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Abstract

In this study, | focused on a new family of receptors, called RMRs (Receptor-like Membrane RING-H2)
andltriedto investigate their role in the moss Physcomitrium patens Mitten (previously Physcomitrella
patens).

There is some evidence that in Angiosperms, RMRs are vacuolar receptors for the neutral/storage
vacuole thatis a compartment where storage proteins and metabolites are accumulated during seeds
development or in somatic tissues. It is distinguished from Iytic vacuole which has the same functions
as animal lysosomes.

The five PoRMR genes have been knocked-out, yielding viable material without visible phenotype
(Ayachi, 2012). A trafficking phenotype was described by Fahr (2017) who generated the construct
Citrine-Cardosin (Ci-Card) composed of the fluorescent protein Citrine fused to the C-terminal vacuolar
sorting determinant (ctVSD) from cardosin A (cardosin is addressedto the vacuole in higher plants —
Pereira et al., 2013). The fusion protein was delivered to the central vacuole of PpWT but mistargeted

in PDRMR-KO lines, indicating that the targeting of this protein to the vacuole depends on PoRMRs.

The introduction of this thesis presents the plant endomembrane system, with particular attentionto

vacuolar transport and ubiquitylation.

In the second chapter, | show the techniques used to attempt to detect PbORMRs by Western Blot: our

failure may be due to a rapid degradation of these proteins, which could prevent their detection.

Inthe third chapter, | focused on PRMR2 involvement in ubiquitylation. We hypothesize that PoRMRs
are E3 ligases because they are members of the PA-TM-RING protein family. Most of these proteins
have an E3 ubiquitin ligase activity in animals (Seroogy et al., 2004; Borchers et al., 2002), for this
reason, we think that plant PbRMRs could have this function as well, which could contribute to
vacuolar targeting. Indeed, | could confirm that PbDRMR2 has an E3 ubiquitin ligase activity.

PpRMRs substrates are still unknown in moss thus we have analysed putative candidates supposing
that they could be ubiquitylated by PpRMRs. We have tested this hypothesis through in vitro

ubiquitylation assays, obtaining ambiguous results.

In the fourth chapter, | show preliminary results about the visible phenotype of PbRMR-KO mutants:
PpWT and PpRMR-KO lines displayed phenotypic differences in leafy gametophores, which were

accentuated upon salt stress exposure.

15



Lastly, | transformed the transgeniclines PoWT/Ci-Card and Pp5KO/Ci-Card with mutated versions of
PpRMR2 and analysed their effect on vacuolar transport by confocal microscopy. For most of the
constructions tested, the trafficking was perturbed in both lines. Only PpWT/Ci-Card expressing

PpRMR2ASer (lacking the Serine-Rich motif) displayed a typical vacuolar pattern.
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Résumeé

Dans cette étude, je me suis concentrée sur une nouvelle famille des récepteurs, appelés RMRs
(Receptor-like Membrane RING-H2) et j'ai essayé d'étudier leur réle dans la mousse Physcomitrium
patens Mitten (précédemment Physcomitrella patens).

Chez les Angiospermes, les protéines RMRs sont considérées des récepteurs vacuolaires pour la
vacuole neutre/de stockage, un compartiment ol les protéines de stockage et les métabolites
s'accumulent pendant le développement des graines mais aussi dans des tissues somatiques. Elle se
distingue de la vacuole lytique qui a les mémes fonctions que les lysosomes animaux.

Les cing genes RMRs de la mousse ont été éliminés en produisant un matériel viable sans phénotype
visible (Ayachi, 2012). Un phénotype intracellulaire a été décrit par Fahr (2017) qui a généré la
construction Citrine-Cardosin (Ci-Card) composée de la protéine fluorescente Citrine fusionnée au
déterminant d’adressage vacuolaire C-terminal (ctVSD) de la “cardosin A” (la cardosine est adressée a
la vacuole chez les plantes supérieures — Pereira et al., 2013). La fluorescence a été détectée dansla
vacuole centrale de P. patens sauvage mais faussement adressée au réticulum endoplasmique chez les

lignées PDRMR-KO en indiquant que I'adressage a la vacuole de cette protéine dépend des PoRMRs.

L'introduction de cette thése traite du systeme endomembranaire des plantes, avec une attention

particuliere au transport vacuolaire et a I'ubiquitination.

Dans le deuxiéme chapitre, je montre les techniques utilisées pour tenter de détecter les PbORMRs par
immunotransfert: I’échec de détection est probablement dli a une dégradation rapide de ces protéines

qui pourrait empécher leur détection.

Dans le troisieme chapitre, je me suis intéressée a l'implication des PoRMRs dans |'ubiquitination. Nous
supposons que les PbRMRs sont des E3 ligases parce-qu’elles sont membresde la famille des protéines
PA-TM-RING. La plupart de ces protéines ont une activité de E3 ligase chez les animaux (Seroogy etal.,
2004; Borchers et al., 2002), c’est pourquoi nous avons pensé que les PoRMRs pourraient également
avoir cette fonction chez le plantes en contribuant ainsi au ciblage vacuolaire.

Les partenaires de PpRMRs étant inconnus dans la mousse, nous avons analysé des candidats en
supposant qu'ils pourraient étre ubiquitinés. Nous avons testé cette hypothése par des tests

d'ubiquitination par PbRMR?2 in vitro, n’obtenant que des résultats ambigus.
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Dans le quatrieme chapitre, je montre des résultats préliminaires sur le phénotype visible de mutants
KO des RMRs de la mousse: les lignées PpWT et PpDRMR-KO ont montré des différences phénotypiques
a niveau des gamétophores qui ont été accentuées lors d'une exposition au stress salin.

Enfin, j'ai transformé les lignées transgéniques PpWT/Ci-Card et Pp5KO/Ci-Card avec des versions
mutées de PbRMR2, et j'ai analysé leur effet sur le transport vacuolaire par microscopie confocale.
Pour la plupart des constructions testées, le trafic a été perturbé dans les deux lignées. Seule la ligne
PpWT/Ci-Card exprimant PpRMR2ASer (sans le motif riche en sérine) présentait un phénotype

vacuolaire sauvage typique.
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Chapter 1

General Introduction

1.1 The plantendomembrane system

The eukaryotic endomembrane system is a complex network of membrane-bounded organelles
involved in production, maturation, storage and turnover of macromolecules such as lipids and
proteins.

Inplants it is composed of: nuclear envelope, endoplasmic reticulum (ER), Golgi apparatus (GA), trans-
Golgi network (TGN), endosomes, multivesicular bodies (MVBs)/prevacuolar compartments (PVCs),
vacuoles, plasma membrane (PM) (Figure 1.1). These compartments can be directly connected to each
other, such as the nuclear envelope andthe ER, or physically separated: inthis case, they communicate
via trafficking vesicles or by a maturation process (Robinson and Neuhaus, 2016).

Molecules are shuttled in vesicles that bud from a donor membrane compartment and are transported
through the cytoplasm thanks to the involvement of the cytoskeleton. When vesicles reach their

destination, they fuse with the membrane of the acceptor organelle where the cargois released.

Plasma membrane

Figure 1.1. Trafficking routes for plasma membrane and vacuolar proteins in plants. The outer nuclear
membrane is continuous with the endoplasmic reticulum (ER). De novo synthesized plasma membrane proteins
are translocated into the ER, sorted through the Golgi, then carried into the trans-Golgi network/early endosome
(TGN/EE). Vesicular trafficking mediates the transport of cargo either to the plasma membrane or via
multivesicular body (MVB) compartment into the vacuole. Proteins that are endocytosed from the plasma
membrane can be recycled via TGN/EE compartments, or transported to the lytic vacuole to be degraded
(adapted from Luschnig and Vert, 2014).
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Two different pathways exist in the cell: in the biosynthetic pathway, the proteins are synthesized in
the ER, modified in the GA and transported to a final compartment (PM, lysosomes in animals or
vacuoles in plants). Some proteins synthesized in the ER as well as complex polysaccharides
synthesizedin the GA, can be secreted from the cell, for this reason the biosynthetic pathway is also
known as secretory pathway. Inthe opposite direction, material follows the endocytic pathway moving
from the cell surface to the internal compartments of the cytoplasm (endosomes,
lysosomes/vacuoles).

In plants, these two pathways have been studied as separated (Lam et al., 2007) but the study of
vacuolar sorting receptors in N. tabacum BY-2 cells revealed that the two routes converge to vacuoles.
Inthis study (Tze et al., 2004), a typical reporter of PVCs, named YFP-80, was used. The cells expressing
this reporter were treated with FM4-64, a styryl dye useful to study endosomal compartments in plants
(Kim et al., 2001; Bolte et al., 2004); it is also employed to follow bulk membrane internalization and
vacuolar transport in yeast (Vida and Emr, 1995). Tze et al. (2004) observed that 15-30 minutes after
FM-64 addition to BY-2 cells, all the YFP-positive organelles accumulated the dye, including the PVC,
thus they concluded that this is an endocytic compartment.

Both pathways lead to the early endosome (which is also the TGN in plants). From there, cargocanbe

transportedto the PM, to the Golgiapparatus, or to the PVC/MVB, and then to the vacuoles.

1.1.1 The secretory pathway

Endoplasmic Reticulum

The endoplasmic reticulum (ER) is a dynamic compartment composed of distinct domains such as the
nuclear envelope, sheets (also called cisternae; Park and Blackstone, 2010) and a tubular network that
forms membrane contact sites (MCS) with diverse organelles and with the PM (Wu et al., 2018). These
domains are involved in the synthesis of proteins and lipids, proteins folding, quality control,
carbohydrates metabolism, maintenance of calcium homeostasis and materials exchange with other
organelles (Reid and Nicchitta, 2015; Westrate et al., 2015).

This multifunctional organelle is subdivided into two types, both presentin animaland plant cells: the
rough ER and the smooth ER. The rough ERis so-called because of the presence of ribosomes bound
on its cytosolicface, which are engaged inthe synthesis of secretory and membrane proteins, whereas
free ribosomes synthesize soluble proteins (Lerner et al., 2003). Lipids and steroid hormones are
produced in the smooth ER (Sparkes et al., 2009; Lynes and Simmen, 2011) that has no ribosomes on
its surface.

Protein translation starts in the cytosol: here the free ribosomes are addressed to the ER membrane

via a signal peptide (SP) of 16-30 residues present at the N-terminus of the nascent polypeptide. In this
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process, the SP allows the targeting of the ribosome-nascent chain complex (RNC) to the ER
membrane, where the SP is bound by the signal recognition particle (SRP) which also pauses
translation. Some studies have shown that SRP binds to RNC only when the nascent hydrophobic N-
terminal motif emerges from the ribosome (Luirink and Sinning, 2004), but according to other works,
this recognition may occur in the earlier stages of the translation (Chartron et al., 2016; Voorhees and
Hegde, 2015). The binding of SRP to its receptor (SR) leads to the dissociation of SRP from the
ribosome, and following GTP hydrolysis, SRP and SR dissociate from each other (Shan et al., 2009).
Therefore, the ribosome can bind to the translocon channel (called Sec61 in eukaryotes and SecY in
prokaryotes) which is a heterotrimeric complex composed of a- (forming the pore of the channel), B-
and y- subunits. Translation resumes and the polypeptide is translocated through the ER membrane.
After translocation of the protein across the membrane, the signal peptide is cleaved by a signal
peptidasein the ER lumen, and degraded, while the protein synthesis continues until it reaches its final
conformation (Nam and Paetzel, 2013; Voss et al., 2013). If the signal peptide is not cleaved, the
protein will be anchoredin the membrane. This process is called co-translational translocation because
it is concurrent with the protein synthesis by the ribosome, and it is distinguished from post-
translational translocation in which the protein is translated in the cytosol and later transferred into
ER (Ellgaardet al., 2016). In this case, the SRP is not required: the Sec61 complex and other receptor
proteins (Sec62/63 complex) recognize the signal peptide, while cytosolic chaperones maintain the
unfolded conformation of the polypeptide chain during its entryin the Sec61 channel; the receptor BiP
(binding immunoglobulin protein) intervenes to pull the protein into the channel and into the ER

(Cooper, 2000). In eukaryotes, post-translational translocation has mostly been observed in yeast.

Quality Control

In plants, stress conditions due to abiotic and biotic agents may prevent the correct folding causing an
accumulation of aberrant proteins in the ER (Liu and Howell 2010; Verchot, 2016). Here, molecular
chaperones (luminal binding protein BiP, calnexin, calreticulins, protein disulfide isomerase PDI)
ensure the proper folding of the proteins and prevent the aggregation of the misfolded ones (Nawkar
et al., 2018). A cytoprotective response called UPR (unfolded protein response)is invoked by the cell
to overcome the ER stress: when this happens, the level of molecular chaperones increases and the
ER-associated protein degradation (ERAD) is enhanced (Liu and Howell, 2016). The aberrant proteins
are then addressed to the cytosol for proteasomal degradation (McCaffrey and Braakman, 2016) or
targeted to lysosomal/vacuolar degradation mediated by endosomal sorting complexes required for

transport (ESCRT) (Inada and Ueda, 2014).
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ERAD

Misfolded proteins areretained in the ER and then eliminated by the ERAD machinery: first, they are
retro-translocatedtothe cytosol, then polyubiquitylated and degraded by the 26S proteasome, thatis
composed of a cylindrical 20S core protease (CP) capped on eachend by a 19S regulatory particle (RP)
(Inada and Ueda, 2014; Moon et al., 2004). The CP is an ATP-dependent complex, also involved in
ubiquitin independent proteolysis; the RP receives the ubiquitylated proteins, assists in
deubiquitylation, and opens the channel of the CP allowing the unfolded substrate to enter and be
degraded (Smalle and Vierstra, 2004). Depending on the location of the folding defect, different ERAD
pathways have been described in S. cerevisiae: defects in the cytosolic domain of membrane proteins
(ERAD-C) are detected by the DOA10 complex; if the lesion is located in the luminal domain (ERAD-L)
or in the transmembrane domain of proteins (ERAD-M), the HRD1 complex will be invoked for the
degradation pathway (Carvalho et al., 2006). The aberrant substrates detected by HRD1 or DOA10
complexes are retro-translocated across the ER membrane, ubiquitylated and transferred by the AAA-
ATPase VCP/Cdc48 into the cytoplasm; from here, they are delivered in a soluble state to the
proteasome, where they are degraded (Hiller et al., 1996; Jarosch et al., 2002; Wu and Rapoport,
2018).

In A. thaliana, the HRD1 complex is involved in abiotic and ER stress responses (Huttner and Strasser,
2012; Van Hoewyk, 2018) while in rice it is implicated in the formation of protein bodies in the
endosperm (Ohta and Takaiwa, 2015). Together with HRD1, the E3 ligase DOA10 negatively regulates
thermotolerancein A. thaliana (Li LM et al., 2017).

It has beenshown that BRI1-5 and BRI1-9 (variants of the heavily glycosylated receptor brassinosteroid
insensitive 1) with misfolded luminal domains, undergo glycan-dependent ERAD (Jinet al., 2007; Hong
etal., 2008).

A ubiquitin-independent proteasomal degradation pathway has been describedinanimals: inthis case,
proteins are degraded by 20S proteasomes (Asher et al., 2006). Among them, the ornithine
decarboxylase (ODC) has beenidentified, together with cellular proteins called p21, p73, BIMEL (Asher
et al., 2005; Wiggins et al., 2011) and highly oxidized proteins (Shringarpure etal., 2003). In animals,
the regulator of cell cycle, p53, is subjected to both ubiquitin-dependent and independent degradation

(Asher and Shaul, 2005).
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Trafficking from ER to Golgi

In the early secretory pathway, all the proteins that have passed the ER quality control, initiate an
anterograde transport from ER exit sites (ERES) to the GA through the coat protein complex 11 (COPII),
while all the proteins that need to travel back from GA to ER are transportedin COPI vesicles (daSilva
etal., 2004; Mathesonetal., 2006) (Figure 1.2).

COPIl is formed by three cytosolic components: the GTPase Sarl and the two heterodimers Sec 23/24
and Sec 13/31 (Barlowe etal., 1994). It is not clear how the ER and the Golgi are connected, but it is
thought that there are closed compartments such vesicles and tubules that allow the transport of
cargoes from ER to Golgi (Hanton et al., 2006).

The mechanism of export of soluble cargoes needs to be elucidated: probably they are transported by
means of a bulk flow (Phillipson et al., 2001). For other proteins such transmembrane proteins, the
process could also be dependent on specific motifs recognized by COPII proteins (Robinson et al.,
2015), but it is not known yet whether these signals recruit or are recruited by COPII (Contreras etal,,
2004; Hanton et al., 2005).

