thesis aimed to develop a fluorescent reporter library to study the 

secretory pathway of P. patens and extend our knowledge about the evolution since seedless and 

flowering plants split. We developed several fluorescent markers and followed their localization in WT 

transgenic lines. General secretory system reporters were targeted at the expected localization, as well 

as vacuolar reporters including ctVSDs already characterized in angiosperms.  

 

However, the construct SP-Citrine, expected to be secreted into the apoplast, as in flowering 

plants, was unexpectedly addressed to the central vacuole. The mechanism remains unclear and 

further investigations need to be done. We suspect that Citrine could contain a cryptic signal for 

vacuolar targeting in moss. The amino acid sequences of GFP and Citrine are almost identical and differ 

by only few amino acids. Alignment of sequences and modeling shows that apart from amino acid 

difference in direct contact with the internal fluorophore, Citrine and YFP differ in two amino acids, 

localized at the surface of the protein and which could affect the protein configuration and could be 

recognized as a vacuolar signal (figure 5.1). However, since we did not try to secrete GFP (as SP-GFP) 

we do not know if these differences are relevant. One the other hand, the C-terminal sequence of 

Citrine - or GFP - which extends away from the β-barrel could also be identified as a ctVSD by a moss 

receptor, with a specificity differing from its homologues in angiosperms. It would have been hidden 

in our other constructs with C-terminal extensions by ctVSDs or the whole chitinase sequences.  
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Figure 5.1 Model of Citrine structure (SWISS-MODEL.expasy.org) 

The two amino acids at the surface of Citrine that differ from GFP are indicated by the arrows: Glutamine (back 

arrow) and Leucine (green arrow). The more mobile N-terminal and C-terminal extensions are highlighted in red. 

 

 

If this assumption is correct, some of our conclusions will need to be reconsidered: the vacuolar 

targeting of our PSI constructs could be an artefact due to this C-terminus of Citrine and not to the PSI 

domain itself. However, other hypothesis should be considered. The vacuolar targeting observed for 

SP-Citrine could be a default targeting occurring in seedless plants. It could also be an overexpression 

effect due to the strong HSP promoter: an excess of fluorescent cargoes would be targeted to the 

vacuole for degradation. 

 

 Many aspects of the secretory pathway seem to be conserved between mosses and flowering 

plants. In P. patens vacuolar trafficking is also sensitive to BFA and Wortmannin. The HSP promoter is 

very convenient for protein transport monitoring but longer observations (i.e. 72 hours after induction) 

could complete this study, for some reporters that are very slow to exit the ER and reach their final 

destination.  
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2. Are RMRs vacuolar receptors? 

The chapter three discussed the main topic of this thesis: the characterization of the quintuple 

RMR mutants. Our starting hypothesis was that RMRs are vacuolar receptors, targeting cargo proteins 

carrying a ctVSD to the neutral or protein storage vacuole. Our collection of fluorescent markers was 

tested in quintuple KO mutants. Trafficking of general secretory system reporters was not affected in 

the mutants, validating our hypothesis that RMRs are not involved in these mechanisms. We finally 

obtained a trafficking phenotype in mutant lines expressing one ctVSD reporter: Citrine-Card. This 

reporter was vacuolar in WT moss but dependent on RMRs to exit the ER. We also observed that the 

loss of even a single RMR was enough to perturb this vacuolar targeting. It could be a dosage effect, 

meaning that the total amount of PpRMRs is just sufficient for proper trafficking or that the particular 

mutated RMR is necessary. A dosage effect of RMRs suggests that in single KO mutants the quantity of 

RMRs is already too low in comparison with the quantity of cargoes. Considering the low expression 

level of RMRs, an excess of cargo proteins should be visible as well in WT line expressing Citrine-Card.  

 

Since we observed the same trafficking phenotype in two different single KO mutants of genes 

belonging to the two sub-families, it is unlikely that these two sub-families have distinct functions. 

Occhialini et al. (2016) showed that AtRMR2 can make homodimers and can also form heterodimers 

with AtRMR1. Dimerization of PpRMRs could be necessary for their localization and consequently for 

their correct function. Accordingly, PpRMRs could require to interact or to form heterodimers, 

explaining the phenotype observed when only one RMR is deleted (1KO, rmr2). 

 

We did not detect any mistargeting of the other reporters containing other ctVSDs, all of which 

had been tested and confirmed in angiosperms. Even if these sequences were not recognized by 

PpRMRs it does not mean that RMRs are not vacuolar receptors.   