The recruitment of COPII begins with the activation of the small GTPase Sarl (Nakano and Muramatsu,
1989): in this process, the complex Sar1-GDP is converted in Sarl-GTP by the guanine nucleotide
exchange factor GEF-Sec12 (Nakano et al., 1988). Once Sarl binds to GTP, it exposes its N-terminal
amphipathic tail which penetrates the lipid bilayer (Bielli et al., 2005). The bond of Sarl-GTP to the
membrane allows the recruitment of Sec23/24 heterodimer (Barlowe etal., 1994; Hicke etal., 1992).
The Sec23/24-Sarl is then ready to select and bind the cargo, forming the so-called prebudding
complex (Aridor et al., 1998). This complex recruits the heterotetramer Sec13/31 permitting the
formation of a scaffold for the outer layer of the COPII coat (Lederkremer et al., 2001; Fath etal., 2007).
COPIl vesicles (70-80 nmin diameter) bud from the donor membrane and mediate the transport of the
cargo to either the ER-Golgi-intermediate compartment (ERGIC) or the Golgi complex (Sato and
Nakano, 2007). Sec23 activates the hydrolysis of Sar1-GTP and the consequent disassembly of COPII

coat (Kurokawa et al., 2016).
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Figure 1.2. COPIl vesicle formation and the selective uptake of cargo proteins. GDP-GTP exchange on Sarl is
catalysed by the transmembrane guanine nucleotide exchange factor Sec12. Sarl-GTP bindsto the ER membrane
and recruits the Sec23/24 subcomplex. The transmembrane cargo exposes its signal into the cytosol which is
captured by Sec24. The newly formed “prebudding complex” is clustered by the Sec13/31 subcomplex,
generating COPIl coated vesicles (adapted from Sato and Nakano, 2007).

The retrograde transport of the escaped ER resident proteins is mediated by the COPI complex, also
called coatomer (Figure 1.3). This is composed of a GTPase ADP-ribosylation factor 1 (ARF1) and a
heptameric complex divided in a B-subcomplex (a, B’ and € subunits) and a F-subcomplex (B, y, 6 and
Tsubunits; Waters et al., 1991; Rothman and Wieland 1996; Eugster et al., 2000). GDP-ARF1 is recruited
to the Golgi membrane by a guanine nucleotide exchange factor (GEF) that catalyses the loading of
GTP on ARF1 (Donaldson et al., 1992). This causes a conformational change of ARF1 so that it can
anchors into the membrane through its myristoylated N-terminal amphipathic helix (Antonny et al.,
1997; Liu et al., 2009). ARF1-GTP recruits the coatomer to the Golgi membrane: during this
recruitment, a type | transmembrane protein p23 participates in the COPI coat assembly (Sohn et al.,
1996; Bremser et al., 1999); p23, a member of p24 protein family (Gommel et al., 2001), was identified
as ARF1-GDP receptor. Once COPI-coated vesicle is formed, the Arfl GTPase-activating proteins
(ArfGAPs) catalyse the GTP hydrolysis inducing the dissociation of ARF1 from GTP and the uncoating
of the COPI vesicle (Tanigawa et al., 1993; Becketal., 2009).

Homologues of COPI complex components have been found in plants (Hanton et al., 2005). It has been
shown that if COPI is inhibited, the ER export is impaired and the ERES disrupted (Stefano etal., 2006),

leading to the hypothesis that ARF1 plays a role in both retrograde and anterograde transport.
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Figure 1.3.The core machinery of COPI recruitment to membranes, coat polymerization, vesicular budding and
uncoating. The bond of ARF-GDP to p23 is the first step for the recruitment of coat proteins (1). Following
nucleotide exchange, ARF-GTP dissociates from p23 and binds to the membrane (2). GDP to GTP exchange (grey
box) causes rearrangements of p23/p24 oligomers (3). ARF-GTP and presumablya p23/p24 heterooligomer are
generated from this process, thus activating coatomer binding and coat polymerization (4). Following budding
(5), the catalytic domain of ARF-GAP triggers uncoating (6). Active components are shown in green; inactive
components are shownin red(adaptedfrom Nickel etal.,2002).

COPI vesicles are engaged in the transport of soluble proteins such as the escaped resident ER
glycoproteins, many of which have a C-terminal KDEL sequence (HDEL in yeast) that prevents their
secretion (Munro and Pelham, 1987). In yeast, it has been shown that the transport of HDEL proteins
from Golgi to ER is mediated by ERD2 receptor (HDELR). /Invivo studies showed that ERD2 localizes to
the cis-Golgi apparatus (Silva-Alvim et al., 2018). The interaction between ERD2 and HDEL-ligands
occurs in the Golgi due to the acidic pH in this compartment. The bond causes the dimerization and a
conformational change of ERD2 leading to the generation of a COPI binding motif. Once HDEL ligands
are retrieved to the ER, the neutral pH of this compartment causes their dissociation from ERD2

(Robinson and Aniento, 2020).

A Golgi independent pathway

In the cotyledon cells of mung bean seedlings, the KDEL-tailed cysteine proteinase SH-EP reaches the
protein storage vacuole (PSV) bypassing the Golgi apparatus (Toyooka et al., 2000). This result has
been obtained by performing an immunogold assay with ananti-SH-EP antibody: it was shown that ER
and KDEL-vesicles were labelled but the GA was not. On the other side, the antibody against the
vacuolar protease asparginyl endopeptidase labelled the Golgi and the vacuoles, but not the KDEL-

vesicles (KVs). This indicates that KDEL vesicles bypass the Golgi and fuse with PSV (Okamoto, 2006).
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In the maturing seeds, it was also found that the precursor-accumulating (PAC) vesicles mediate
protein transport directly to PSV (Hara-Nishimura et al., 1998). On the periphery of PAC vesicles,
storage glycoproteins were found, suggesting that the vesicles which transport these proteins, bud
from Golgi and fuse with PAC vesicles on the way to the PSV (Hanton et al., 2005). It might also be
possible that these glycoproteins are transported to Golgi to be processed, then they would be
recycled to ER for packaging into PAC vesicles, and transported to PSV (Hanton et al., 2005).

Indeveloping wheat seeds, the storage proteinsaggregate inthe ER, and budding from here, they form
protein bodies which are internalized in the PSV through a mechanism similar to autophagy (Ibl and

Stoger, 2011; Herman, 2008).

Golgi Apparatus

The plant GA has the function to modify, sort and package the macromolecules, thus representing an
important traffic point between ER, vacuoles and plasma membrane.

Plant and animal GA have a different structure. Inanimal cells, the GA occupies a stationary perinuclear
position, while in plant cells the GA is divided into individual and functionally independent Golgi stacks,
distributed all over the cytoplasm (Vildanova et al., 2014); each stack is made up of four - eight
cisternae organized in cis-Golgi (near to ER), medial-Golgi (central) and trans-Golgi (far from ER).
Proteins and lipids coming from ER, are packaged into transport vesicles, enter the cis face and exit
from the trans face to reachtheir final destination (Foresti and Denecke, 2008).

The GA is also involved in the biosynthesis of hemicellulose and acidic pectic polysaccharides which
are very important components of the cell wall matrix (Driouich et al., 2012).

In animals, proteins and lipids arrive at the cis-Golgi in clusters of fused vesicles that migrate through
microtubules forming the vesicular tubular cluster (Martinez-Menarguez et al., 1999).

In the GA, the molecules undergo modifications, including cleavage or addition of short chains of
sugars moieties, addition of fatty acids or phosphate groups (Ruiz-May et al., 2012; Stanley, 2011). The
enzymes responsible for these modifications are found in the different compartments of the GA, for
example, the mannose moieties are cleaved in cis and medial cisternae, while the galactose or the
sulphate are added in the trans cisternae (Stanley, 2011). All the modified proteins and lipids reach the
trans-Golginetwork (TGN) where they are packaged into vesicles at the transface, and from here, they
aretransportedto their final destination (lysosomes or vacuoles, cell membrane).

Itis stillunclear how proteins and lipids move from cis- to trans-Golgi, but two prevailing models have
been suggested (Emr et al., 2009; Pelham and Rothman, 2000). According to the first one, called
“vesicle-transport model”, the vesicles bud off from a cisterna and fuse to the next one, or carry the
molecules backto the ER; this model proposes the GA as a stationary compartment. Inthe other model

named “cisternal progression model”, the cargo would remain in a compartment while specific
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enzymes convert the cis cisternainto a medial one, or the medial cisternainto a trans one. It implies
retrograde transport of cisternal specific enzymes as part of the maturation process. This indicates that

the GA is a dynamic organelle (Pfeffer, 2010).

Trans-Golgi Network (TGN)

The TGN is found on the trans side of GA and is involved in cargo sorting, packaging and delivering to
the PM or lysosomes/vacuoles (Griffiths and Simons, 1986).

The plant TGN is important for the assembly of the cell wall and the organization of the traffic to and
from the PM, whereas in animal cells, these two pathways are separately confined to TGN and
endosomes (Rosquete et al., 2018).

In plant cells, the TGN is also called early endosome (EE) because it plays a role in trafficking and
recycling of endosomal material (Dettmer et al., 2006; Viotti et al., 2010). A model for TGN biogenesis
in plants was proposed by Kang et al. (2011).

Studies of cell fractionation and electron microscopy/tomography demonstrated that two types of
TGN exist: the Golgi-associated TGN (GA-TGN) cisternae which are attachedto the trans side of Golgi,
and the free TGN cisternae, that are detached. Clathrin-coated vesicles (CCVs) and secretory vesicles
(SVs) buds were found in both fractions, but they were more abundant in the free TGN cisternae
(Rosquete et al., 2018).

Treating N. tabacum BY-2 cells with the fungal inhibitor brefeldin A (BFA), the TGN, endosomal and
Golgi material undergo aggregationin large intracellular bodies (Langhans et al., 2011) but when BFA
is removed, Golgi and TGN population regenerate independently, indicating that plant TGN is an

independent compartment (Itoet al., 2017).

Endosomes

Endosome trafficking in plants is essential for the composition and the structure of the plasma
membrane and cell wall (Toyooka et al., 2009), for the maintenance of the vacuole and cell growth
(e.g. pollen tube growth; Richter et al., 2012; Samaj et al., 2006). Endosomes have also a key role in
generating cell polarity and in hormonal and defense signaling (Contentoand Bassham, 2012).

Proteins coming from both biosynthetic and endocytic pathways converge in the endosomes.
Endocytosed plasma membrane proteins have two possible destinies: they can be recycled back to PM
by means of early and recycling endosomes (EE and RE) or can be targeted for degradation through
internalizationin intermediate/late endosomes (LE), also called multivesicular bodies (MVBs, spherical

compartments containing internal vesicles; Oteguiand Reyes, 2010).
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Different marker proteins such as the Rab GTPases can be found in these compartments: EE contain
RAB4 and RAB5; in the RE, RAB11is more abundant, while RAB7 or mannose6-phosphate (in animals)
might be detectedin LE (Huotariand Helenius, 2011).

The most important plant endosomal compartments are identified as TGN or EE, and MVB or LE; the
MVB is also called prevacuolar compartment (PVC) because here, endocytic and biosynthetic vacuolar
trafficking meet (Tse et al., 2004). When receptors gradually decrease, the PVC maturesintoa late PVC
thatis found between the PVC and the vacuole (Foresti et al., 2010). Other types of endosomes could
exist, but more investigations needto be done (Contento and Bassham 2012).

The endosomal trafficking in plants is essential for signaling, and requires several plasma membrane
kinase receptors: the steroidal plant hormone receptor brassinosteroid insensitive 1 (BRI1),
responsible for cell expansion and division, has been shownto localize to both PM and EE in A. thaliana
(Geldner etal., 2007).

A model proposed by Scheuring et al. (2011) shows that in Arabidopsis thaliana, the TGN matures into
MVB which finally fuses with the tonoplast of the vacuole to release the cargo.

In plant cells, proteins are exchanged between PM and endosomes in a process called “constitutive
cycling”, sothat the cells are able to easily control the rapid changes in plasma membrane composition:
examples of these proteins are the auxin carrier PIN-FORMED1 (PIN1), the water channel PIP2 and the
K* channel KAT1 (Otegui and Reyes, 2010). The auxin regulates many growth and developmental
processes, thus having an inhibitory effect on endocytosis (Paciorek et al., 2005); the abscisic acid
induces the endocytosis and the recycling of KAT1 that is an important channel for the regulation of
stomatal opening (Sutter et al., 2007).

Endosomes play an essential role in the degradation of membrane proteins. While soluble proteins are
degraded by the cytosolic 26S proteasome, the plasma membrane proteins, once ubiquitylated, are
delivered to endosomes where they are recognized by endosomal protein complexes and sorted into
vesicles, generating the MVBs; this is a quite unique endosomal invagination in which a small vesicle
forms inside the endosome, but in most cases, the vesiculating membrane buds away from the
cytoplasm. ESCRT also generates exosomes and ectosomes in animals but their biogenesis in plants is
still not clear.

The fusion of MVBs with vacuoles/lysosomes causesthe release of the endosomal vesicles in the lumen
where they are degraded by hydrolytic enzymes (Oteguiand Reyes, 2010).

A crucial role in this process is played by the complexes ESCRT-O0, -I, -1l and -IlI.

ECRT-I, Il and-lll were identified because of their involvement in the biogenesis of intraluminal vesicles
(ILV) of MVB (Bassham et al., 2008); ESCRT-0 was discovered later, and it is so-called because it acts
upstream of ESCRT-I (Raiborg and Stenmark, 2009). ESCRT-0, ESCRT-I and ESCRT-II contain ubiquitin-

binding subunits through which they bind the ubiquitylated transmembrane cargo at the late
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endosome membrane, and initiate membrane invagination (Frankel and Audhya, 2018). In yeast,
ESCRT-IIl is composed of Vps20, Snf7, Vps24, and Vps2 subunits. It drives membrane budding and
scission of vesicles (Schoneberg et al., 2017). It represents the main complex responsible for the
formation of ILVs and participates alsoin virus budding, cytokinesis reactions (Raiborg and Stenmark,
2009) and autophagy (Rusten and Stenmark, 2009). The energy necessaryto form MVB vesicles comes
from the ATPase activity of Vps4p/SKD1 which is also required in the disassembly and recycling of
ESCRT coat (Schmidt and Teis, 2012).

Protists and plants lack ESCRT-0 which is replaced by TOM1 proteins: these are involved in
ubiquitylated cargo sorting and recruitment of ESCRT-I components from the cytoplasm (Richardson
et al., 2011; Wang T et al., 2010). As in yeast, ESCRT-IIl forms stable protein complexes in the
cytoplasm, and together with the ATPase Vps4p/SKD1, it is required for membrane fission and the

releasing of the nascent vesicle in the MVB lumen.

Vacuoles

Vacuoles are dynamic multifunctional compartments surrounded by a membrane, the tonoplast. More
thanone kind of vacuole can be found in one single plant cell (Paris et al., 1996; Epimashko et al., 2004)
but, depending on the cell types, vacuoles can fuse to form a unique large central compartment which
can occupy more than the 80% of the total cell volume (Marty, 1999). Plant vacuoles are involved in
nutrient accumulation, turgor maintenance, pH balancing, homeostasis, defense.

They can be subdivided into three different types: the acidic vacuole, named also lytic vacuole (LV) is
equivalent to animal lysosomes; it is abundant in vegetative organs and contains hydrolytic enzymes
involved in digestion and turnover of several compounds. The neutral vacuole (NV) is found in
vegetative tissues; the protein storagevacuole (PSV) instead is involved in the accumulation of storage
proteins (Marty, 1999; Frigerio et al., 2008) and is located in seeds, in leaf cells, and in specialized
vegetative cells in response to wounding or to developmental switches (Jauh et al., 1998). LV and NV
have different pH which can be visualized using probes sensitive to acidic environments (Swanson et
al., 1998). Lytic vacuoles accumulate the pH-sensitive dye Neutral Red, neutral vacuoles do not (Di
Sansebastianoetal., 2001).

Xiang et al. (2013) described a classical Golgi route, showing that vacuolar proteins are packaged into
vesicles and pass through the Golgi before being delivered to the vacuole.

A Golgi-independent pathway s preferred (unconventional route)in particular conditions such as plant
development, stress conditions, storage protein accumulation in seeds, upregulation of protein
expression. In these situations, the unconventional route is faster and more efficient (De Marchis et

al., 2013).
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Insoluble protein aggregates, soluble and tonoplast proteins can bypass the Golgi and directly reach

the vacuole (Herman, 2008; De Marchis et al., 2013).

1.1.2 Vesicle transport pathway in plants

As mentioned above, the transport of cargoes to their final destination is mediated by three important
coated vesicles: COPI, COPIl and clathrin-coated vesicles, helped by small GTPases (Figure 1.4).
According to the classical model, after the formation of the bud in the donor compartment, the vesicle
containing the cargo is delivered to the acceptor compartment where it fuses with the target

membrane allowing the subsequent release of the content (Paul and Frigerio, 2007).

or lysosome

@{) Multivesicular body
OF Clathein

Figure 1.4. The coated vesicles. COPIl and COPI deliver proteins between ER and Golgi by anterograde and
retrograde transport, respectively. Clathrin-coated vesicles mediate protein transport between TGN and
endosomes (adaptedfromHsu et al., 2009).

SNAREs (Soluble NSF Attachment Protein Receptors)

A regulatory machinery composed of GTPases, tethering factors, and SNAREs, is necessaryto control
vesicle trafficking. The SNARE complexes, responsible for the final membrane fusion, comprise four
SNAREs: three have a glutamine residue in the SNARE motif (Q-SNAREs) and reside on the target
membrane, in fact they are also called t-SNAREs; one has a central arginine (R-SNARE) in the SNARE
motif and is found on the transport vesicle, thus it is called v-SNARE. The v-SNARE and t-SNAREs create
a kind of bridge between the transport vesicle and the target membrane, then by forming a 4-helix
bundle, they induce their fusion (Saito and Ueda, 2009). After membrane fusion, the N-
ethylmaleimide-sensitive factor (NSF) and the alpha-soluble NSF attachment protein (a-SNAP) are

involved in the dissociation and recycling of the SNARE complex (Gu et al., 2017).
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1.1.3 The endocytic pathway

In the endocytosis process, the cells take up macromolecules and particulate substances enclosing
them in an endocytic vesicle through the invagination of the plasma membrane.

A well-known form of endocytosis is the receptor-mediated endocytosis, essentialin mammal cells for
the uptake of cholesteroland other macromolecules. These need to bind to specific receptors of the
plasma membrane, often located in clathrin-coated pits (CCPs). After budding from the membrane,
they give rise to clathrin-coated vesicles (CCVs) in which the receptors and their ligands are
incorporated; vesicles fuse to early endosomes where the content is released and then transported to
lysosomes or vacuoles (Chen et al., 2011).

Clathrin consists of three heavy and three light chains forming a triskelion which assembles in a basket-
like “clathrin lattice” (Kirchhausen, 2000; Wilbur et al., 2005). The formation of the clathrin lattice
(Figure 1.5) requires the accumulation of phosphatidylinositol-4,5-bisphosphate (PIP2) and several
proteins, including the adaptor protein complexes (AP1, AP3, AP4 at TGN, AP2 at PM, AP5 in the LE) at
the pinching site (Mousavi et al., 2004; Park and Guo 2014; Hirst et al., 2011). Once the cargoes have
been selected by the clathrin adaptors, the clathrin coat grows and forms a CCP: the assembly of CCP
requires the participation of PIP2 and several actin-binding proteins, such as the ones belonging tothe
BAR (Bin-Amphiphysin-Rvs167) superfamily. These BAR proteins are involved in membrane
deformation and promote its tabulation (Yoshida et al., 2018). The CCP invaginates until it forms a thin
membrane neck: here, the GTPase dynamin assembles into helical polymers, promoting the scission
from the plasma membrane (Hinshaw, 2000). The generated free endocytic vesicle will transport its
cargoto TGN or EE. The cargo can be carried to the PM or targeted tothe vacuole where it is degraded

(Viotti et al., 2010; Reynolds etal., 2018).
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Figure 1.5. Clathrin-Coated Vesicles. Clathrin is assembled in a triskelion (A). Clathrin forms a coat around the
vesicle (B). PIP2 levels and BAR protein binding are necessary for membrane curvature and thus for the formation
of the clathrin-coatedvesicle (C) (adapted from www.mechanobio.info).
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In plants, besides the clathrin-mediated endocytosis (CME), an alternative route exists, the so-called
membrane microdomain-associated endocytosis, that is clathrin-independent (Figure 1.6). Two
membrane microdomain marker proteins are involved in this route: flotillin and remorin, the first one
containing a stomatin/prohibitin/flotillin/HfIK/C (SPFH) domain (Haney and Long, 2010). In Arabidopsis
thaliana, Flotillinl (Flot1) is required for seedlings development (Li R et al., 2012) and the regulation
of signal transduction via endocytosis (Wang et al., 2013). Remorin has no SPFH domains and is an
important component of plasmodesmata and PM (Raffaele et al., 2009; Jarschetal., 2014).

In tomato, the sucrose transporter SISUT2 is thought to be internalized into the cell through the
membrane microdomain-associated pathway (Bitterlich et al., 2014). In tobacco BY-2 cells, glucose is

alsotaken up via clathrin-independent endocytosis (Bandmannand Homann, 2012).
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PI(4,5)P2 % Sterols § Remorin Clathrin

TRENDS in Plant Science

Figure 1.6. Endocytic pathways identified in plants. Clathrin-mediated endocytosis (CME) and membrane
microdomain-associated endocytosishave been describedin plants. CME is essential for the entry of extracellular
material into plant cells. Membrane microdomains are nanodomains at the plasma membrane (PM) mainly
composed of sterol and sphingolipids. Two membrane microdomain marker proteins, flotillinand remorin, have
been identified: flotillin participates in the clathrin-independent endocytic pathway (adapted from Fan et al,
2015).

1.1.3.1 Endocytosis and ubiquitylation

The studies on IRT1 root iron transporter, BOR1 boron transporter, and PIN2 auxin efflux carrier,
elucidated the role played by ubiquitin (Ub) in plant PM protein endocytosis and vacuolar degradation
(Barberon et al., 2014; Leitner et al., 2012). These proteins are post-translationally modified by
ubiquitylation of lysine residues in their cytosolic loops. An important study showed that if the target
lysines were substituted by non-ubiquitinatable arginine residues, the three proteins were expressed
but not endocytosed, leading to their accumulation at the plasma membrane and preventing their

degradation in the vacuole in response to gravistimulation or boron excess (Barberon et al., 2014;
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Leitner et al, 2012). These results were supported by other studies demonstrating that the presence
of Ub on an artificially ubiquitylated PM protein cargo (carrying in-frame fusion with Ub) was a
sufficient signal for its transport tothe vacuolar lumen (Herberth et al., 2012; Scheuring et al., 2012).
Other PM proteins that undergo ubiquitin-mediated endocytosis (UbME) are the brassinosteroid
insensitive receptor BRI1 (Martins et al., 2015), the phosphate transporter PHT1-1 (Scheuring et al.,
2012; Cardona-Lépez etal., 2015), and the membrane-associated ABA receptors PYL4/PYR1 (Bueso et
al.,2014).

In this process, endocytic adaptor proteins recruit the Ub cargoes into clathrin-coated pits. Epsins for
instance, are well-known adaptors containing Ub-interacting motifs. They are characterized by the
epsin N-terminal homology (ENTH) and the AP180 N-terminal homology (ANTH) domains that
associate with clathrin, AP2 adaptor complex and PIP2 (Traub, 2009).

While Ub-mediated endocytosis occurs mainly via the clathrin-dependent endocytosis (Barberon et al.,
2011; Scheuring et al., 2012), the work of Sigismund et al., (2013) describes the Ub-dependent but
clathrin-independent internalization of the mammalian EGF receptor. This mechanism needs to be
elucidated in plants where the internalization mechanisms and the internalization pathways do not
always match: this is the case of some cargoes that undergo UbME (such as BRI1) but are internalized

via clathrin-independent processes (Wang et al., 2015).

1.2 Different types of vacuoles in plants

The different vacuolar types are defined by specific membrane markers, the tonoplast intrinsic
proteins (TIPs). It has been shown that the isoforms a-TIP and &6-TIP are the markers for PSV (Jauh et
al., 1998), whereas y-TIPis the marker for LV (Jauh et al., 1999).

In barley and pea root tips, two different vacuoles were described in the same cell near the meristem:
a PSV characterized by the presence of a-TIP and the storage protein barley lectin; an LV labeled by y-
TIPand aleurain (Paris et al., 1996).

The A. thaliana genome encodes 10 TIP isoforms: 3 y-TIP, 3 &-TIP, 1 a-TIP, 1 B-TIP, 1 &-TIP, 1 Z-TIP
(Johanson etal., 2001). The e-TIP and &-TIP are mostly found in roots and floral organs; y-TIPand {-TIP
are abundant in flowers; a-TIP and B-TIP are mainly expressed during seed maturation (Frigerio etal.,
2008). Hunter et al. (2007) showed that a, y or 6-TIP fused to YFP, localized to the tonoplast of the
centralvacuole of transgenic A. thaliana leaves, mature roots and root tips; all the three TIPs localized
to the tonoplast of PSV in the embryos of developing, germinating and mature seeds. These results
show that LV and PSV are present at particular stages of plant development and that TIPs exhibit tissue-
specificity: in particular, y-TIP and 6-TIP are expressed in vegetative tissues except in root tips, a-TIPin

seeds during germination. This suggests that in root tips, leaves and seeds of A. thaliana, there is a
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single type of vacuole, but this does not exclude that two separated vacuoles may coexist in other cell
types (Frigerio et al., 2008).

The two vacuoles LV and PSV can also be differentiated using soluble markers: vacuolar proteins with
a sequence-specific vacuolar sorting determinant (ssVSD) for LV, and vacuolar proteins with C-terminal

vacuolar sorting determinants (ctVSD) for PSV (Di Sansebastiano et al., 1998).

1.2.1 Vacuolar Sorting Determinants (VSD)

Soluble proteins that are sorted to the vacuole contain in their sequence the vacuolar sorting
determinant (VSD), while proteins addressedto the apoplast do not have such a signal (Pereira et al.,
2014). This motif can be found within a protein, at its N-terminal or C-terminalend, and it is removed

by vacuolar proteases after vacuolar sorting (Xiang et al., 2013).

Protein precursors may contain sequence-specific (ssVSD), C-terminal (ctVSD), or physical structure-

dependent VSD (psVSD) (Xiang etal., 2013).

ssVSD are found in proteins delivered to LV. They were identified in N-terminal propeptides (NTPP) of
barley aleurain and sweet potato sporamin, both characterized by an NPIR motif (Holwerda et al,,
1992) that binds to the vacuolar sorting receptor BP-80; similar motifs were later found in internal
propeptides (castor bean ricin; Frigerio et al., 2001) and C-terminal propeptides (castor bean 2S
albumin; Brownetal., 2003). Ineachcase, lle or Leu residues are essential for transport and for in vitro
binding to putative receptors (Cao et al., 2000). Sorting receptors that bind to NPIR-containing peptides
were first describedin pea (Kirsch et al., 1994; Paris et al., 1997), A. thaliana (Ahmed et al., 1997) and
pumpkin (Shimada et al., 1997).

Proteins containing a ctVSD are addressed to PSV. The C-terminal propeptide (CTPP) of barley lectin
(Bednarek and Raikhel 1991), tobacco chitinase A (Neuhaus et al., 1991), B-1,3-glucanase (Sticher et
al., 1992) or bean phaseolin (Frigerio etal., 1998) is necessary and sufficient for the correct vacuolar
targeting. The introduction of C-terminal glycosylation sites as well as the addition of extra-glycine
stretches at the C-terminus, block the function of the VSD, leading to cell surface secretion (Bednarek

and Raikhel 1991; Neuhaus et al., 1994).

The third class of VSD depends on the physical structure of the proteins (psVSD). These signals are
located in the center of the protein and have a particular three-dimensional structure, as observed in

legumin (Saalbach et al., 1991). They are common in storage proteins, and their sorting to vacuole is
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probably based on protein aggregation (Neuhaus and Rogers 1998; Vitale and Chrispeels, 1992). For

instance, cereals prolamins can aggregate inthe ER to form protein bodies (Okita and Rogers 1996).

VSDs were also studied intwo aspartic proteinases (APs) cardosin Aand B from cardoon flower (Cynara
cardunculus L.), which are used in Portugal in artisanal cheese manufacture. Cardosin A accumulates
in PSV of stigmatic papillae (Ramalho-Santos et al., 1997), while cardosin B is found in the extracellular

matrix of floral transmitting tissues (Vieira et al., 2001).

The most studied ctVSDs in plants are:

ctVSD of tobacco chitinase A: chitin is a polymer of N-acetylglucosamine, abundant in the exoskeleton

of insects, algae, yeast, fungi, marine resources, and in the internal structures of vertebrates (Hamid
etal., 2013). This polysaccharide is degraded by the enzymes chitinases which are essential for the
recycling of carbon and nitrogenin the ecosystem. In plants, chitinasesare important defense enzymes
against fungal pathogens.

Neuhaus et al. (1991) demonstrated that the C-terminal sequence of tobacco chitinase A is essential
for the proper vacuolar sorting. They expressed two different chitinases in tobacco cells and obs erved
that the tobacco class | chitinase A accumulated in vacuoles, but the deletion of the C-terminal
propeptide led to its secretion. Onthe other hand, the cucumber class Il chitinase was secreted, while
it accumulatedin vacuoles if the C-terminal propeptide of chitinase A was added to its sequence.
Fluorescent neutral vacuoles were observed by DiSansebastiano et al. (1998) who fused the C-terminal

VSD of tobacco chitinase A to the fluorescent marker GFP.

ctVSD of barley lectin: this is a typical Gramineae lectin that accumulates in vacuoles/protein bodies

of embryonic and adult root cap cells of barley (Mishkind et al., 1983; Lerner and Raikhel, 1989). It
binds specifically to chitin and like most of the lectins, it has several functions such as plant defense
against predators and pathogens, and participation in symbiotic interaction between plants and
microbes (De Hoff et al.,, 2009). It has been demonstrated that the C-terminal propeptide
(GVFAEAIAANSTLVAE) is necessary for proper sorting of barley lectin to vacuoles (Bednarek et al.,
1990). The lectin is synthesized as a preproprotein containing a 15-amino acids-glycosylated carboxyl-
terminal propeptide (CTPP). The mutant version, lacking the CTPP, was expressed in tobacco
protoplasts, suspension-cultured cells, and transgenic plants. In each case, the wild-type barley lectin
was addressed to the vacuoles, while the mutant version was secreted from the cells. These results
showed that the C-terminal domain of the barley lectin preprotein is necessary for its sorting to

vacuoles (Bednareket al., 1990).
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ctVSD of phaseolin: the phaseolin is the principal globulin seed storage protein of the French bean

Phaseolus vulgaris. The expression of the bean phaseolin in transgenic tobacco causes its binding to
membranes in ER/Golgi fractions, and leads to the formation of SDS-resistant aggregates(Castelliand
Vitale, 2005). If the C-terminal AFVY motif of phaseolin is deleted, the aggregates are not produced
and the mutated protein is transportedto the cell wall rather than to the vacuole (Castelliand Vitale,

2005).

ctVSD of cardosin A and B:in 1998, Runeberg-Roos and Saarma identified in barley, the AP phytepsin

that is highly homologous to mammalian cathepsin D and yeast vacuolar proteinase A. The two aspartic
proteinases cardosin A and B are involved in degradation, biotic and abiotic stress response,
programmed cell death, reproduction (Sim&es and Faro, 2004). Their structure is composed of an N-
terminal region, a saposin-like PSI (plant-specific insert) domain, and a C-terminal region. The PSI,
about 100 aa, is unique to plant cells and it is supposed to be involved in both host defense and
vacuolar targeting (Mufioz et al., 2010). In the heterodimeric form of plant APs, the PSI domain is
partially or completely removed during the maturation process of the protein, whereas in the
monomeric form, the PSI is retained (Bryksa et al., 2011). The role of PSI in vacuolar targeting is well
described by Kervinen et al. (1999) who determined its crystal structure. A study performedintobacco
protoplasts showed that the truncated PhytepsinA(PSI) is secreted into the culture medium
(Térmakangas et al., 2001).

The cDNA encoding an aspartic proteinasein P. patens (called PpAP1), was isolated and fused to GFP,
showing a vacuolar fluorescence in transiently transfected protoplasts (Schaaf et al., 2004), but this

could not be reproduced in our laboratory.

1.2.2 Vacuolar Sorting Receptors (VSR)

VSR are type | transmembrane proteins involved in the transport of vacuolar soluble proteins to LV
(daSilva et al., 2006; Zouhar et al., 2010) and were first identified in CCV fraction from pea (Pisum
sativum L.) cotyledons (Kirsch et al., 1994). It has been thought for years that the interaction between
VSRs and their ligands occurs in the TGN and that the VSR-ligand complex is engulfed into CCVs which
fuse with MVB/PVC. Inthese organelles, the VSR-ligand dissociation occurs, then VSR is recycled to the
TGN. This model is in contrast with more recent studies according to which the VSRs and their ligands
may interact earlier in the secretory pathway, alreadyinthe lumen of the ER, and dissociate inthe TGN

(Robinson and Neuhaus, 2016).

VSR are composed of: an N-terminal luminal domain which binds the ssVSD (Cao et al., 2000), a single

transmembrane domain (TMD) and a C-terminal cytoplasmic tail (CT) (Khirsh et al., 1994) (Figure 1.7).
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The luminal region contains a protease-associated (PA) domain at its N-terminus, a central domain,
and three epidermal growth factor repeats (EGF) (Luo et al., 2014). The CT is involved in the formation
of clathrin-coated vesicles (daSilva et al., 2006), and together with the TMD, it is responsible for
targeting the VSR to the vacuole (daSilva etal., 2006; Forestiet al., 2010).

Lumen Cytosol

N PA VSR EGF ™ Tail C

Figure 1.7. Structure of plant VSR. N: N-terminal end; PA: protease-associated domain; VSR: vacuolar sorting
receptor; EGF: epidermal growth factorrepeats; TM: transmembrane domain; C: C-terminal end.

The VSR sequences from Arabidopsis, rice and poplar genome were aligned with the VSR sequence of
pea (BP-80) and pumpkin (PV72) using the fastDNAmL program (Olsen et al., 1994) which allowed to
obtain a phylogenetic tree for Angiosperms, including three subfamilies VSR1, VSR2, VSR3.

The phylogenetic tree (Figure 1.8) published in the work of De Marcos Lousa et al. (2012) includes the
VSR sequences from Arabidopsis thaliana and other flowering plants (the dicot soybean Glycine max,
the monocot rice Oryza sativa, the gymnosperm spruce Picea sitchensis). The authors also added the
VSR sequences of other organisms: the moss Physcomitrella patens, the green unicellular algae
Ostreococcus tauri, Micromonas sp RCC299 and Chlamydomonas reinhardtii, the diatom
Phaeodactylum tricornutum, and the oomycete Phytophthora infestans.