 

Pereira et al. (2013) showed that cardosin A has two VSDs, a ctVSD and an unconventional PSI 

signal. In agroinfiltrated tobacco cells, reporters with these two VSDs took different routes to the 

vacuole. In moss, different pathways to vacuoles have not yet been described. We treated our 

transgenic lines (WT and 5KO) with BFA or Wortmannin; both treatments lead to the interruption of 

vacuolar targeting. In WT lines, these results were expected because these reporters are supposed to 

traffic from the ER to the vacuole, passing through the Golgi. The classical model for VSRs as sorting 

receptors for soluble proteins like aleurain, is that VSRs are trafficking from the TGN via CCVs to an 

intermediate compartment before reaching the lytic vacuole. VSRs were described to recycle between 

PVC and TGN and can be considered as PVC markers (Jiang and Rogers, 1998; Miao et al., 2006). Very 
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recently, a new model about VSRs and their interaction with their ligands was proposed (Robinson and 

Neuhaus, 2016). It proposes that VSRs interact with cargoes earlier in the secretory pathway and 

binding already occurs in the cis-Golgi. It also proposes that VSRs release their cargoes already in the 

TGN and in a pH-independent way, in contrast to the classical model where the ligand dissociation was 

thought to be pH-dependent. The new model did not address the trafficking of RMRs. Our results 

showed that trafficking of the ssVSD reporter Citrine-AtAleurain to the vacuole in moss was inhibited 

by BFA and Wortmannin treatment, which is consistent with both VSR models.  

 

Disruption of the vacuolar targeting of the ctVSD reporters is consistent with the hypothesis 

that RMRs act like VSRs as vacuolar receptors. Even though at this time the localization of RMRs is not 

known in moss, they will be probably found in the ER, Golgi or TGN, compartments that expected to 

be affected by BFA and Wortmannin. Moreover, after inhibitor treatment we did not observe a 

phenotypic difference between the WT and the 5KO.  

 

We cannot conclude yet if PpRMRs are directly involved in vacuolar targeting of if they are 

acting as regulators of some other receptor in this pathway. We cannot decide if there are distinct 

routes to central vacuole in P. patens. To go further in this study, treatment of all our lines (e.g. PSI-

Citrine or Citrine-Ppchitinase) by BFA and Wortmannin need to be done and could extend our 

knowledge. 

 

Localization of PpRMRs is an important point that still needs to be achieved. Our strategy was 

to overexpress PpRMR2 fused to Cerulean in WT. This fluorescent reporter was chosen because we 

also wanted to use this construct for a colocalization study with the line expressing Citrine-Card. We 

were not able to visualize Cerulean-PpRMR2. It is not possible yet to conclude if we had co-suppression 

(silencing) issues, if PpRMR2 is a very short lived protein or if it is very little expressed. To avoid 

silencing, transformation of the 5KO line with Cerulean-PpRMR2 could be done. Exchange of Cerulean 

for Citrine or GFP should also be considered. 
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3. Are RMRs E3 ubiquitin ligases? 

The last part of this work was focused on the identification of PpRMR2 partners. Our 

hypothesis was that as members of the PA-TM-RING family RMRs have very probably an ubiquitin 

ligase activity like their animal homologues, which are however not known to be involved in 

intracellular trafficking.  

 

GRAIL is such a human homologue of RMR and is involved in polyubiquitylation during anergy 

induction in T cells. GRAIL recognizes and binds its substrate CD83 on the luminal side of the 

membrane, via its PA domain, and then ubiquitylates the cytosolic domain of CD83 via the RING-H2 

domain (figure 5.2). If the cargoes bound by RMRs in plants are soluble luminal proteins, what will be 

the cytosolic substrate of its RING-H2 E3 ligase domain? 

 

 Indeed, an E3 ligase activity of the cytosolic part of PpRMR2 was detected in our laboratory 

by an in vitro ubiquitylation test (C. Coppola, unpublished results). From the candidate interacting 

partners, some seem to be more coherent with our working hypothesis and the results of the chapter 

three. The coatomer subunits identified as PpRMR2 partners are involved in intracellular trafficking 

between Golgi and ER, but endosomes might also use COPI trafficking as in animal and yeast. 

Regulatory subunits of the proteasome suggest a role of RMRs in regulating protein degradation. The 

two E3 ligases are more intriguing, suggesting cross-regulation between different E3s. 
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Figure 5.2 Schematic representation of the mechanism of GRAIL and the possible mechanism of RMRs (not to 

scale). The GRAIL target CD83 is a transmembrane protein. Binding of its luminal domain by the PA domain of 

GRAIL causes the ubiquitylation of CD83’s cytosolic domain by the RING-H2 E3 ubiquitin ligase. What is the 

cytosolic substrate of the RING-H2 of RMR? TM, Transmembrane domain; PA, protease-associated domain; R-

H2, RING-H2 domain; Ser-rich, serine-rich domain; Ub, ubiquitin 

 

 

The identification of putative partners is just a first step and will need to be confirmed. To this 

end, GST pull-down with supposed partners as bait and PpMR2 as prey protein could be performed. 

Interaction would be confirmed if RMRs are then bound. In vitro ubiquitylation tests of putative 

partners would be an additional approach to validate them. Moreover, overexpression of putative 

partners fused to a fluorescent reporter in WT and 5KO lines could lead to a visible phenotype such as 

accumulation of the protein in the mutant, due to the lacking ubiquitylation by RMRs, which could 

induce a slower turn-over.  