The VSRs of P. patens form a separate clade, different from the classes 1 and 2 of flowering plants.
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Figure 1.8. VSR phylogenetic tree and nomenclature (De Marcos Lousaetal., 2012).

The seven VSR of A. thaliana (Avila et al., 2008) were localized to the TGN and PVC (Sanderfoot et al.,

1998), but it is s still unclear if their main function is the trafficking to PSV or LV (or both). AtVSR1 seems

to be involved in 2S albumin transport to PSV in developing seeds (Shimada et al., 2003).

The first VSR, BP-80 (80 KDa), was isolated from clathrin-coated vesicle extracts of Pisum sativum

cotyledons (Kirsch et al., 1994). It binds to the motif NPIR identified in the N-terminal region of barley

aleurain (Holwerda et al., 1992) and is involved in protein sorting to LV. This receptor acts ina pH or

Ca?*-dependent manner and it has been found in the trans cisternae of GA, in the TGN, and the

prevacuolar compartment (Paris et al., 1997). daSilva et al. (2006) hypothesized that after cargo

release, BP-80is recycled from PVC to Golgi. In 2016 Robinson and Neuhaus suggestedthat in plants,

the interaction between the VSR and the ligand starts inthe ER or the cis-Golgi, and terminates inthe

TGN/EE but the pH of these compartments is almost the same (around 5.5), indicating that the release

of the cargo cannot be pH-dependent, but more likely is Ca?* dependent.
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1.2.3 A putative vacuolar receptor family: the RMRs

A second family of proteins called RMR (Receptor-like Membrane RING-H2) was proposed to mediate
protein sorting to PSV (Park et al., 2007; Park et al., 2005).

RMRs are type | transmembrane proteins which contain a luminal N-terminal side mainly composed of
a PA domain involved in cargorecognition; a single TMD; a linker; a cytosolic RING-H2 domain (Really

Interesting New Gene, with two histidines, C3H,C3) and a C-terminal Serine-Rich tail (Figure 1.9).

Lumen Cytosol
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Figure 1.9. Structure of plant RMR. N: N-terminal end; SP: signal peptide; PA: protease-associated domain; TM:
transmembrane domain; L: linker; RING-H2 domain; Serine-Rich cytosolic tail; C: C-terminal end.

In AtRMR2 (A. thaliana), the linker is involved in the targeting to TGN and in the formation of
homodimers and heterodimers (with AtRMR1) (Occhialini et al., 2016). The structure of RING-H2 is
relatedto zinc finger in which histidine and cysteine residues coordinate zincions (Stone et al., 2005),
but unlike zinc finger domains which canbind DNA (Lovering et al., 1993), RING-H2 domains function
exclusively in protein-protein interaction.

The luminal domain of plant RMRs is similar to the PA domain of VSR BP-80 (Hinz et al., 2007), and this
homology allowed to clone and characterize JR700 (AtRMR1) and JR702 (AtRMR2) from A. thaliana
(Jiangetal., 2000).

It has been thought that RMRs are putative receptors for proteins which carry a C-terminal vacuolar
sorting determinant (ctVSD) and are destined to PSV (Park et al., 2007).

The figure 1.10 shows a trafficking model of plant RMRs.
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Figure 1.10. Working model of RMR proteins in plants. In developing tomato and tobacco seeds, RMR is found
inthe crystalloid of PSV, the storage PVC or DIP organelle; in developing Arabidopsis seeds, RMR is foundin DVs
(adapted fromWangetal., 2011).

The similar structure between plant RMRs and animal PA-TM-RING proteins suggests that they also
have similar functions, especially because their transmembrane domain and RING-H2 domain are quite
conserved (Wang et al.,, 2011). In mammalian cells, the RING-H2 domain may function as
transcriptional regulator (Tranque et al., 1996) or as a ubiquitin-ligase (Bocock et al., 2009; Stone et
al., 2006). Its role is better known in animals (Jin et al., 2011; Whiting et al., 2011), while in plants it is
still elusive.

Byimmunogold electron microscopy, Shen et al. (2011) found the rice RMR1 (OsRMR1)inthe GA, TGN,
andin an organelle called storage prevacuolar compartment (sPVC), precursor of one of the two types
of protein storage vacuoles.

In A. thaliana, the RMR family is composed of six members and is subdivided into two different
subfamilies, AtRMR1 and AtRMR2-6 (from AtRMR2 to AtRMR6). The AtRMR1, 5 and 6 lack the cytosolic
Serine-Rich tail.

AtRMR1 was found tosort the bean storage protein phaseolintothe PSV in A. thaliana leaf protoplasts
(Park et al., 2005), while AtRMR?2, invitro, binds the ctVSD of tobacco chitinase and barley lectin (Park
etal., 2007), proving thatin plants, the PA domain can serve as a ligand-binding domain. AtRMR1 has
been found in PVC (Park et al., 2005) or vacuoles (Scabone et al., 2011), AtRMR2 in the GA, dense
vesicles (DV) and PSV in A. thaliana embryos (Hinz et al., 2007).

P. patens genome encodes 5 RMRs with a short Serine-Rich tail, but their localization needs to be

elucidated.
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1.2.4 PA-TM-RING proteins

Proteins having a similar structure as RMRs are called PA-TM-RING proteins and contain a PA domain
and a RING finger domain separated by a transmembrane (TM) domain (Bocock et al., 2009). The PA
domain, composed of 100-120 aa, is involved in protein-protein interaction, recognition of the
substrate/ligand, and could also function as a protease regulatory region (Mahon and Bateman, 2000).
The PA has also been found in the transferrin receptor, in the prostate-specific membrane antigen
(Davis etal., 2005), in the human Golgi/endosomal signal peptidase-like proteins SPPL2a and SPPL2b
(Krawitz et al., 2005), and in the streptococcal C5a peptidase (Brown etal., 2005).

GRAIL

The RNF128/GRAIL (RING finger protein 128/gene related to anergy in lymphocytes) is a member of
the PA-TM-RING family in mammals. It acts as E3 ligase and localizes to recycling endosomes; when
overexpressed, it inhibits the proliferation of anergic CD4* T-cells which are unresponsive to antigen
rechallenge (Aziz et al., 2014). The mutation of the RING-H2 domain of GRAIL leads to the disruption
of its E3 ligase activity (Anandasabapathy et al., 2003). As GRAIL, other E3 ubiquitin ligases play a
functional role in T cell anergy, such as Cbl-b and Itch (Liu, 2007). A defective expression of these E3
ligases is linked to autoimmune or inflammatory diseases in experimental murine and human models
(Whiting et al., 2011; Lin etal., 2009).

Invitro studies showed that GRAIL’s substrates include CD40 ligand (CD40L) and Rho GDP-dissociation
inhibitor (Su et al., 2006). Lineberry NB et al. (2008) found that GRAIL interacts with the
transmembrane proteins tetraspanins CD151 and CD81, and ubiquitylates them: their
luminal/extracellular domain is captured by the PA domain of GRAIL, whereas the ubiquitylation of the

cytosolic tail is mediated by the RING-H2 finger.

Goliath

Goliath is a ubiquitin ligase composed of a signal peptide (a.a. 1-25), a PA domain (a.a. 98-207), a TM
domain (a.a.235-257)and a RING-H2 domain (a.a. 303-343) (Yamazakietal., 2013).

d-Goliath was first identified in the mesoderm of Drosophila melanogaster (Bouchard and C6té, 1993).
Later, also mouse-goliath (Baker and Reddy, 2000) and human-goliath (Guais et al., 2006) were
described.

In the fly, it is located on recycling endosomes where it plays a role in regulating trafficking via
ubiquitylation of the VAMP3 SNARE protein (Yamazaki et al., 2013). Another member of the same

family is called Godzilla: like Goliath, it regulates the endosomal processes in Drosophila. Mutations of
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either key histidine residues in RING finger domain of Goliath and Godzilla or of the target lysines on

VAMP3, prevented the formation of giant endosome (Yamazaki et al., 2013).

RING Finger protein 13 (RNF13)

The RNF13 or chicken-RING zinc finger (C-RZF) is expressedin different tissues of chicken, mouse and
humans (Zhang et al., 2009, 2010; Bocock et al., 2009) where it acts as E3 ubiquitin ligase and may play
a critical role in the development and the regulation of diseases like myogenesis and tumorigenesis
(Jin et al., 2011). In the chicken embryo brain, where it was first identified, the expression of RNF13
increases in presence of the extracellular matrix component tenascin-C (Tranque et al., 1996).
Synthesized as an integral membrane protein, the RNF13 is located in ER, GA and endosome
membranes. Performing an in vitro ubiquitylation assay, Bocock et al. (2009) showed that RNF13 is
able to ubiquitylate itself; moreover, they demonstrated that the C-terminal domain, containing the
RING-H2 maotif, is releasedinto the cytoplasm by proteolytic cleavage. Inresponse to protein kinase C
activation, the cleavage is inhibited, and the more stable protein is transported to the inner nuclear
membrane via recycling endosomes, exposing the RING-H2 domain to the nucleoplasm. This suggests
that RNF13 can mediate ubiquitylation in endosomes, on the plasma membrane, in the cytoplasm, in
the nucleoplasm, or on the inner nuclear membrane, depending on various stimuli (Bocock et al.,
2010). RNF13 also shows a PEST sequence adjacent to the RING domain, that represents a signal for

degradation (Bocock et al., 2009). It is enriched in proline (P), glutamic acid (E), serine (S), threonine

(T).

RING Finger protein 167 (RNF167)

The human RNF167 has been detected at the PM, in endosomes and lysosomes (Yamazakiet al., 2013;
Lussier et al., 2012; van Dijk et al., 2014). It ubiquitylates the tumor-suppressing subchromosomal
transferable fragment cDNA5 (TSSC5) (Yamada and Gorbsky, 2006), the vesicle-associated membrane
protein 3 (VAMP3) (Yamazaki et al.,, 2013), and the a-amino-3-hydroxy-5-methyl-4-isoxazole
propionate (AMPA) receptor (Lussier et al., 2012). It inhibits the cell cycle progression and is involved
in the recycling endosome trafficking. Recent studies have shown that RNF167 colocalizes with the E2
ubiquitin-conjugating enzyme UBE2N in HEK293 cells (probably in endosomal vesicles or in lysosomes;
Ghilarducci, 2019). It has also been demonstrated its involvement in the regulation of lysosomes
positioning and endocytic trafficking via ubiquitylation of the GTPase ArI8B (ADP-ribosylation factor-
like 8B; Desharetal., 2016).

The figure 1.11 from Wang et al.’s publication (2011) shows a comparison between plant RMRs and

mammalian PA-TM-RING proteins.
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Figure 1.11. Comparison between plant RMR proteins and mammalian PA-TM-RING proteins. Structures of rice
OsRMR1, BP-80, the pea VSR, two mammalian PA-TM-RING proteins MmRNF13 and MmGRAIL. The conserved
PA and RING domains among the plant RMRs and the mammalian PA-TM-RING family proteins are highlighted
in boxes. The asterisks indicate the two conserved Asn-linked glycosylation sites in the lumenal domain of the
plantRMR (OsRMR1) (adapted fromWangetal.,2011).

1.3 The Ubiquitin System

Ubiquitin (Ub) is a small protein of 76 amino acids (8.5 KDa) involved in ubiquitylation that gets
attached to other proteins in a process that regulates degradation, protein-protein interaction and
subcellular localization in eukaryotes (Sadowski and Sarcevic, 2010). In this process of ubiquitylation,
three classes of enzymes are involved (Figure 1.12): E1 ubiquitin-activating enzyme, E2 ubiquitin-
conjugating enzyme and E3 ubiquitin ligase. The free C-terminus of the glycine (Gly76) of Ub protein
forms a thioester bond with the catalytic cysteine of E1 in an ATP-dependent reaction. Ub is then
transferred from E1 to the catalytic cysteine of E2. Finally, E3 transfers Ub from E2 to a lysine of the
target protein forming a bond with the C-terminal glycine of ubiquitin. In monoubiquitylation, a single
ubiquitin is attached to the lysine residue of the target protein; in multiubiquitylation, one molecule
of Ub is attached to several lysines of the target protein (Petroski and Deshaies, 2005);
polyubiquitylation occurs when the lysine residue of the target protein is tagged with a Ub chain
(Pickart and Eddins, 2004); in the polyubiquitin chain, each Ub molecule is bound to one of the seven
lysine residues of the previously added ubiquitin (K6, K27, K29, K33, K11, K48, K63, depending on the
E3 ligase). Mono- and multiubiquitylation are specific for cargo membrane proteins that are
internalized in vesicles, andvia the endocytic pathway, reach the lysosomes/vacuoles for degradation
(d’Azzo et al., 2005). A chain of at least 4 Ubs linked at K48, and K11-linked polyubiquitylation (Jin et

al., 2008) are signals for proteasomal degradation of soluble proteins (Thrower et al., 2000).
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Figure 1.12.The ubiquitylation pathway. The activating enzyme (E1) binds to ubiquitin’s C-terminus in an ATP-
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dependentreaction. The ubiquitin is transferred to the cysteine residue of the ubiquitin-conjugating enzyme (E2)
which interacts with E3 ubiquitin ligases. E2-E3 complexes bind to substrates and catalyze the transfer of
ubiquitin to a lysine on the substrate protein (adapted from "ldentification of ubiquitinated proteins™
www.labome.com).

Ubiquitin participates not only in proteolytic processes: monoubiquitylation and multiubiquitylation
for instance regulate DNA repair (Hofmann, 2009), gene expression, receptor endocytosis.
Polyubiquitylation through K63 of ubiquitin can regulate kinase activation and endocytosis (Passmore
and Barford, 2004) (Figure 1.13); polyubiquitylation on the a-amino group of the N-terminal
methionine (M) residue of ubiquitin, regulates nuclear factor-kB activation (Rahighi et al., 2009).

The role of K6-, K27-, K29-, K33-linked Ub chains needs to be elucidated.

Many E3 ubiquitin ligases are RING finger proteins (Joazeiro and Weissman, 2000). The RING family of
E3 ligases contains either the classical RING domain (with one histidine) or a RING-H2 domain with two

histidines (Mazzucotelliet al., 2006).
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Figure 1.13. Different modes of ubiquitylationlead to different substrate fates. Ub can belinked to proteinsas
a monomer on one (monoubiquitylation) or more substrate lysines (multiubiquitylation) or as a polymer
(polyubiquitylation) by the sequential addition of further Ubs to each other through Ub lysines.
Monoubiquitylationregulates DNA repair, viral budding, gene expression. Multiubiquitylation regulates receptor
endocytosis. Polyubiquitylation through K11 or K48 of Ub is generally a signal for proteasomal degradation. K63-
linked Ub chains can work in signaling and endocytosis. A polyubiquitin chain canalso be generated through the
a-amino group of the N-terminal methionine residue, to regulate NF-kB activation. The role of K6-, K27-, K29-,
K33-linked Ub chains needsto be elucidated (adapted from Sadowski etal.,2012).

In vivo and in vitro assays are commonly used to elucidate the different biochemical functions
mediated by E3 ligases. In vitro autoubiquitylation tests are useful to determine the E2-E3 pairing,
nevertheless, it may happen that the in vivo selectivity is not completely reflected by the in vitro
activity tested through autoubiquitylation (Turek et al., 2018). In our work, several in vitro assays have
been done, E2 and E3 enzymes have been tested, hence the choice to briefly describe these classes of

enzymes in the next paragraphs.

1.3.1 E2 ubiquitin-conjugating enzymes

Ubiquitin-conjugating enzymes (UBC-E2s) have important functions in the ubiquitylation process: they
accept Ub from E1 via a transthiolation reaction (Stewart et al., 2016), carry the activated Ub (or Ub-
like proteins such as SUMO and NEDDS8) and finally pass it to the E3 ligase. The conserved region
containing the cysteinyl residue is composed of about 140-150 amino acids and is called UBC (ubiquitin
conjugation) domain. This can interact with the E3 enzymes or with the substrate (Kalchman et al.,
1996). The formation of the E2-ubiquitin intermediate may require other conserved amino acids (Wu

etal., 2003).
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About 40 human E2s have been found (Bachmair et al., 2001; Jiang and Beaudet, 2004); in plants, few
E2s have been described at the beginning because it was thought they only had an auxiliary role in
ubiquitylation, instead they were later shown to be not just simply carriers of Ub. All E2s can interact
with one or more E3s, playing more than one role: they act during the initiation and the elongation of
ubiquitin chain, control the chain formation (Stewart et al., 2016), and regulate other enzymes activity
(Wiener et al., 2013; Pruneda etal., 2011).

Detailed studies led to discover 48 E2s in rice (Bae and Kim, 2014), 75 in maize (Jue et al., 2015), 37 in
A. thaliana (Kraft et al., 2005).

1.3.2 The E3 ligases classification

The RING E3 ligases are the most abundant known E3 ligases. Their structure contains a zinc-binding
domain called RING (really interesting new gene).
They are grouped in:

v" monomeric RING finger E3 ligases

v" multimeric RING finger E3 ligases (cullin-based)

v' U-box E3 ligases (RING finger-like ubiquitin ligases)

The RING domain, 40-60 amino acids, resembles the classical zinc finger domain with cysteine and
histidine residues. It creates a platform for binding E2s through a Zn?*ions coordination and a central
a-helix. Proteins containing a zinc finger domain, generally interact with DNA and RNA, instead the
RING motif seems to be only involved in protein-protein interaction (Lovering et al., 1993).

An important zinc finger-RING E3 ligase is UBR4, involved in the N-end rule pathway where single N-
terminalamino acids, called N-degrons, act as degradationsignals (Bachmair et al., 1986; Tasakietal.,
2012). Among N-degrons, there are Arg, Lys, His (type-1, positively charged), Trp, Phe, Tyr, Leu, and lle
(type-2, bulky hydrophobic) found at the N-termini of human proteins (Kwon et al., 1998; 1999). These
residues determine the half-life of the protein and are recognized by N-recognins (UBR1, UBR2,
UBR4/p600, and UBR5/EDD; Tasaki et al., 2005). The target protein is then degraded by either the
ubiquitin proteasome system (UPS) or the autophagy-lysosome system. In A. thaliana, the UBR-type
E3 ligase called BIG, is an auxin transport protein involved in developmental processes, light and
phytohormones pathways (Kanyuka et al., 2003). The work of Kim et al. (2018) shows that in UBR4-

knockout mice, the generation of multivesicular bodies is inhibited.

Some RING E3s have multiple subunits, such as the cullin-RING ligases (CRLs; Petroski and Deshaies,

2005) whose structure is composed of a scaffold protein called cullin (Cul-1, 2, 3, 4a, 4b, 5, or 7), a
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RING-box protein atits N terminus, anda C terminus consisting of an adaptor protein Skp1 and a F-box
protein which recognizes the substrates (Sarikas et al., 2011). A well-studied CRL superfamily is the
Skp1-Cull-F-box protein (SCF) family (Figure 1.14), in which the exchange of F-box proteins in the SCF
scaffold is controlled by cycles of attachment and removal of the ubiquitin-like protein NEDD8 (Duda

etal., 2011), in a process called NEDDylation.
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Figure 1.14. Architecture of RING-type E3s. (A) In the monomeric RING-type E3 model, the RING domain would
mediate binding to E2 thioester-linked to ubiquitin. (B) Modelof a multi-subunit RING E3 of the cullin RING ligase
(CRL) superfamily, e.g. SCF (CRL1) family. SCF is composed of a cullin protein (Cull), a RING finger protein (Rbx1),
and an adaptor protein (Skp1l) that binds F-box proteins. The ubiquitin-like molecule Nedd8 is reversibly
conjugated to cullins and associated with activation of CRLs(adaptedfrom Metzgeretal.,2014).

The human anaphase-promoting complex/cyclosome (APC/C) is a multi-subunit culling-RING E3 ligase
which consists of 13 core subunits including a cullin-like protein and a small RING protein. Its
interchangeable co-activator subunits, Cdc20 and Cdhl, recognize different substrates and are

involved in several phases of cell cycle (Schreiber et al., 2011).

The U-box domain, composed of approximately 70 amino acids, resembles the structure of RING finger
motif. It does not contain zinc but it utilizes hydrogen bonds (Hatakeyama and Kei-ichi, 2003). Both
domains are involved in binding the ubiquitin-loaded E2 and in stimulating the ubiquitin transfer to

the substrate (Metzger et al., 2014).

RING E3 ligases are known to form homodimers and heterodimers. The first ones include clAP, RNF4,
BIRC7, IDOL, andthe U-box proteins CHIP and Prp19 (Mace et al., 2008; Vander Kooi et al., 2006); the
other ones include BRCA1-BARD1, Mdm2-MdmX (or HdmX/Hdm4 in humans) and RING1B-Bmil. In
the homodimeric form, the RING E3 ligases functionally interact with E2s (binding one E2 per each
monomer), whereas in the heterodimeric form, this is not possible. For instance, BRCA1and RING1B
each function with E2, whereas their partner (BARD1 or Bmil) enhances the activity or interacts with

the substrate (Joukov et al., 2001). In the complex BRCA1-BARD1, the loss of a portion of the central

47



a-helix could explain the inability of BARD1 to interact with E2s (Brzovic et al., 2001). On the other
side, in the complex Mdm2-MdmX, the Mdm2 can form an active homodimer, instead the MdmX can
generate aninactive homodimer: the two RINGs canform an active heterodimer (Uldrijan et al., 2007;
Poyurovsky et al., 2007) and this highlights the importance of RING dimerization in promoting
substrate ubiquitylation (Choo and Hagen, 2012).

RING E3s can ubiquitylate themselves in vivo (Lorick et al., 1999). Moreover, they may be ubiquitylated
by other RING- or HECT-type E3 ligases (Weissman et al., 2011). There is evidence that post-
translational modifications, such as phosphorylation, regulate the RING-type E3 ligase activity. For
instance, the recognition of receptor tyrosine kinases (RTKs) by the Chl RING E3s, is facilitated if
tyrosine is phosphorylated (Ryanet al., 2006).

Not all the RING domains have an E3 ligase activity, some are involved in transcription and other
protein-protein interactions (Deshaies and Joazeiro, 2009; Borden and Freemont, 1996).

In A. thaliana there are more than 460 RING-type proteins (Lee and Kim, 2011-review).

Plant RING E3 ligases are involved in biotic and abiotic stress tolerance (Marino et al., 2012; Duplan
and Rivas, 2014), gravitropism, metabolism (Nakamura et al., 2011; Sakai et al., 2012), circadian
rhythm (Han et al., 2004; Harmon et al., 2008), cell division (del Pozo et al., 2002; Kim et al., 2008),
phytohormone signal transduction (An et al., 2010; Ariizumi et al., 2011). However, their substrates

are not well known yet (Metzger etal., 2014).

The HECT (Homologous to E6AP Carboxyl-Terminus) E3 ligases: in mammals, ~30 HECT domain E3s
have been found. They are involved in protein trafficking, immune response, cellular growth and
proliferation (Rotin and Kumar, 2009).

The first described member of the HECT family is the E6-associated protein (E6-AP) that interacts with
the E6 protein of the cancer-associated human papillomavirus types 16 and 18 (Huibregtse et al.,
1995). The HECT domain, about 350 amino acids, is composed of a large N-terminal lobe (“N-lobe”)
containing the E2-binding domain, connected to a smaller C-terminal lobe (“C-lobe”) by a short linker
essential for catalysis (Verdecia et al., 2003). A catalytic cysteine residue contained in the C-lobe,
interacts with ubiquitin during the transfer reactionfrom E3 to the target protein. The C-tail region of
the C-lobe plays a role, not yet clarified, in catalysis (Salvat et al., 2004; Kamadurai et al., 2013;
Masperoet al., 2013), whereas the N-terminal region recognizes the target proteins. It is known that
the zinc finger domain of RING E3 ligases interacts with the complex ubiquitin-E2 permitting the Ub
transfer from E2 to a target protein in a single step, whereas the HECT- (and RBR-) type E3s form a
thioester-linked complex with ubiquitin, before transferring it to the target protein (Huibregtse et al.,

1995; Scheffner et al., 1993; Wenzel et al., 2011).
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In humans there are 28 members of the HECT E3 ubiquitin ligase family, while Saccharomyces
cerevisiae and Arabidopsis only have three and seven members respectively (Huibregtse et al., 1995;
Downes et al., 2003).

Three subfamilies of human HECT E3 enzymes can be distinguished: the HERC subfamily is composed
of 6 members (HERC1-6); the NEDD4 subfamily consists of 9 members (NEDD4-1, NEDD4-2, ITCH,
WWP1, WWP2, SMURF1, SMURF2, HECW1, HECW?2); 13 heterogeneous members are classified as
“other HECTs” including HUWE1, UBR5, TRIPC, AREL1, UBE3A, UBE3Band UBE3C (Lorenz, 2018).

In Arabidopsis, the seven identified E3 ligases are called UPL (ubiquitin-protein ligase; Downes et al.,
2003) and are divided into four subfamilies (UPL1/2, UPL3/4, UPL5, and UPL6/7; Huibregtse et al.,
1995; Downes etal., 2003), but their role needs to be elucidated; it is known that UPL3 acts in trichome
development (Downes et al., 2003; Perazza et al., 1999) and UPL5 is involved in regulating leaf

senescence (Miaoand Zentgraf, 2010).

RBR (RING-in-Between-RING) E3 ligases: RBR E3s have a tripartite motif of three Zn?*-binding
domains: two RING domains (RING1 and RING2) connected via an in-between-RING (IBR) domain
(Morett and Bork, 1999; van der Reijden et al., 1999). Once discovered, RBR E3s were classified as a
subfamily of RING-type E3s (Imai et al., 2000) but it was later shown that they have an active site which
instead lacks inallthe RING E3 ligases. Like RINGs, the RING1 domain of RBR binds the complex E2~Ubs.
RING2, instead, exhibits an active cysteine that receives Ub from the E2~Ub complex, thus promoting
the formation of the covalent E3~Ub thioester intermediate, which also occurs in HECT-type E3s
(Wenzel et al., 2011). The IBR and the RING2 domains coordinate two zinc ions but they do not have a
RING fold. For all these features, RBR E3s are alsonamed RING-HECT-hybrids (Dove and Klevit, 2017).
In humans, there are 14 RBR E3s (Marin et al., 2004) involved in diverse cellular processes that have
not been defined yet. Awell-studied enzyme is Parkin which participates inthe autophagic degradation
of dysfunctional mitochondria, a process called mitophagy (Pickrell and Youle, 2015; Eiyama and
Okamoto, 2015).

In A. thaliana, there are more RBR genes thaninanimals and three times more than in humans (Marin
and Ferrus, 2002).

Plant RBR proteins are grouped into four subfamilies: Ariadne, ARA54, Plant I/Helicase and Plant I
(Marin et al., 2004; Marin and Ferrus, 2002; Lucas et al., 2006). The first three are found in unikonts

and bikonts (Marin and Ferrus, 2002; Marin, 2009), the fourth one only in higher plants.
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1.4 The moss Physcomitrium patens Mitten

P. patens is a bryophyte of the Funariaceae family. Its life cycle comprises a dominant haploid
gametophytic generation and a simple diploid sporophyte. The haploid gametophyte consists of two

distinct developmental stages (Figure 1.15):

1. the protonema, composed of a filamentous network of chloronemal cells, rich in chloroplasts, and

caulonemal cells where chloroplasts are less abundant (Prigge and Bezanilla 2010);

2. the gametophore or leafy shoot, from which rhizoid filaments differentiate ensuring soil anchoring
and nutrient uptake (Hoffmann et al., 2014). The sexual organs antheridia and archegonia form on the
top of the gametophores. Spermatozoids are produced in the antheridia and fertilize the egg cell in

the archegonium (Prigge and Bezanilla 2010).

P. patens plantlets grow easily on a mineral solid medium in Petridishes, in a growth chamber at 25 °C
under a 16/8 h light/dark photoperiod. In 8-10 weeks, the gametophyte reaches the complete
development, whereas the spores are produced in 3-4 months (Schaefer and Zryd, 2001).

The moss has several advantages that make it a model system: it has a simple developmental pattern,
it is suitable for cell lineage analysis, it shares many biological features with flowering plants: for
instance, it uses the same phytohormones (e.g. auxin, abscisic acid and gibberellins) and mechanisms
of intracellular messaging (e.g. Ca2*) (Reski, 1998; Quatrano et al., 2007). P. patens provides an
excellent experimental material for genetic transformation, due to the high frequency and rapidity of
protoplasts regeneration. An efficient method to transform protoplasts is based on PEG-mediated DNA
uptake which allows to obtain more stable transformants if the plasmid DNA is linearized (Hohe et al.,
2004).

The moss genome (27 small chromosomes), with 35000 protein-coding genes, was sequenced in 2008
by Rensing etal., and it represents a valuable means to understand the evolution and the adaptation

of flowering plants.
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Figure 1.15. P. patens life cycle. (A) A haploid spore germinatesinto (B) chloronemal cells, which continue to
grow and differentiate into (C) caulonemal cells. (D) Gametophores, or shoots, emerge off protonemal filaments
and are ultimately anchored by rhizoids that grow by tip growth from the base of the gametophore. (E) At the
apex of the gametophore, both female archegonia (arrows), and male antheridia (arrowheads) organs form. A
motile flagellate spermfertilizes the eggand the (F) sporophyte (marked with a bracket) develops at the apex of
the gametophore (image andtextfrom Prigge and Bezanilla, 2010).

1.4.1 Homologous recombination in P. patens

Unlike other land plants, a unique advantage of P. patens is the highly efficient integration of foreign
DNA by homologous recombination (HR) which enables gene targeting to study the functions of the
genes (Schaefer and Zryd 1997; Kamisugi et al., 2006). DNA constructs used in HR must contain
sequences homologous to the targeted genomic locus. The gene can be either mutated, deleted and
consequently inactivated (Knock-Out), or it can be modified if a foreign sequence is inserted (Knock-
In) (Figure 1.16).

In addition, it is possible to use the Cre/Lox systemto insert site-specific mutations in the genome of
P. patens or to excise markers. This system, naturally present in the bacteriophage P1 genome, consists
of a Cre recombinase and a DNA target site, the LoxP site (34 bp sequences composed of two 13 bp
recognition sites and an 8 bp spacer region between them). The genome of yeast and mouse have
been manipulated by Cre/Lox system (Sauer, 1987; Schaefer and Zryd, 2001); in plant biotechnology,
the Cre/Lox has been used to excise selectable markers and plasmid sequences in genetically modified

crops (Daleand Ow, 1991).
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Figure 1.16. Typical vector design used in P. patens transformation. (A) The insertion vector carries a genomic
fragment (dark gray) beside a selectable marker (black). Targeted integration is characterized by the insertion of
one or several copies of the vector through homologous recombination with the genomic sequences. The
resulting mutation is a gene inactivation by insertion. (B) Areplacement vector carries a selectable marker (black)
inserted between two genomic sequences. Integration occurs through two homologous recombination events.
The resultis aloss-of-gene functionthrough allele replacement (image and text from Schaeferand Zryd, 2001).

1.4.2 The moss vacuoles

In the work of Oda et al. (2009), the morphology of the moss vacuoles in chloronemata was described
using a fusion construct composed of GFP and the A. thaliana t-SNARE AtVAM3 (Figure 1.17). This
tonoplast marker allowed to show that in the apical chloronemata, the vacuoles are highly dynamic
and complex, characterized by tubular protrusions, while their structure in sub-apical cells is simpler.
These structures are maintained by the microtubules rather than actin microfilaments; thus, it has
been thought that vacuolar distribution could be regulated by the interaction between microtubules
and vacuolar membranes.

Dynamic tubular vacuoles were observed in the chloronema cell cortex and the rhizoid cells; dynamic
vacuoles have been alsofound in the root hair cells and the pollen tubules of higher plants, indicating
that vacuoles could play a key role inthe tip-growing cells (Hepler et al., 2001; Hicks et al., 2004; Ovecka
etal., 2005).

Figure 1.17. Visualization of vacuolar membranes by stable expression of GFP-AtVAM3 fusion protein.
Fluorescentimages of a chloronema apical cell (A) and a non-apical cell (B) of a transgenic line expressing GFP-
AtVAM3 fusion protein. Green represents GFP, red signals indicate autofluorescence of chloroplasts (adapted
fromOdaetal., 2009).
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In the same cell of moss chloronema, two vacuoles can coexist, as well as in flowering plants
(Epimashko et al., 2004): acidic vacuoles accumulate the dye NeutralRed (NR) and appear red, while
neutral vacuoles do not accumulate the dye (Fahr, 2017). NR is also a pH indicator that turns yellow
when the pH increases (pH range: 6.8-8.0) and it becomes positively charged when protonated. It can
then no more cross membranes. This means it accumulates inacidic compartments which turnred. NR
is also used as lysosomes/vacuoles stain for live cells (Repetto et al., 2008): when these are going to

die, they are no more able to accumulate the NR.
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1.5 Aims

Because in Angiosperms it was not yet possible to eliminate or replace target genes, our laboratory
switched to P. patens which has been used as model plant to study RMRs using gene targeting,
replacement or Knock-Out by homologous recombination.

Single RMR-KO did not show any phenotype in A. thaliana which has six RMR genes. On the contrary,
the generation of targeted P. patens mutants is feasible, for this reason, Sanaa Ayachi, who worked in
our laboratory (2012), deleted sequentially all five moss RMR genes. The single and multiple PoRMR-
KO lines generated, were not distinguishable from PpWT, thus they did not lead to any visible
phenotype.

The 5 PpbRMRs show similar levels of RNA expression, but unfortunately, the localization of the proteins

in moss is not known.

The first aim of this work is the detection of endogenous PpRMRs. This is done by Western Blot using
various antibodies and methods, such as protein extraction in DDM, or the microsomal fractionation

(chapter 2).

By analogy with the related animal PA-TM-RING proteins, plant RMRs may also function as E3 ubiquitin
ligases, contributing to vacuolar protein transport. The second aim is to determine if PORMRs (using
PpRMR2 as model) are indeed E3 ligases. Their autoubiquitylation, common in several E3 ligases, can

be tested in vitro using a commercial E2 screening kit (chapter 3).

The third aim is to test candidate interactors of PbRMR2 for ubiquitylation by PbRMR2. Putative
cytosolic candidates of PpPRMR2 have been identified by yeast two-hybrid screening (Hybrigenics
company). Their interaction with PoRMR2 can be tested through in vitro ubiquitylation assays (chapter
3).