 

Even if the exact link between abiotic stresses signaling and E3 ligase activity is still unclear, 

evidence about important role of ubiquitylation in stress responses are accumulating (Lyzenga and 

Stone, 2011). Quintuple PpRMR mutants did not show a different sensitivity to salt stress than WT. 

However, we observed an unexpected phenotype after several weeks of growth on the NH4 medium 
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as PpRMR mutants developed many more leafy gametophores than WT. We cannot yet explain this 

phenotype. Further phenotypic studies need to be done.  

 

Even though their involvement in intracellular trafficking still remains unclear, this thesis 

provides new insights in the function of RMRs proteins with the characterization of potential 

interaction partners. This work was also the opportunity to create an extensive library of intracellular 

markers available to the moss community to further study the secretory pathway in this model plant.    
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Chapter 6 
Material and methods 

 

A. Material 

A.1 Plant material 

Physcomitrella patens wild type Grandsen strain was obtained from Didier Schaefer. 

 

Culture conditions 

Protonema cultures were grown on 9 cm diameter Petri dishes, containing solid NH4-agar medium, at 

22°c in discontinuous light, with a photoperiod of 16 hours per day. A cellophane disk is placed directly 

on the medium before plating. Every seven days, lines are subcultured: plant tissues are collected and 

fragmented with a Polytron, then resuspended in sterile water before re-plating on solid medium.  

For some experiments BCD medium was used in order to induce the formation of leaves. To obtain 

leaves and gametophores, freshly ground protonema was grown on Jiffy-7C® during minimum 4 weeks.  

 

 
NH4 medium composition 
 

 
BDC medium composition 
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Culture on Jiffy-7C® substrate 

One Jiffy-7C® disc is rehydrated with 50 ml of sterile distilled water for 20 minutes. Then it was put in 

a magenta box and sterilized by autoclave. 1.5 ml of grinded fresh protonema is added on the top of 

the Jiffy-7C® and grown under standard conditions for 4 weeks or until satisfactory quantity of 

gametophores. 

 

A.2 Bacterial strains 

Culture conditions 

Escherichia coli XL-1 Blue (recA1, endA1, gyrA96, thi-1 hsdR17 (rk-, mk+), supE44, relA1, ƛ-, lac-) were 

grown on 9 cm diameter Petri dishes, containing solid LB medium. 

 

 
LB medium composition 
 

 

 

B. Methods related to bacteria 

B.1 E. Coli Transformation by heat-shock 

E. coli XL-1 blue competent cells (100 ml of suspension in Eppendorf tube 1.5 ml) are placed on ice 

before adding purified plasmid (1 to 10 ng) or ligation mixture (15 µl). Cells are incubated on ice for 

15-20 minutes. Then heat-shock is done: tube is put at 42°c during 90 seconds, then immediately back 

on ice for 3 minutes. Bacterial suspension is plated on LB-agar medium containing selective antibiotic 

and grown overnight à 37°C.  

 

B.2 Preparation of XL-1 competent cells 

XL-1 cells are plated on LB agarose + tetracycline and grown overnight at 37°C. The next day, one colony 

is took off for an overnight culture with 10 ml of LB medium. The suspension is grown overnight at 28-

29°C and 180-200 rpm.  The day after, 50 µl of culture was taken and inoculated in 10 ml of LB medium. 

The OD at 600 nm of the suspension is measured, the culture was diluted if the OD is superior to 0.8 

and grown overnight at 28°C. The next day, a volume of the overnight suspension is taken and diluted 

in LB medium in order to reach an OD of 0.1-0.05 at 600 nm, in a final volume of 10-20 ml. At the end 

of the day, the OD at 600 nm was measured and 250 ml of LB medium were inoculated with the 
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suspension to have a final OD of 0.025 maximum. Culture was grown overnight at 28°C. The next 

morning, the culture is diluted to an OD of 0.3 in 250ml of LB medium and grown at room temperature 

until the OD was 0.6. The suspension is put on ice for 20 minutes then transferred in sterile Sorvall 

bottles for centrifugation and put again 10 minutes on ice. Cells were pelleted at 2800 rpm (Sorvall 

centrifuge), 4°C for 10 minutes. Supernatant was eliminated and pellet was resuspended very gently 

in 80 ml of cold TB medium (composition below). Sorvall bottles are kept on ice for 20 minutes. Then 

the suspension is centrifuged at 2800 rpm (Sorvall centrifuge), 4°C for 10 minutes. After removal of the 

supernatant, the pellet was carefully dissolved in 10 ml of cold TB medium and 0.7 ml of DMSO was 

added drop by drop. Suspension was kept on ice 10 minutes. Then, bacterial cells are aliquoted by 100 

µl in Eppendorf tubes and immediately froze in liquid nitrogen. Tubes were stored at -80°C. 