The last aim s to identify phenotypes of the PbDRMR-KO mutants: about the visible phenotype, we will
analyse the moss development under normal and salt stress conditions which could give us more
information about the role of PpRMRs. Concerning the intracellular phenotype, we will test for
complementation of PpKO mutants by overexpression of WT or mutant PpPRMR2. We will alsotest for

dominant-positive or -negative effects of these mutants (chapter 4).
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Chapter 2

PpRMRs: unstable proteins?

In P. patens, 5 RMRs were identified, grouped into two sub-families, one including RMR1 and 2, the
other one including RMR3, 4 and 5. The 5 genes are expressed at the same level but in different
proportions depending on the tissues andthe organs. While all the organs show the same expression
level of RMR4, the other RMRs are differently distributed: high levels of RMR1, 3 and 5 are found in
sporophytes and spores, whereas RMR2 is mainly expressed in protonema and gametophores
(Physcomitrella eFP browser).

Localization of RMRs in moss is still unknown. The previous PhD student Fahr (2017) generated a
construct containing the full sequence of PoRMR2, C-terminally fused with a blue variant of GFP,
named Cerulean, under the control of the HSP (heat-shock protein) promoter. The transgenic PpWT
line transformed with this construct did not display any fluorescence under confocal microscope,
suggesting a gene silencing. This experiment was not repeated, and we focused on other methods for
protein detection, using the antibodies anti-RMR available in our laboratory. Here we describe the

techniques usedfor detection, from genomic DNA (by PCR)to proteins (by Western Blot analysis).

2.1 Results

2.1.1 Detection of PbRMR genes by PCR

After genomic DNA extraction from PoWT and Pp5KO, all five RMRs were detected by PCR in PpWT
and none in the Pp5KO DNA (Figure 2.1).
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Figure 2.1. Genotyping of 5 PbDRMR genes by PCR. gDNA was extracted from PpWT and Pp5KO protonema
cultures. The five genes (RMR1: 250 bp; RMR2: 432 bp; RMR3: 236 bp; RMR4: 512 bp; RMR5: 522 bp) were
detectedin PpWT, not in Pp5KO as expected. APT (Adenine Phosphoribosyl Transferase: ~ 1 Kb) was used as
positive control.
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2.1.2 Attempted detection of PbRMR proteins — extraction in SDS-Sample Buffer

Since the detergent sodium dodecyl sulfate (SDS) is widely employed for the solubilization of
membrane proteins, we used the 2X SDS-sample buffer (SB) to homogenize moss total proteins in the
attempt toisolate RMRs. After SDS-PAGE, immunodetection was performed using different antibodies.
Those against rice and Arabidopsis RMRs did not detect any RMR. We also tested antipeptide
antibodies against moss RMR2 and RMR4, targetedto a region of the cytosolic tail. We tested several
bleedings for each rabbit and the only antibody which detected a band on the nitrocellulose membrane
was the one against Po0RMR2/PpRMR4 — “final day”. However, the band did not correspond to any
RMR (~ 40 KDa) eitherin PoWT or in Pp3KO samples (where RMR2 and RMR4 are remaining), and the
same band was present even in the 5KO moss. The figure 2.2 shows a Western Blot of total protein
extracts after incubation with anti-RMR2 antibody (final day): only non-specific bands appeared on the

blot.
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Figure 2.2. Western Blot of moss total proteins extracted in 2X SDS-SB. Total proteins were extracted from
PpWT, Pp3KO and Pp5KO protonema. Supernatant (s) fractions were collected and loaded on polyacrylamide gel
for Western Blotanalysis. Anti-RMR2 antibody (final day) detectedthe same band in all Pp strains, which did not
correspond to the right MW of PpRMR2 (~ 40 KDa).
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On the other hand, the recombinant GST-PpbRMR2 produced by the previous PhD student Fahr (2017)
was instead properly recognized at 42 KDa by both anti-RMR2 final day (Figure 2.3 A) and anti-GST
antibodies (Figure 2.3 B). This recombinant protein is the fusion of the 26 KDa GST and the 16 KDa
cytosolic side of PoRMR2.
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Figure 2.3. Western Blot of recombinant GST-PpRMR2 expressed in E. coli and purified. Anti-RMR2 (A) and anti-
GST (B) antibodies detected GST-PpRMR2 at 42 KDa.
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2.1.3 Attempted detection of PbRMR proteins — extraction with the detergent DDM

Besides 2X SDS-SB, another detergent was tested, the n-dodecyl-B-D-maltoside (DDM) which is useful
for the solubilization of membrane protein complexes (Liu et al., 2015). This nonionic detergent is
composed of a lauryl hydrophobic chain and a maltose hydrophilic part. It is employed to purify
membrane proteins (Loo and Clarke, 1995; Hazard and Montemagno, 2002) and to solubilize
hydrophobic proteins keeping intact their structure, thus it is considered a mild detergent (Whitelegge
etal., 1999; Lee etal., 2013).

0.5% DMM was added to the total protein extraction buffer (Tris-HCI, pH 7.5). Protonema cultures of
PpWT, Pp3KO and Pp5KO were homogenized, centrifuged and the supernatant fractions wereanalysed
by Western Bot: the anti-RMR2/RMR4 antibodies did not detect any RMR2/RMR4 in the total protein
extracts from PpWT and Pp3KO lines (the figure 2.4 shows the immunodetection by anti-RMR2
antibody).
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Figure 2.4. Western Blot of moss total proteins extracted in 0.5% DDM. Total proteins were extracted from
PpWT, Pp3KO and Pp5KO protonema. Supernatant (s) fractions were collected and loaded on polyacrylamide gel
for Western Blotanalysis. Anti-RMR2 antibody only detected non-specificbandsin all the samples.
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2.1.4 Attempted detection of PbRMR proteins in a microsomal fraction

Microsomal fractionation was performed to make PoRMRs detection easier: microsomes are vesicle-
like structures formed during cell lysis. In plants, they consist of pieces of the ER, GA, TGN and
tonoplast. As well described by LaMontagne et al. (2016), the microsomal fractionation consists of an
initial low-speed centrifugation where nuclei, chloroplasts and mitochondria are removed, while
microsomes are separated from cytosolic and soluble proteins by ultracentrifugation.

Total proteins were extracted from PoWT, Pp3KO and Pp5KO lines and a Western Blot was performed
using anti-RMR2/RMR4 antibodies. The figure 2.5 shows non-specific bands detected by anti-RMR2
antibody, either in the pellet, where the microsomal fraction is supposed to be, or in the supernatant

fractions, loaded as controls.
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Figure 2.5. Western Blot after microsomal fractionation. PoWT, Pp3KO and Pp5KO underwent microsomal
fractionation; pellet (p) and supernatant (s) were collected and loaded on polyacrylamide gel for Western Blot
analysis. Anti-RMR2 antibody only detected non-specific bands.
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2.2 Discussion

Localization of RMRs has beeninvestigated in higher plants. In 2000, Jiang et al. found RMRs inthe PSV
crystalloid of tomato cells. In A. thaliana, AtRMR1 has been found in PVC (Park et al., 2005) or in
vacuoles (Scabone etal., 2011), AtRMR2 in the GA, dense vesicles (DV) and PSV of A. thaliana embryos
(Hinz et al., 2007). Later, AtRMR1 was mainly localized to the ER and AtRMR2 to the TGN of tobacco
leaves (Occhialini et al., 2016). In rice cultured cells and in developing rice seeds, OsRMR1 was
identified in GA, TGN and PVC-like organelles; in developing rice seeds, OsRMR1 was alsodetected in
the protein body type Il (PBIl) or PSV (Shen et al., 2011).

In the moss Physcomitrella patens, RMRs localization is still unknown.

In this chapter, we have shown that the 5 moss RMR genes were easily detected by genotyping, but
protein detection in the moss total protein extracts was unsuccessful. The unstable nature of PDRMRs
or their short half-life could explain the issues encounteredin detection.

We expected todetect moss RMR2 or RMR4 at ~ 40 KDa, but only unspecific bands of ~ 30 KDa were
found in POWT, Pp3KO (where RMR2 and RMR4 are remaining) and Pp5KO. Different conditions were
tested: antibody dilution was decreased, different exposure times and/or temperatures were
performed during the blocking step (30 minutes, 1 hour, 2 hours at room temperature, overnight at
4°C), either milk or BSA were used as blocking solution, but even the use of a strong detergent such as
0.5% DDM did not help us to detect PORMRs.

We also performed a microsomal fractionation where the last pellet collected at 150000 x g, called
microsomal fraction, is enriched in plasma membranes, endoplasmic reticulum, Golgi apparatus,
vacuolar membranes and diverse endosomal vesicles and compartments, but no PbRMRs were found
in our samples.

If the endogenous PoRMRs were not detected, on the other side, the recombinant GST-PpRMR2 was
recognized by anti-RMR2 antibody, therefore we can assume that endogenous PpRMRs have a short
half-life. The Serine-Rich motif present in the cytosolic tail of PD0RMRs could be the reason for their
rapid degradation, in fact it is known that serine/tyrosine-rich domains undergo phosphorylation
which is a post-translational modification involved in protein stability and endurance (Varedi et al.,
2010).

Proteins can be degraded by proteasomes (which capture the ubiquitylated proteins in the cytosol;
Vierstra, 2009), or through autophagy of cytosolic complexes, or by lysosomes/lytic vacuoles (Araujo
et al., 2011) and a network of organelle-localized proteases (Janska et al., 2013; van Wijk, 2015).
Isotopic labelling and mass spectrometry allowedto measure protein degradation rates and half-lives
in yeast, mammalian cell cultures, and intact animals using single labelled amino acids (Price et al.,

2010; Schwanhausser et al., 2011). This technique, known as stable isotope labelling by amino acids in
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cell culture (SILAC) is possible if the cell line tested is auxotrophic for the amino acid used for labelling,
therefore plants are unsuitable because they are autotrophic. In this case, different metabolic labels
such as 2H, 13C, and >N have been used by researchers toshow the presence of proteins with a short
half-life in plants (Yangetal., 2010; Li L etal., 2012).

A very important feature that could affect a protein half-life, relies on its structure: it has been proved
that the presence of disordered regions in proteins of yeast, mouse and human cells, affects protein
half-life. Disordered regions are referred to polypeptide regions that do not possess a defined 3D
structure; van der Lee et al. (2014) demonstrated that proteins containing a long (> 30 residues)
terminal region or internal disordered segments have a short half-life. The most used tools to predict
disordered regions are DISOPRED2 (Ward et al., 2004), IUPred (Dosztéanyi et al., 2005), and PONDR®
VLS1 (Obradovic et al., 2005).

We have used PrDOS tool to show that all five PbRMR sequences exhibit a disordered region (> 50
residues) in the C-terminal side, therefore these proteins could have a short half-life, and this would

explain why we could not detect them.
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Chapter 3
PpRMR2 involvement in ubiquitylation: an in

vitro study

We have decided to continue the work of the previous PhD students, focusing our study on PbRMR2:
Ayachi (2012) generated the Ppl1KO mutant (Armr2) and Fahr (2017) transformed it with the
fluorescent construct Citrine-Cardosin (Ci-Card) carrying out studies on the sorting phenotype (details
in chapter 4). She also fused the C-terminal part of PbDRMR2 to GST-tag, in order to identify putative
binding partners by mass spectrometry: it is known that the cytosolic part of PbRMR2 contains the
RING-H2 domain, probably involved in protein-protein interaction. This domain is conserved in the
homologues of RMRs which belong to PA-TM-RING protein group (GRAIL, Goliath, RFN13, RNF167)and
are supposed to function as E3 ubiquitin ligases.

It is known that the ubiquitin pathways are essential for the function of the eukaryotic cell (Joazeiro
and Weissman, 2000; Denison et al., 2005). Several cellular processes depend on ubiquitylation, such
as trafficking, protein turnover, protein localization, regulation of protein function (Sawasdikosol et al.,
2000; Marmor and Yarden, 2004). The ubiquitylation process involves E1, E2 and E3 enzymes. First,
ubiquitin is activated in an ATP-dependent reaction by the E1 activating enzyme. The activated
ubiquitin is transferred to the E2 conjugating enzyme which interacts with a specific E3 ligase
promoting the autoubiquitylation of the E3 or ubiquitylation of the lysine residues of specific target
proteins (Fang and Weissman, 2004). The two major classes of E3 enzymes are the HECT-type E3

ubiquitin ligases and the E3 enzymes RING finger domain proteins.

3.1 Inhibition of degradation

Lineberry N et al. (2008) found that the RING-H2 domain of GRAIL ubiquitylates lysines on the cytosolic
side of target proteins such as tetraspanins CD151 and CD81. To show this, they used specific inhibitors
E64, ALLN and MG132. These potent molecules are generally used to inhibit the degradation of
polyubiquitylated proteins which are known to have a short half-life.

Because we suppose that PbRMRs are E3 ligases, we have repeated the same experiment in moss, in

order to find potential partners that could be ubiquitylated by PoRMRs.
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3.1.1 Results

We have treated WT and 5KO moss liquid cultures for 4 hours in presence of 2.5 uM ALLN (proteasome
and lysosomal cathepsins inhibitor), 2.5 uM MG132 (proteasome inhibitor) and 2.5 uM E64 (lysosomal
cysteine proteases inhibitor). The treatment was performed at 15 °C in order to slow down the
vesicular trafficking. Total protein extracts from protonema were then immunoprecipitated using the
anti-Ub antibody. Ubiquitylation patterns were compared in WT and 5KO mosses by Western Blot. In
the figure 3.1 A, a significant pattern was observed: PpWT treated with MG132 showed an
accumulation of ubiquitylated proteins. This result was not confirmed in the second assaywhere the
WT and 5KO moss cultures were also treated with all the three inhibitors mixed. No obvious difference
was visible between PoWT and Pp5KO, only the heavy chain of anti-Ub antibody (~ 50 KDa) was

detected (Figure 3.1 B). Overnight incubation with the inhibitors was also tested but the results did

not change.
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Figure 3.1. Western Blot of total protein extracts from 5KO and WT moss protonema after treatment with
inhibitors. Total protein extracts from protonema were immunoprecipitated in presence of anti-Ub antibody and
protein A sepharose beads, 4 hours after moss treatment with inhibitors of degradation ALLN, E64, MG132 at
15°C. Immunoprecipitation was followed by Western Blot using anti-Ub antibody. A pattern of ubiquitylation was
detected in the total proteins extracted from PpWT treated with MG132 (A). The experiment was repeated
respecting the same conditions: new samples were prepared adding the one containing all the three inhibitors.
No pattern of ubiquitylation was detectedthis time (B).
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3.2 PpRMR2 autoubiquitylation

It is possible to monitor the enzymatic activity of the RING E3 ligase through an in vitro
autoubiquitylation assay, in which the E3 ligase adds ubiquitin moieties toitself (Amemiya et al., 2008).
GRAILfor instance is autoubiquitylated (Whiting et al., 2011), hence we used GST-PpRMR2 (cytosolic
domain only) to test its autoubiquitylation in vitro.

The construct GST-PpRMR2 was previously cloned into pGEX vector by Fahr (2017). | expresseditin E.
coli BL21 strain, | purified, dialyzed the protein and tested its autoubiquitylation in vitro, following the
protocols of Choo and Zhang (2009) and Stone et al. (2005). A kit containing 29 different E2 ubiquitin-
conjugating human enzymes (UBPBio company; Zhang Q et al., 2015) was tested since we know that
the activity of an E3 ligase, including its autoubiquitylation, depends on a compatible combination of
E2/E3.

Some E2s can function with different types of E3s (Stewart et al., 2016), although it is not clear how
they affect ubiquitylation outcomes. For a long time, researchers only tested the E2 named Ube2D1
(or UbcH5a) to study ubiquitylation activity. Indeed, the type of ubiquitylation produced by U-box and
RING domain-containing E3 ligases is determined by the identity of E2, therefore other E2s have been
tested, and consistent differences in ubiquitylation outcomes have been observed (Windheim et al.,
2008; Christensenetal., 2007; Soss et al., 2011).

In 2009, Markson et al. used the yeast two-hybrid (Y2H) screening to show that most of RING domain-
E3 ligases enzymes bind a small number of E2 conjugating enzymes and that few E2 enzymes bind
almost every E3 enzyme.

In vivo the ubiquitylation status is also controlled by the deubiquitylating enzymes (DUBs) which
remove the ubiquitin moieties from the substrates, hydrolysing the bond between the ubiquitins. Itis
known thatin A. thaliana there are more than 1500 E3s and about 50 DUBs: DUBsinfact, onlyinteract

with ubiquitin chains, not with the substrate (Isonoand Nagel, 2014).
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3.2.1 Results

The reagents involved in ubiquitylation were used at the following concentrations: 100 nM E1, 2 uM
E2, 2 UM E3, 50 uM ubiquitin, 2 mM ATP, 10 X ubiquitylation buffer, in 20 pl final volume adjusted with
Milli-Q H,0.
The following reactions were set up for each of the 29 E2 enzymes:
v All the reagents except E1 activating enzyme (control)
All the reagents except E2 ubiquitin-conjugating enzyme (control)

v
v All the reagents except GST-PpRMR2 (E3 ligase) (control)
v All the reagents except ubiquitin (control)

v

All the reagents

After 2 hours at 25 °C, the reaction was stopped by adding 2X SB. Samples were heated at 100 °C for 5
minutes and loaded on a polyacrylamide gel. Anti-Ub, anti-GST and anti-His antibodies were used for
the immunodetection. Besides the ubiquitin (8.5 KDa), the first antibody (Figure 3.2) detected a
polyubiquitin (poly-Ub) chain in the samples where all the reagents were present for five of the 29 E2
conjugating enzymes tested. These five E2 enzymes are known to catalyse Lys 11 and Lys 48-linked
polyubiquitylation in vitro, and are: Ube2D1 (UbcH5A), Ube2D2 (UbcH5B), Ube2D3 (UbcH5C), Ube2D4
(UbcH5D), Ube2E1 (UbcH®6), all 6xHis-tagged.