 

 
Composition of TB medium  

 

B.3 Plasmid DNA extraction: miniprep 

LB medium with antibiotic is inoculated with a single bacteria colony, and incubated overnight at 37°C 

and 180 rpm shaking. The following day, 1.5 ml of bacterial suspension are centrifuged in an Eppendorf 

tube at 12 000 rpm in order to pellet the cells. Supernatant is removed and cells are resuspended in 

150 µl buffer 1 (25mM Tris-HCL pH8, 50mM glucose and 10 mM EDTA pH8). Mixture is incubated 3 

minutes at room temperature (RT). Then 200 µl buffer 2 is added (0.2M NaOH and 1% SDS). Mixture is 

homogenized and incubated 5 minutes on ice. Then 150 µl re-cooled buffer 3 is added (KOAc 3M and 

acetic acid 5M). Mix vigorously or vortex 5 seconds. Mixture is incubated 5 minutes on ice and 

centrifuged 5 minutes at 12000 rpm. Supernatant is collected in a new Eppendorf tube and 400 ml of 

chloroform is added. Solution is mixed vigorously and centrifuged 4 minutes at 12 000 rpm. The 

superior aqueous phase is carefully collected in a new Eppendorf tube and DNA is precipitated with 

900 µl 100% ethanol. Solution is mixed by inversion, incubated at RT for 10 minutes and centrifuged 

10 minutes at 14000 rpm. DNA pellet is washed by 800 µl 70% ethanol and centrifuged 5 minutes at 

14000 rpm RT. The pellet is dried at 65°C for 5 minutes and resuspended in 40-50µl H20 + RNAse. 

Plasmid DNA extraction for sequencing are performed using the Nucleospin plasmid kit (Macherey-

Nagel) and quantified using Nano-drop spectrophotometer.  
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C. Methods related to plants 

C.1 Protoplasts isolation and transformation 

Protoplasts isolation 

P. patens protoplasts are isolated from 6-7 days Protonema cultures, digested by 1% driselase in 0.48M 

mannitol, during 1 hour. The suspension is gentle mixed every 20 minutes. After digestion, the 

protoplast suspension is filtered through a 40 mesh stainless steel sieve and transferred to 12 ml sterile 

centrifuge tubes. Protoplasts are pelleted by centrifugation at 420 rpm for 7 minutes. The supernatant 

is carefully removed and fresh mannitol 0.48M is added in order to resuspend the cells. This washing 

step is repeated 2 times more.  

 

Protoplasts transformation by PEG 

After isolation as described below, protoplasts are resuspended in MMM solution. 10-15 µg of DNA 

(plasmid) are added, in a 12 ml centrifuge tube. Then, 300 µl of protoplast are added and gently mixed. 

300 µl of PEG solution are added and gently mixed. Protoplast suspensions are placed at 45°C for a 5 

minute heat-shock. Then they are left 10 minutes at room temperature. To finish, the sample is 

progressively diluted with NH4-mannitol-glucose media: 5 x 300 µl added every minute then 5 x 1 ml 

added every minute. Protoplast suspensions are left in the dark overnight. The next day, protoplasts 

for stable transformation are embedded in top layer and plated on NH4 medium petri dishes, 3 ml Top 

layer for 3 ml of protoplasts suspension. 2 ml are plated per Petri dish. They are transferred on selective 

media with antibiotic 7 days later. Protoplasts for transient transformation are cultured in liquid media. 

After overnight in the dark, they are placed under growth conditions in phytotron. The observations 

take place from 24h to 72 hours after transformation, depending of the type of protein expressed. 

 

MMM composition           PEG solution composition 
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NH4-Mannitol-Glucose medium composition                    Top Layer composition 

 

 

C.2 Heat-shock on protonema for protein expression 

24 hours before microscopy observations or protein extraction, one week old protonema was heat-

shocked. Moss was collected in a sterile way and put in a 12 ml tube filled with water, previously heated 

at 45°C in bain-marie. Tubes were placed in bain-marie at 45°C for 5 minutes. Then, protonema was 

cooled in a sterile Petri dish containing sterile room temperature water. After 2 minutes, protonema 

was taken and placed on solid NH4 medium for 24 hours. 

 

C.3 Secretory pathway inhibitors treatment 

Brefeldin A (Sigma) and Wortmannin (InvivoGen) were respectively used at a final concentration of 50 

µM and 30 µM in NH4 liquid medium. 24 hours before microscope observation or protein extraction, 

protonema was heat-shocked in order to induce the expression of the fluorescent marker, 5 minutes 

at 45°C. Then protonema was incubated overnight, at room temperature and in the dark, in the 

inhibitor solution.  

 

C.4 Proteasome II inhibitor treatment 

Proteasome II inhibitor (SantaCruz) was used at a final concentration of 200 and 500 nM in NH4 liquid 

medium. 24 hours before microscope observation or protein extraction, protonema was heat-shocked 

in order to induce the expression of the fluorescent marker, 5 minutes at 45°C. Then protonema was 

incubated overnight, at room temperature and in the dark, in the inhibitor solution. 
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D. Molecular biology 

D.1 PCR  

PCR reactions were performed in PCR 0.2 ml tubes (VWR) mixing the following reagents: buffer (final 

concentration 1X), dNTP (final concentration 0.2 mM), primer forward and reverse (final concentration 

0.5 µM), 1 unit of DNA polymerase (GoTaq® or Phusion®), 5 to 10 ng of DNA template and milliQ water 

to a final volume of 20 to 50 µl. 

 

D.2 DNA digestion 

Digestion of DNA by one or two restriction enzyme(s) was done in a 1.5 ml Eppendorf tube, mixing the 

following reagents: 0.5 to 40 µg of substrate DNA, a corresponding volume of restriction buffer (final 

concentration 1X) and 1 unit of enzyme per µg of substrate DNA. The volume was adjusted with milliQ 

water, from 20 to 200 µl depending of the quantity of substrate DNA. The digestion was performed for 

1 to 4 hours at 37°C. If needed, enzymes are inactivated 20 minutes at 65°C. 

 

D.3 DNA precipitation 

DNA were precipitated in 1.7 ml centrifuge tube with 1/10th volume of 3M sodium acetate (pH5.5) and 

3 volumes of 100% ethanol. The tube was mixing by inversion then centrifuged 20 minutes at 16 000 

rpm (Eppendorf) and 4°C. Supernatant was carefully removed and pellet was washed with 3 volumes 

of 70% ethanol.  Then the tube is centrifuged 10 minutes at 16 000 rpm (Eppendorf) and 16°C. 

Supernatant was carefully removed, pellet was dried 5 minutes at 37°C and resuspended in milliQ 

water. 

 

D.4 Genomic DNA extraction 

100 mg of protonema were grinded with a pestle adapted on polytron and 100 µl of extraction buffer 

(composition below) and quartz sand. The pestle was rinsed with 2x 100 µl of extraction buffer. Tubes 

were centrifuged 5 minutes at maximal speed (16 000 rpm Eppendorf centrifuge). Supernatant was 

transferred in a new tube and 1 volume of chloroform was added. Tubes were vortexed 5 to 10 seconds 

and centrifuged 5 minutes at maximal speed. The hydrophilic phase was transferred in a new tube and 

200 µl of isopropanol were added. After mixing and waiting 10 minutes at room temperature, tubes 

were centrifuged 10 minutes at maximal speed. Supernatant was removed and pellets were washed 

with 600 µl of 70% ethanol and centrifuged 5 minutes at maximal speed. After elimination of 

supernatant, pellets were dried 2 minutes at 55°C and then resuspended in milliQ sterile water with 
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RNAse (20 µg/ml). Tubes were incubated at 55°C for 10 minutes and vortexed. One last centrifugation 

was done in order to eliminate insoluble particles. After DNA quantitative analysis by nanodrop, 

solutions were diluted to 10 ng/µl and tubes were stored at -20°C.  

 

 
Composition of extraction buffer  

 

D.5 DNA electrophoresis 

Migration of DNA in agarose gel (0.8 to 1.5% depending of the DNA size) were performed in Mupid®-

One system with TBE 0.5X buffer (composition below). 0.02% of Midori green (v/v) were added to 

melted agarose as DNA stain. DNA samples were separated according to size at 100 V for 20-30 

minutes. DNA bands were visualized under UV light using a Gel Doc E-Box.  

 
Composition of TBE 10x buffer 

 

D.6 DNA extraction from agarose gel 

The band corresponding at the right DNA size was cut from the gel with a scalpel. DNA was purified 

with the Wizard SV gel and PCR clean-up kit from Promega. 

 

D.7 DNA fragment ligation in a plasmid 

Ligation reactions are done for 1 hour at RT, or overnight at 4°C, in the dark. The following reagents 

are mixed in a 1.7ml Eppendorf tube: 200 ng of vector, the corresponding amount of insert(s), 2X 

ligation buffer, 1 unit of T4 DNA ligase (Promega) and milliQ water to a final volume of 10 to 15 µl. 
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D.8 Extraction of total RNA from P. patens 

Protonema cultures aged 6 days are collected, water excess is removed with a Whatman paper and 

protonema is weighed. 100 mg per sample are collected and immediately frozen in liquid nitrogen. 

Pre-cooled mortar and pestle are used; samples are quickly ground and transferred into 1.5 ml 

Eppendorf tubes, placed in liquid nitrogen. RNA extraction is performed using the NucleoSpin RNA 

Plant kit from Macherey-Nagel. RNAs are quantified using Nano-drop spectrophotometer.  

 

D.9 Reverse transcription: synthesis of cDNA 

500 ng of RNA extract is needed per reaction. Takara “prime script RT reagent kit” was used.  

E. Methods related to proteins 

E.1 Moss total proteins extraction in SB buffer 

Protonema was collected with a spatula and exceed water was removed by drying the protonema on 

Whatman® filter paper. Then protonema was weighted and 500µl of SB2x is added per 100 mg of fresh 

material. Protonema was grinded with quartz sand. Samples were kept on ice. When homogenized 

grinding was obtained, proteins were denatured 5 minutes at 92°C. The lysate was then centrifuged 

15 minutes at 16000 rpm (Eppendorf centrifuge). Supernatant was stored in a new tube at -20°C.  