The anti-GST antibody detected GST-PpRMR2 (42 KDa) but not the poly-Ub chain, therefore we cannot
assume that GST-PpRMR?2 ubiquitylates itself.

A test with anti-His antibody was performed as we thought that, if GST-PbRMR2 did not ubiquitylate
itself, it might ubiquitylate one of the His-E2 enzymes. We were encouragedin doing this assayafter
having received a list by the Hybrigenics company which identified, through the Y2H screening, a huge
number of putative candidates interacting with PORMR2. Among them there were three E2 ubiquitin-
conjugating enzymes [one E2-W and two E2-D/E (family not specified)] which were supposed to
interact with the cytosolic side of PDRMR2, thus we thought they could be ubiquitylated by PbRMR2,
but we did not confirm this hypothesis in our in vitro ubiquitylation assay, because the anti-His

antibody only detected the 6xHis-E2, not the poly-Ub chain (Ube2D1 is shown in the figure 3.2).
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Figure 3.2. Western Blot after in vitro GST-PpRMR2 autoubiquitylation assay. Three Western Blots were
performed: the anti-Ub antibody detected the free ubiquitin (8.5 KDa) and a poly-Ub chain on GST-PoRMR2 in
the sample where all the reagents were present; anti-GST and anti-His antibodies detected GST-PpRMR2 (42
KDa) and 6xHis-Ube2D1 (16.6 KDa) respectively, without detecting the poly-Ub chain. Ubiquitylation reactions
were resolved in an 8%, 10% and 18% Trisglycine PAGE.

3.3 PpbRMR2’s cytosolic interacting proteins

We hired the French company Hybrigenics in order to find possible partners of PbDRMR2. For this aim,
the company, through the Y2H system, screenedthe luminal and cytosolic sides of PORMR2 against a
library of cDNA from P. patens, providing us with a list of interacting proteins that we have analysed.
Some of them are supposed to be found in the nucleus or other cell compartments: molecular
chaperones, transcription factors, splicing factors, heat-shock proteins, ATP binding proteins and
molecules involved in glycolysis or photosynthesis processes were identified, but we have decided to
keep the ones which have a high confidence in interaction with the cytosolic side of PoRMR2 because
this part of the protein could work as E3 ubiquitin ligase. The proteins listed in the table 3.1 represent
the cytosolic candidates that we have kept: the same candidates were also identified by mass
spectrometry after a pull-down assay (Fahr, 2017) and this result encouraged us to focus on them. The
purpose was finding the proteins eligible for ubiquitylation, and at the same time understanding

whether vacuolar transportin moss is controlled by ubiquitylation (chapter 4).
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Putative partners (Accession Number)

Functions

Dual-specificity phosphatase
(Pp1s172_76V6.1)

Phosphorylation tyrosine or
serine/threonine residues

Cytosolic ubiquitin ligases
HUWE1-type (Pp1s138_130V6.1)
UBR4-type (Pp1s131_210V6.1)

Proteasomal degradation
N-end rule

26S proteasome subunits
N2 (Ppls114_55V6.1), N3
(Pp1s65_153V6.1), N9 (Ppls131_74V6.1)

Protein degradation

Coatomer subunits
o (Ppls135_34V6.1),
B (Pp1s168 28V6.1),y (Ppls276 96V6.1)

Intra-Golgitransport and
from Golgi to ER
and in endosomes (?)

Table 3.1. Some of PbRMR2’s cytosolic putative partners found by Y2H screening and mass spectrometry.

We have chosen to clone these partners, induce protein expressionin E. coli BL21 strain, and study

their involvement in ubiquitylation through in vitro assays.

3.3.1 Cytosolic ubiquitin ligases

Because of the big size of HUWE1 (CDS = 11.7 Kb) and UBR4 (CDS= 15.6 Kb), we have thought to
knockout them using the CRISPR/Cas9 technology to verify whether the loss of these genes would
affect the trafficking in PoWT/Ci-Card. This line displays a fluorescent vacuolar pattern imputable to
the targeting of Citrine-Cardosin to the vacuole (details in chapter 4): if the Knock-Out of the genes
HUWE1 or UBR4 affects vacuolar transport in PoWT/Ci-Card, we could suppose that the targeting of
Citrine-Cardosin tothe vacuole depends on the interaction betweentwo E3 ligases suchas PoRMR and

HUWE1 or UBR4. Unfortunately, we failed in obtaining the constructs, then we could not proceed with

the CRISPR/Cas9technology.
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3.3.2 Dual-Specificity Phosphatase

The dual-specificity phosphatases (DUSPs) regulate MAPK activity by dephosphorylating both tyrosine
and serine/threonine residues (Keyse, 1995). Their structure, similar to that of dual-specificity tyrosine
phosphatase, contains a tensin-like domain and a catalytic domain, conserved in all DUSPs, which
includes asparticacid, cysteine and arginine residues (Huang and Tan, 2012).

They have been found in the nucleus or cytoplasm (or both) of yeast and other eukaryotes, including
plants.

The MAPK pathways in animals are involved in inflammation and cancer diseases (Dhillon et al., 2007;
Kyriakis and Avruch, 2001) as well as in gene transcription, protein stability and localization, regulation
of cell proliferation and cell death (Wada and Penninger, 2004; Turjanski et al., 2007). AtDsPTP1
(Arabidopsis thaliana dual-specificity protein tyrosine phosphatase) was demonstrated to
dephosphorylate and inactivate the chinase AtMPK4 (Gupta etal., 1998).

The activity of DUSPs is regulated by post-translational modifications such as ubiquitylation,
acetylation, phosphorylation, methylation. Ubiquitylation, for example, leads to the degradation of
eight DUSPs in animals: DUSP1, DUSP4, DUSP5, DUSP6, DUSP7, DUSP8, DUSP9 and DUSP16;
phosphorylation enhances the stability of DUSP2 and DUSP10 (Chen et al., 2019-review). Yang et al.
(2018) hypothesized that methylation of DUSP14 regulated its ubiquitylation and this might be induced
by the interaction betweenthe methylated DUSP14 and the E3 ligase TRAF2.

3.3.3 Proteasome subunits N2 (Rpn2), N3 (Rpn3), N9 (Rpn9)

The 26S proteasome is a compartment involved in diverse functions: protein degradation, cell
differentiation, stress signaling, apoptosis. It is found in the cytosol and in the nucleus, and it contains
a catalytic core called CP or 20S particle, and two 19S regulatory particles or RP, that allow the
degradation of ubiquitylated proteins in an ATP-dependent reaction (Figure 3.3). Inmany eukaryotes,
such as yeast and mammals, the 20S proteasome has a cylindrical structure, composed of two outer
B-rings and two inner a-rings which are made up of seven a and B subunits, respectively; these rings
form a complex called al-7B1-7B1-7a1-7 (Tanaka, 2009-review). When the 20S proteasome
degrades proteins, it generates oligopeptides of 3-15 amino acid residues which are hydrolysed into
amino acids by oligopeptidases and/or amino-carboxyl peptidases. The RP recognizes
polyubiquitylated proteins, and after removing the ubiquitin chain, it opens the a-ring allowing the CP
to degrade the unfolded substrate.

The 19S RP (also called PA700) is composed of two sub-complexes: the lid and the base (Glickman et
al., 1998; Hanna and Finley, 2007). It is formed by about 20 subunits divided into two groups:
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regulatory particle of triple-ATPase (Rpt) subunits and regulatory particle of non-ATPase (Rpn)
subunits.

In the lid complex there are nine non-ATPase subunits: Rpn3, Rpn5, Rpn6, Rpn7, Rpn8, Rpn9, Rpnll,
Rpnl12 and Rpnl5. The lid forms a horseshoe-like structure to position the deubiquitinase Rpnll, a
metalloprotease which hydrolyses the isopeptide bond and releases Ub (Verma et al., 2002; Worden
etal., 2017).

The base complex is formed by six homologous AAA-(ATPases associated with diverse cellular
activities)-ATPase subunits, (Rpt1-Rpt6), and four regulatory particle non-ATPase subunits (Rpni,
Rpn2, Rpnl10 and Rpnl13). The Rptl-Rpt6 subunits have the function to capture, unfold the
ubiquitylated protein and open the a-ring of the channel. Rpn10 and Rpn13 bind polyUb, while the
large subunits Rpnl (110 KDa) and Rpn2 (104 kDa) show an affinity for ubiquitin-like (UBL) domains
(Rosenzweig et al., 2012). In plants, Rpnl is important for Arabidopsis embryogenesis (Brukhin et al.,
2005), Rpn10 regulates ABA signaling (Smalle et al., 2003); Arabidopsis Rpn12 is involved in cytokinin
responses (Smalle et al., 2002; Smalle and Vierstra, 2004).

The function of regulatory particle non-ATPase subunits in plants is poorly understood. Their deletion
causes cell death, and their mutation in yeast determines the accumulation of polyubiquitylated
proteins and proteasome malfunctioning (DeMariniet al., 1995; Wang et al., 2009). The sequences of
Rpnl and Rpn2 show 40% identity and contain 11 helix-turn-helix pseudo-repeats (Kajava et al., 2004)
composed of 35-40 amino acids. These repeats are largely distributed, and different subclasses are
known, such as HEAT [huntingtin, elongation factor 3 (EF3), protein phosphatase 2A (PP2A), Pl 3-kinase
TOR1], tetratricopeptide repeat (TPR) and armadillo (arm) repeats (Andrade et al., 2001).

The Rpnl and Rpn2 pseudo-repeats belong to a subclass of subunits connected to proteasome and
cyclosome, thus they are called “PC repeats” whose structure is a curved concave toroid (Kajava, 2002;
Effantin et al., 2009; He et al., 2012). The central PC repeats form a closed toroidal structure, flanked
by flexible N and C-terminaldomain (Effantin et al., 2009; Rosenzweig et al., 2008).
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Figure 3.3. Structure and key subunits of the 26S proteasome. The 26S proteasome consists of a 20S core
particle (CP) and one or two 19Sregulatory particles (RP). The RP is composed of three ubiquitin/UBL receptors,
deubiquitylating (DUB) enzymes, and hexameric ATPase enzymes involved in processing substrate proteins;
these represent the components of two sub-assemblies calledthe lid and base. Proteins targeted for degradation
are unfolded by ATPase enzymes and translocated into the proteolytic active sites through the CP channels
(adapted from Saeki, 2017).

The activity of proteasome subunits is modulated by post-translational modifications such as
phosphorylation, myristoylation, ubiquitylation, acetylation, methylation (reviewed by Kors et al.,
2019). Monoubiquitylation of Rpnl0 in human cells prevented its capacity to interact with
polyubiquitylated substrates (Isasa et al., 2010) whereas in yeast, it caused the 26S proteasome
dissociation (Keren-Kaplan et al.,, 2016). Polyubiquitylation of Rpnl0 led to its degradation in
Drosophila (Lee et al., 2014). An increased polyubiquitylation of Rpn13 was observed in human cells
during stress conditions (heat-shock, oxidative or proteotoxic stress; Besche et al., 2014): this event
led to an accumulation of polyubiquitylated and/or damaged proteins thus suppressing their
degradation.

It is known that proteasomes are found in the cytoplasm and in the nucleus, but an interesting work
of Albert etal. (2017) revealed a different distribution of proteasomes in Chlamydomonas reinhardtii
cells, analysed by tomography. These organelles were shown to be highly concentrated in the inner
nuclear membrane and in the nuclear pore complex areas, whereas they were scattered in the

cytoplasm.
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N2 (Rpn2)

It interacts, together with Rpnl, with ubiquitin-binding proteins and proteasome auxiliary factors
(Rosenzweig et al., 2008; Fatimababy et al., 2010) which belong to the UBL-domain containing proteins
(UDPs). The solenoid portions of Rpnl and Rpn2 are required for their mutual interaction, and for
binding the ubiquitin receptor Rpn10 and the ATPases (Gorbea et al., 2000). These flexible extensions
are probably involved in maintaining the stability of 19S RP-20S CP association (Marques et al., 2007)

and may contribute to the proper nuclear localization of proteasome in yeast (Wendler et al., 2004).

N3 (Rpn3)

Interesting works revealed that this protein plays a role in cell cycle transition and in the mitosis
process in budding yeast (Kominami et al., 1997; Bailly and Reed, 1999): in temperature-sensitive
mutant alleles, the essential non-ATPase Rpn3/Sun2 subunit, if mutated, causes a metaphase arrest
without preventing the G1/S transition. In these mutants, the ubiquitin-dependent proteolysis of
diverse substrates is compromised, and the half-life of Clb2 (B-type cyclin involved in cell cycle
progression)is severelyincreased during the G1 phase. The arrest of rpn3 mutants prior to anaphase,
impairs the proteolysis of the anaphase inhibitor Pdsl, meaning that Rpn3 is essential in the

destruction of Pds1 at the metaphase/anaphase transition.

N9 (Rpn9)

This nonessential subunit is needed at high temperatures for the proper functioning of the yeast
proteasome (Takeuchi et al., 1999). The deletion of this gene leads to a temperature-sensitive growth
and to a multi-ubiquitylated proteins accumulation.

Jin et al. (2006) showed that the silencing of the gene Rpn9 in Nicotiana benthamiana, inhibits the
systemic transport of Tobacco mosaic virus and Turnip mosaic virus, due to an altered vascular tissue.
The Rpn9 silenced plants were characterized by an extra leaf vein formation, an increased xylem, and
a decreased phloem. These plants also displayed a reduced auxin transport and an alteration of
brassinosteroid signaling which are two essential processes occurring in vascular formation. The
authors proposed that Rpn9 controls vascular formation by targeting specific regulatory proteins for

degradation, including the brassinosteroid-signaling protein BZR1.
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3.3.4 Coatomer subunits

In 1991, the first studies about coated vesicles allowed to identify in animals, four large protein
subunits (a-, B-, y- and 6-COP) (Serafini et al., 1991; Duden et al., 1991). In the same year, a complex
composed of these and other subunits was isolated from the cytosol, and it was called coatomer
(Waters et al., 1991). Later, new subunits were identified and termed B’-COP (Stenbeck et al., 1993;
Harrison-Lavoie et al., 1993), e-COP (Hara-Kuge et al., 1994) and {-COP (Kuge et al., 1993), thus the
complete structure resulted to be a heptameric coat complex. It has been described a model of the
organization of the COPI coatomer complex in which the a, B’ and € subunits form the B-subcomplex
while the B, y, 6 and T subunits form the F-subcomplex (Faulstich et al., 1996; Fiedler et al., 1996).
Coated vesicles (COPI, COPII, CCVs) allow protein trafficking throughout the endomembrane system
(Paul and Frigerio, 2007). COPIl vesicles are responsible for the anterograde transport from ER to GA;
CCVs mediate endocytosis and deliver proteins out of the TGN; COPI-coated vesicles mediate protein
transport in the early secretory pathway (Rothman, 1994) in particular the intra-Golgi transport and
the retrograde transport of proteins from the GA to the ER (Paul and Frigerio, 2007).

Using immunolabeling and in vitro reconstitutiontechniques, plant y-COP proteins were found in the
vesicles proximal to the GA (Pimpl et al., 2000).

The work of Ahn et al. (2015) shows that in N. benthamiana, the B'-, y- and 6-COP subunits interact
with each other in the GA. The silencing of B'-, y-, and 6-COP genes by VIGS (virus-induced gene
silencing) caused the disassembly of GA and the accumulation of autolysosome-like structures.
Moreover, DEX-inducible RNAi of B'-COP in tobacco BY-2 cells, affected cell plate formation. This
suggests that the COPI coatomer complex s involved in plant growth and survival (Ahn etal., 2015).
During the formation of COPI vesicles, the coat protein coatomer can interact either with membrane
cargo proteins that should come back to the ER, or with membrane proteins that cycle between the
ER and the GA.

Inmammals and yeast, the mechanism through which ER-resident proteins bind to coatomer has been
described: the C-terminal side of their cytoplasmic tail exhibits a conserved KKXX motif that is
recognized by the coatomer complex (Cossonand Letourneur, 1994).

The work of Harter and Wieland (1998) describes the binding of the cycling p24 proteins to the
coatomer in animals. p24 proteins represent the major transmembrane proteins of COPI-coated
transport vesicles (Nickel et al., 1997). It has been shown that they must dimerize in order to interact
with twoindependent binding sites located on the trunk and on the appendage domain of y-COP. This
mechanism s different from the one adopted by ER-resident cargoes which instead bind as monomers

to a- and p'-COP (Eugster et al., 2004).
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Xu et al. (2017) demonstrated that the specific recycling of an exocytic SNARE from the PM by COPI in
yeast is mediated by ubiquitylation, particularly by recognition of a polyubiquitin chain on cargoes.
Furthermore, the mammalian -COP ubiquitylation, mediated by the E3 ligase PIRH2, resulted in its
proteasomal degradation (Maruyama et al., 2008). These resultsindicate that COPI activity is regulated

by post-translational modifications, particularly by ubiquitylation.
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3.3.5 Results

3.3.5.1 Cloning and protein purification

We encountered severalissues during DNA cloning and protein purification, because of the huge size
of most sequences. The CDS of each putative candidate was first subcloned in pJET1.2 vector then in
pPET21b containing 6xHis-tag for protein expressionin E. coli BL21 strain. The His-tag was placed at the

C-terminus of each protein sequence.