 
Composition of Sample Buffer 4x (SB) for 10 ml 
 

 

E.2 SDS-PAGE 

A mini Protean III apparatus (Bio-Rad) was used for the migration of a discontinuous gel with two parts, 

the stacking and the running gels. For the composition of the gels see the table below. Gel migration 

is done in a 1X running buffer (composition below), 20 minutes at 20mA then 40 minutes at 35 mA or 

until the blue dye reached the bottom of the gel.  
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Composition of running and stacking gel for SDS-PAGE                                           Composition of running buffer 10X 
 
 

E.3 Western blot 

After SDS-PAGE proteins were transferred to a MS® nitrocellulose membrane using a mini Protean III 

apparatus (Bio-Rad). The sandwich was assembled as following: thick filter paper, sponge, filter paper, 

gel, nitrocellulose membrane, filter paper, sponge, thick filter paper and placed in the transfer 

cassette. The transfer was performed in 1X transfer buffer (composition below) at 100 volts for 1.30 

hour at 4°C. 

 
Composition of transfer buffer 10X 
 

After transfer, the membrane was stained with amidoblack (ethanol 100 45% v/v, glacial acetic acid 

10% v/v and amidoblack 0.1% w/v) for 5 minutes, then washed 5 and 10 minutes with destain solution 

(ethanol 100 40% v/v and glacial acetic acid 10% v/v). After washing with PBS1x and PBS1x + tween 

0.05%, the membrane was blocked in a solution of PBS5% + milk5% for 1 hour minimum. After washing 

with PBS1X, the membrane was incubated with the primary antibody (diluted 1:6000) in a solution of 

PBS1X + milk 1% for minimum 2 hours. The membrane was then washed 2 times with PBS1X + 0.05% 

tween and 1 time with PBS1X. After, the membraned was incubated in a solution of PBS1X + milk1% + 

0.05%tween with the secondary antibody (diluted 1:8000). To finish, the membrane was washed 2 

times with PBS1X and the revelation of the secondary antibody was done with Western brightTm ECL 

detection kit (Advansta). 
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Composition of PBS 10X buffer 
 

E.4 Colloidal Coomassie blue staining 

The gel was fixed with 40% ethanol + 10% acetic acid for 15 minutes. Then it was washed with distilled 

water for 5 minutes. Colloidal Coomassie blue staining was done overnight with gentle agitation. The 

gel was destained in distilled water for 30 min to 1 hour until the background was clear.  

 

E.5 Production of GST-RMR recombinant proteins in BL-21 strain 

Culture growth 

10 ml of LA medium were inoculated with 1 colony of BL21-GST-RMR and BL21-GST (control) and 

grown overnight at 37°C with shaking.  

The next morning, 50 ml of LA medium were inoculated with 2.5 ml of the overnight cultures and 

grown at 37°C with shaking, until the OD600 reached 0.5-0.7 (approximately 30-60 min). When the OD600 

was reached, 1ml of non-induced sample was taken as control, Pelleted and resuspended in 50µl SB 

buffer1x.  

Protein expression was induced by adding IPTG to a final concentration of 1mM. The culture were 

grown for 4h at 37°C with shaking. After induction, 1ml of culture was taken as induced control and 

diluted to obtain an OD600 0.5-0.7.  The sample were pelleted and resuspended in 100µl SB buffer1x.  

After induction, the culture was pelleted by centrifugation at 4000g for 20 min at 4°C. Then, the pellet 

was stored at -20°C for the night. 

Protein extraction 

The cell pellet was resuspended in 20-40 ml of lysis buffer for native purification. Cells were 

sonicated on ice 3x 40 seconds with 1 minute of pause. The lysate was centrifuged at 10 000 rpm 

(Sorvall) for 30min at 4°C in Corex tubes. The supernatant was kept on a new tube and stored on ice 

until use. 
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Interaction with agarose beads and purification of recombinant protein 

The lysate was incubated with 200µL of glutathione-agarose beads (Sigma-Aldrich) for 2h under light 

shaking at 4°C (falcon tube). Cut tips were used. After incubation, beads were washed by centrifugation 

of the lysate + beads 5 min at 400 rpm, 4°C. The supernatant was then removed. Beads were washed 

3 times with 5 ml PBS 1x (filtered). Supernatant was removed at each step. The last pellet was 

resuspended in 500µl of PBS1x. 

 

E.6 Pull-down assay 

Recombinant protein (GST-RMR) extract was incubated with a total moss proteins extract, overnight 

at 4°C, under light shaking.  

The extraction of total moss protein was done freshly in Tris-HCl 100 mM pH 7.5. One old week 

protonema was grinded with sand quartz: 150 mg of Protonema for 500µl Tris-HCl. The lysate was then 

centrifuged 15min at 16 000 rpm (Eppendorf) at 4°C. Supernatant was taken and filtered on 22µm with 

syringe in order to eliminate chloroplasts. Filtrate was ultracentrifuged at 100 000g, 1 hour at 4°C. Then 

it was diluted with Tris-HCl pH 7.5 100 mM to obtain an appropriate volume (about 10 ml). Extract was 

stored on ice until use.   

After the overnight incubation, protein extract + beads were centrifuged 5min at 400 rpm, 4°C. The 

supernatant was removed and the beads were washed with 5 ml Tris-HCl 100mM pH 7.5 (buffer used 

for the protein extraction). This step was repeated 2 or 3 times. The last wash was done in Eppendorf 

tube and cut tips were used. After the last centrifugation, the maximum of buffer was removed. The 

pellet was resuspended in SB 1x and samples were heated at 90°C for 5 minutes before SDS-PAGE 

analysis. 

  

F. Microscopy 

Confocal microscopy 

Images were collected with a Leica TCS SP5 II confocal laser scanning microscope. Digital images were 

acquired using LAS AF (version 2.0.0) and processed using Adobe Illustrator (CC 2015). Fragment of 

protonema filaments were transferred to a microscope slide, a drop of water was added and a 

coverslip was added on the top. Samples were excited by a 488 nm argon laser and detected with a 

524-546 nm band-pass filter for Citrine and Cerulean.  
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Annexes 

 

1. Primers 

 

HSP fw GTGAAGGCATCGTTAGCAGTT 

121 (ter 35S) TGTAGAGAGAGACTGGTGATTTC 

Not.SP.Nsi fw GGCCGCGGGGATCCAAGGAGATATAACAATGAAGACTAATCTTTTTCTCTTTCTCATCTT

TTCACTTCTCCTATCATTATCCTCGGCCATGCA 

Not.SP.Nsi rv TGGCCGAGGATAATGATAGGAGAAGTGAAAAGATGAGAAAGAGAAAAAGATTAGTCT

TCATTGTTATATCTCCTTGGATCCCCGC 

Nsi.Citrine fw GCCATGCATGTGAGCAAGGGCGA 

Nhe-Citrine fw TGAGCTAGCGTGAGCAAGGGCGAGGAGCT 

Citrine rv ATGTCGACTTACTTGTACAGCTCGTCCATGCCG 

Citrine-chi rv ATGTCGACTTACATAGTATCCACCAACAGTCCCTTGTACAGCTCGTCCATGCCG 

Citrine-card rv ATGTCGACTTAAGCAGCCTCAGCGAATCCCACCTTGTACAGCTCGTCCATGCCG 

Citrine-AP1 rv ATGTCGACTTACACGAACTCTCCCTTAGCAGCCTCAGCGAATCCCAACTTGTACAGC 

Ci-KDEL Q5 fw TTGTGATCACTGCAGGCATGCCGCTGA 

Ci-KDEL Q5 rv CTCATCCTTCTTGTACAGCTCGTCCATGCC 

Citrine Q5 fw TCACTGCAGGCATGCCGCTGA 

Citrine Q5 rv TCACTTGTACAGCTCGTCCATGCC 

PSIA fw AGCATGCATGTCATGAACCAGCAATGCAAG 

PSIB fw AGCATGCATGTTTTAAACCAACAATGCAAAACATTGG 

PSI rv CTAGCTAGCACCACCTGCAGCACCACC 

RMR1 fw ATCCAGATGGTGGTGAG 

RMR1 rv GCATAATTTAGGATCCACCAGGTC 

RMR2 fw TGGCGAAAAGCTGAGGTTG 

RMR2 rv AGTAGTTTCGTCCGGTGAAGC 
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RMR3 fw GCATAGATCAGTGGCTACTCACGCGGA 

RMR3 rv AAGTTAACACAGATCTTCTCCCGA 

RMR4 fw TAGAGGACTATGAGAGCGGACAA 

RMR4 rv AGAGCCTACAGGTGAGGTTTGAG 

RMR5 fw ATCTGAAGGCGATGATTGGAT 

RMR5 rv TGCGACTCTTACCTTGTCAGC 

SP-chi-moss fw CTAGGATCCATGGGTAGGGAAGTACTAATGG 

SP-chi-moss rv GACTGCAGCGCGCTCACGCCCACCACCAA 

GST-RMR2 fw CGCGGATCCGAACCCGCTGGAATGAGCG 

GST-RMR2 rv GCGCCTCGAGTTAGCAGAGATCTTCGGAACC 

PIG.Q5 fw GCGACTAGTAGCTTTCGTCCGTATCATC 

PIG.Q5 rv GCGGGATCCTCTTATCAGTCTTGTGTAAATATATTAG 

RMR2.Bam fw CCGGTCGACGTGAGCAAGGGCGAGGAG 

RMR2.sal rv ACCGTCGACTCCGCCTCCGCCTCCTCCGCAGAGATCTTCGGAACC 

Cerul.Sal fw CCGGTCGACGTGAGCAAGGGCGAGGAG 

Cerul.HA.Spe rv CGCACTAGTTTAAGCGTAATCTGGAACATCGTATGGGTACTTGTACAGCTCGTCCATGC 

SP.Chi.Sec fw CATGGATCCATGGGAAGAACTACAGGGAC 

SP.Chi.sec rv GCAGCTAGCAGACGCAACAAATCGGACC 

Citrin.Chi.sec fw CTAGCTAGCGTGAGCAAGGGCGAGGAGCT 

Citrin.Chi.sec rv GTACCCGGGCTTGTACAGCTCGTCCATGC 

Chiti.sec fw AGTCCCGGGCAAGGGGAGTTGTTCGGAATC 

Chiti.sec rv CAACTCGAGTCAGCACCGTAGGTCGGTGC 

AtAleurain fw CATGGATCCATGTCTGCGAAAACAATCC 

AtAleurain rv GCAGCTAGCAGCCACAACGGGGTATG 
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2. Vectors and constructs 

 

2.a Cloning vectors 

 

The pGEM®-T easy vector system from Promega, with Ampicillin resistance, was used for sub-cloning.  

The plasmid pBNRF was used for all the fluorescent reporter library. It is a pBluescript with two loxP 

sites flanking a resistance cassette NTPP for Neomycin  

The plasmid pBNRF-108-HSP-Ter35S is the pBNRF with 5’TS Pp108 locus and 3’TS Pp108 locus as 

targeting sequences cloned before and after the resistance cassette; upstream the resistance cassette 

were cloned the promoter HSP promoter and the terminator 35S. 

Citrine was amplified from the plasmid pSCR::mCitrine called pJA004 (Ampicillin resistance) provided 

by N. Geldner. 

The pIG-HCG vector was provided by M. Hasebe and harbored a Gateway cassette driven by an HSP 

promoter and TrbcS terminator. The targeting sequences are PIG1bR and PIG1bL for the PIG locus. The 

resistance for transgenic plants is Hygromycin.  

 

2.b Cloning strategies 

  

pBNR-Citrine-CardA; pBNR-Citrine-Chi; pBNR-Citrine-AP1 

The SP fragment was amplified by PCR by the following primers: Not.SP.Nsi fw/Not.SP.Nsi rv and cloned 

separately in pGEM®-T easy vector. The fragment Citrine was amplified by PCR by the following 

primers: Nsi.Citrine fw / Citrine-card or Citrine-Chi or Citrine-Ap1 rv and cloned separately in pGEM®-

T easy vector. Citrine-VSD fragment was cut by NsiI/SalI, SP fragment was cut by BamHI/NsiI and both 

were cloned in pBNRF-108-HSP-Ter35S linearized by BamHI/SalI. For moss protoplasts transformation, 

the vector was linearized by AvrII/PacI. 

 

pBNR-PSIA-citrine; pBNR-PSIB-citrine 

The SP fragment was assembled by annealing the following primers: SP-Chi.moss fw/ SP-Chi.moss rv 

and cloned separately in pGEM®-T easy vector. The PSI fragment was amplified by PCR by the following 

primers: PSIA fw/PSI rv or PSIB fw/PSI rv and cloned separately in pGEM®-T easy vector. The citrine 

fragment was amplified by PCR by the following primers: Nsi.citrine fw/ Nhe.Citrine rv and cloned 

separately in pGEM®-T easy vector. The SP fragment was cut by BamHI/NsiI, PSI fragment was cut by 

NsiI/NheI, Citrine fragment was cut NheI/SalI and there were all cloned in pBNRF-108-HSP-Ter35S 

linearized by BamHI/SalI. For moss protoplasts transformation, the vector was linearized by AvrII/PacI. 
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pBNR-Ci-KDEL; pBNR-Ci 

These plasmids were obtained with the Q5®Site-directed mutagenesis kit from NewEnglandBiolabinc. 

The couples of primers used were: Ci-KDEL Q5 fw/ Ci-KDEL Q5 rv or Citrine Q5 fw/ Citrine Q5 rv. Plasmid 

was totally amplified by PCR from the matrix plasmid pBNR-HSP-108-Ci-Card.  

pIG-Q5 

The plasmid was obtained with the Q5®Site-directed mutagenesis kit from NewEnglandBiolabinc. The 

couples of primers used were: PIG-Q5 fw/ PIG-Q5 rv or Citrine Q5 fw/ Citrine Q5 rv. Plasmid was totally 

amplified by PCR from the matrix plasmid pIG-HCG.  

 

pIG-RMR2-Cerulean 

The RMR2 fragment was amplified by PCR by the following primers: RMR2.Bam fw/RMR2.sal rv and 

cloned separately in pGEM®-T easy vector. The fragment Cerulean was amplified by PCR by the 

following primers: Cerul.sal fw / Cerul.HA.Spe rv and cloned separately in pGEM®-T easy vector. RMR2 

fragment was cut by BamHI/SalI, Cerulean fragment was cut by SalI/SpeI and both were cloned in piG-

Q5 linearized by BamHI/SpeI. For moss protoplasts transformation, the vector was linearized by PmeI. 

 

3. Vector maps 
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