The figure 3.4 shows the results of cloning in pET21b vector. The expectedsizes are:

DUSP ~ 2 Kb (A); N2 ~ 3 Kb (B); N3 ~ 1.5 Kb (C); N9 ~ 1.2 Kb (C); Coatomer subunit y (COPG) ~ 2.7 Kb
(D).

N2

Figure 3.4.PCR of the five genes cloned in the final vector pET21b. A: Dual-specificity phosphatase (DUSP= ~ 2
Kb); B: N2 (~ 3 Kb); C: N3 (~ 1.5 Kb); N9 (~ 1.2 Kb); D: Coatomersubunity (COPG = ~ 2.7 Kb).
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After cloning, the competent bacteria E. coli BL21 (D3) were employed for protein expression and
purification. Each protein was purified in native conditions, using a Poly-Prep® chromatography
column packed with Ni-NTA agarose resin, and dialyzed in an Amicon® Ultra centrifugalfilter or using
a regenerated cellulose (RC) membrane.

A Western Blot of all the collected samples was performed. The dialyzed proteins-His (10 ug loaded)

were detected by anti-His antibody.

DUSP-His

We obtained the protein (even if not pure) after several assays due to a weak expression and
degradation. We tested three IPTG concentrations (0.25 - 0.5 -1 mM) and collected samples every 15
minutes during 3 hours of induction. We found that DUSP-His expression was induced in 1h15min with
0.5 mM IPTG; afterwards, it was weakly expressed and undetectable by anti-His antibody.

Nevertheless, the protein (~ 70 KDa) appeared degraded as shown in the figure 3.5.

£
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Sy Ny 1234567
KDa
135— 135—
100— ——— 100— |
gg— o = # 85— DUSP-His gg— - - ’ s DUSP-His
—| = ~| ~70KDa - - ~
46— -——- 26— S - 70 KDa
32— 32 - »
25— 25—
22— 22—
anti-His

Figure 3.5. Western Blot of protein fractions from DUSP-His purification. NI: fraction of pellet from not induced
bacterial culture. Fractions of pellet from IPTG-induced bacterial culture were collected every 15 minutes for 3
hours. The fraction collected after 1h15minwas considered as optimal for the remaining purification steps.
Lane 1: aliquot of supernatant collected after lysis (by French press) and centrifugation of the induced bacterial
culture. Lane 2:aliquot of pellet collected after lysis (by French press) and centrifugation of theinduced bacterial
culture. Lane 3:flow-through (FT) collected after adding the celllysate mixture into the column packed with Ni-
NTA agarose resin. Lane 4: aliquot of fifth wash of the resin. Lane 5: eluted fraction. Lane 6: aliquot of resin after
application of elutionbuffer. Lane 7: dialyzed fraction. Protein was detected at ~ 70 KDa by anti-His antibody.
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N2-His
The purification of the insoluble protein N2-His, after several attempts, was not successful because of

the huge molecular weight (110 KDa)and the presence of a TM domain.

N3-His
The expression of the soluble protein N3-His (~ 56 KDa) was induced by 0.5 mM IPTG for 1h15min, but

the dialyzed protein resulted degraded when detected by anti-His antibody (Figure 3.6).
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Figure 3.6. Western Blot of protein fractions from N3-His purification. NI: fraction of pellet from not induced
bacterial culture. Lane 1: fraction of pellet from IPTG-induced bacterial culture collected after 1h15min. Lane 2:
aliquot of supernatant collected after lysis (by French press)and centrifugation of the induced bacterial culture.
Lane 3: aliquot of pellet collected after lysis (by French press) and centrifugation of theinduced bacterial culture.
Lane 4: flow-through (FT) collected after adding the cell lysate mixture into the column packed with Ni-NTA
agarose resin. Lane 5: fraction of the resin after FT passed through the column. Lane 6: aliquot of fifth wash of

the resin. Lane 7: eluted fraction. Lane 8: aliquot of resin after application of elution buffer. Lane 9: dialyzed
fraction. Protein was detected at ~ 56 KDa by anti-His antibody.
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N9-His
The soluble protein N9-His was purified, dialyzed and detected with anti-His antibody at the size of 45
KDa (Figure 3.7). The IPTG induction (0.5 mM) was stopped after 3 hours without any degradation

issues.

» 1. 2 3 45 6 7 8 9
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32—
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17—
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Figure 3.7. Western Blot of protein fractions from N9-His purification. NI: fraction of pellet from not induced
bacterial culture. Lane 1:fraction of pellet from IPTG-induced bacterial culture collected after 3 hours.

Lane 2: aliquot of supernatant collected after lysis (by sonication) and centrifugation of the induced bacterial
culture. Lane 3: aliquot of pellet collected after lysis (by sonication) and centrifugation of the induced bacterial
culture. Lane 4:flow-through (FT) collected after adding the celllysate mixture into the column packed with Ni-
NTA agarose resin. Lane 5: fraction of the resin after FT passed through the column. Lane 6: aliquot of fifth wash
of the resin. Lane 7:eluted fraction. Lane 8: dialyzedfraction. Lane 9: aliquot of resin after application of elution
buffer. Protein was detected at 45 KDa by anti-His antibody.
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y-coatomer subunit COPG-His
This soluble protein was correctly detected by anti-His antibody at 100 KDa (Figure 3.8). IPTG induction

(0.5 mM)was stopped in 45 minutes to avoid degradation.
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Figure 3.8. Western Blot of protein fractions from COPG-His purification. NI: fraction of pellet from not induced
bacterial culture. Lane 1:fraction of pellet from IPTG-induced bacterial culture collected after 45 minutes.

Lane 2: aliquot of supernatant collected after lysis (by French press) and centrifugation of the induced bacterial
culture. Lane 3:aliquot of pellet collected after lysis (by French press) and centrifugation of theinduced bacterial
culture. Lane 4:flow-through (FT) collected after adding the celllysate mixture into the column packed with Ni-
NTA agarose resin. Lane 5: fraction of the resin after FT passed through the column. Lane 6: aliquot of fifth wash
of the resin. Lane 7: eluted fraction. Lane 8: aliquot of resin after application of elution buffer. Lane 9: dialyzed
fraction. Proteinwas detectedat 100 KDa by anti-His antibody.
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3.3.5.2 Invitro ubiquitylation assay between GST-PpRMR2 and its putative candidates

The UbiSite tool was used to predict the presence of ubiquitylation sites in each putative candidate.
For all the substrates that we have cloned and purified, we tested the American UBPBio kit and we
have chosenthe same E2s that gave us a patterninthe GST-PoRMR2 autoubiquitylation assay [Ube2D1
(UbcH5A), Ube2D2 (UbcH5B), Ube2D3 (UbcH5C), Ube2D4 (UbcH5D), Ube2E1 (UbcHB6)].
The ubiquitylation mix was composed of 100 nM E1, 2 uM E2, 2 uM E3, 2 uM substrate, 50 uM
ubiquitin, 2 mM ATP, 10 X ubiquitylation buffer, in 20 ul final volume adjusted with Milli-Q H,O.
GST-PpRMR2 was used as E3 ligase. The negative controls were not prepared for each of the five E2
enzymes but only for Ube2D1, because the amount of the reagents was not enough to perform several
assays.
The following reactions were set up:

v All the reagents without the E1 activating enzyme
All the reagents without the E2 ubiquitin-conjugating enzyme
All the reagents without the E3 ligase (GST-PoRMR2)
All the reagents without the substrate

All the reagents without the ubiquitin

NN

All the reagents

This list has been used for all the putative candidates. After an incubation of 2 hours at 25 °C, the

samples were collected for a Western Blot analysis.
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DUSP-His + GST-PpRMR2

We have supposed that DUSP could be ubiquitylated by PbRMR2 because its sequence (662 aa)
contains 13 ubiquitylation sites (lysines) with a high confidence score (0.75).

The figure 3.9 shows a poly-Ub chain detected by anti-Ub antibody. This is evident in presence of each
E2 enzyme tested, but we cannot assume that DUSP-His is ubiquitylated by GST-PpRMR2 in vitro,
because the pattern was not confirmed by anti-His antibody which detected properly the protein (~70

KDa) but not the poly-Ub chain.

E1 + 4+ + + 4 + o+ o+ -+
Ube2D1 + - - - - + + + + -
Ube2D2 -t - - - - - ===
Ube2D3 - -+ - - - - - - -
Ube2D2 e
Ube2E1 e
E3 (GST-PPRMR2) + + + + + - o+ o+ o+ o+
Ubiquitin + o+ o+ o+ o+ + o+ -+ 4 E L+ + 4+ O+t + -+
DUSP-His + 4+ o+ 4+ + -+ + o+ Ube2D1 - = - - 4+ ¥ + o+ -
Ube2D2 -+ --=- - - - - -
o Ube2Da SIITD Do DIt
245— . ' be ICZr3 - = Iz
Ube2E1 -=-=-=-t - - - -
190— "' ' P°|V'_Ub E3 ?GST—PpRMRZ) + 4+ + + - + + + +
135— chain Ubiquitin +H 4+ + o+ o+ -+ 4
100 DUSP-His + 4+ + o+ = + o+ +
KDa
80— 10— Lo
5. | wwewee @ @ wsan!— Ubiquitin
58— 8.5 KDa
anti-Ub anti-Ub
A B
El R o= E1 o+ o+ o+ o+ o+ -4
Ube2D1 - - ==+ b+ - Ube2D1 - - + + O+ 4+ -
Ube2D2 -+ - == - - - -- Ube2D2 - 4 - - = - - - - -
Ube2D3 -— 4+ - - - - - - = Ube2D3 - 2 - = - - - - -
Ube2D4 -= -+ = - - - - - Ube2D4 - - -+ = - - - = =
Ube2E1 ——--+ - - - - - Ubo2E1 Iy - - ZZcC
E3 (GST-PpRMR2) + + + + + - oAbt E3(GST-PPRMR2) + + + + + -  + + + +
Ubiquitin t o+ 4 -+ F Ubiquitin +oE o+ o+ -+ o+
DUSP-His A e e L DUSP-His o+ + - 4+ o+ o+
KDa KDa
100— 80—
B ol o e e 58
o= - S, # o= —— DUSP-His -
sp—(WNeTEE - NHW | ~70KDa
" N - aag 46—
Sk : --:: - ...-—GST—PpRMRZ
32 .- - - ... 42 KDa
32—
2 anti-His 2 anti-GST
T —
a 2
=
35 c £3 D
o '_dE
wo
0o

Figure 3.9. Western Blot after in vitro ubiquitylation test between DUSP-His and GST-PpRMR2. GST-PpRMR2
and DUSP-His were used as E3 ligase and putative candidate respectively, in presence of the E2 conjugating
enzymes Ube2D1/Ube2D2/Ube2D3/Ube2D4/Ube2E1. Anti-Ub antibody detected a poly-Ub chain (A) and the
free ubiquitin (8.5 KDa) (B). The detection of the chain was not confirmed by anti-His antibody which only
recognized DUSP-His (~ 70KDa) (C). GST-PoRMR2 (42 KDa) was detected by anti-GST antibody (D). Ubiquitylation
reactions were resolved in an 8%, 10% and 18% Tris-glycine PAGE.

81



N3-His + GST-PpRMR2

N3 (~ 56 KDa) is composed of 493 amino acids, and 5 lysines are predicted to be ubiquitinatable, with
a score of 0.75 (high confidence). The results of Western Blot after the in vitro test, show the same
patterns observedin the previous assay: a poly-Ub chain was only detected by anti-Ub, not by anti-His

antibody (Figure 3.10).
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Figure 3.10. Western Blot after in vitro ubiquitylation test between N3-His and GST-PpRMR2. GST-PpRMR2 and
N3-His were used as E3 ligase and putative candidate respectively, in presence of the E2 conjugating enzymes
Ube2D1/Ube2D2/Ube2D3/Ube2D4/Ube2E1. Anti-Ub antibody detected a poly-Ub chain (A) and the free
ubiquitin (8.5 KDa) (B). The detection of the chain was not confirmed by anti-His antibody which only recognized
N3-His (~ 56 KDa) (C). GST-PpRMR2 (42 KDa) was detected by anti-GST antibody (D). Ubiquitylation reactions
were resolved inan 8%, 10% and 18% Tris-glycine PAGE.
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N9-His + GST-PpRMR2

In N9 sequence (386 amino acids), 8 lysines are predicted to be ubiquitylation sites (score 0.75). Inthe
figure 3.11, we can observe a poly-Ub chain in the samples where all the reagents are present. This
has occurredfor each E2 tested, except for Ube2D3 (very weak signal). The pattern was not reproduced
by anti-His antibody which only detected N9-His (45 KDa) but not the poly-Ub chain. Therefore N9-His
is not ubiquitylated by GST-PoRMR2.
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Figure 3.11. Western Blot after in vitro ubiquitylation test between N9-His and GST-PpRMR2. N9-His was
supposed to be the substrate of GST-PpRMR2. Anti-Ub antibody detected a poly-Ub chain (A) and the free
ubiquitin (8.5 KDa) (B) in presence of the five E2s tested. Anti-His only detected N9-His (45 KDa) (C), not the poly-
Ub chain. GST-PpRMR2 (42 KDa) was properly recognized by anti-GST antibody (D). Ubiquitylation reactions were
resolvedinan 8%, 10%and 18% Tris-glycine PAGE.
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COPG-His + GST-PpRMR2

The 892 amino acids sequence of COPG contains 17 lysines that could be ubiquitylated. Even in this
case, we cannot assume that COPG-His is ubiquitylated by GST-PpRMR2 because the poly-Ub chain
generatedis only detected by anti-Ub antibody (figure 3.12).
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Figure 3.12. WesternBlot after in vitro ubiquitylation test between COPG-His and GST-PpRMR2. COPG-His was
used as putative candidate of GST-PpRMR2. Anti-Ub antibodydetected a poly-Ub chain (A) and the free ubiquitin
(8.5 KDa) (B) in presence of the five E2s tested. Anti-His only detected COPG-His (100 KDa) (C), notthe poly-Ub
chain. GST-PpRMR2 (42 KDa) was properly recognized by anti-GST antibody (D). Ubiquitylation reactions were
resolvedinan 8%, 10% and 18% Tris-glycine PAGE.
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3.4 Discussion

An important part of this project consisted in testing the hypothesis of a ubiquitylation activity of
PpRMRs. The similar structure between plant and animal RMRs suggests that they have similar
functions, especially because their transmembrane domain and RING-H2 domain are quite conserved
(Wang H etal., 2010). Animal proteins having a similar structure as RMRs are called PA-TM-RING, and
some of them act as E3 ligases. Many E3 ubiquitin ligases are RING finger proteins (Joazeiro and
Weissman, 2000) whose stability is frequently controlled by self-ubiquitylation and protein-protein

interaction (Huibregtse et al., 1995; Lorick et al., 1999).

As we could not detect PpRMR proteins, we have focused our study on finding out their potential
substrates, supposing that PoRMRs are E3 ubiquitin ligases.

We have tried to discover putative candidates that would be ubiquitylated by PoRMRs, treating PoWT
and Pp5KO with three inhibitors of proteasomal/vacuolar degradation: ALLN, MG132 and E64. We
detected a ubiquitylation patternin PpWT treated with 2.5 uM MG132, but this was not reproduced
when we have repeated the assay at the same conditions. This could be attributed to the short half-
life and rapid degradation of PbRMRs in the cell, thus we were not able to detect PobRMRs’

ubiquitylated substrates.

The more conserved lysines (K) in the cytosolic tail of PpRMRs could be good candidates for
ubiquitylation by PobRMRs themselves, thus we performed an in vitro assay using the recombinant
protein GST-PpRMR2 as E3 ligase.

We tested the American UBPBio kit containing 29 human E2s, and for five of them (Ube2D1, Ube2D2,
Ube2D3, Ube2D4, Ube2DE1), we obtained a ubiquitylation patternon GST-PpRMR?2, detected by anti-
Ub antibody. We could not show if this was a self-ubiquitylation of GST-PpRMR2 neither if GST-
PpRMR2 ubiquitylated another target protein in the mix. On the other hand, the results by Y2H
screening revealed that three E2 ubiquitin-conjugating enzymes (two type D, one type W) and three
ubiquitin-like proteins interact with GST-PbRMR2. This is interesting because the E3 ligases containing
U-box and RING domain need to bind both substrate and E2-Ub conjugates in order to promote the
ubiquitin transfer (Soss et al., 2011). Thus, we have had good reasons to believe that PbDRMR2is an E3
ubiquitin ligase, although we were not able to show the ubiquitylation of another protein in vitro by
GST-PpRMR2.

Another question is still open: which are PpRMR2’s potential substrates? We have focused on 5

candidates provided by the Hybrigenics company. These partners are supposed to interact with the
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cytosolic side of PDORMR2, and are: DUSP, the proteasome subunits N2, N3, N9 and the coatomer
subunits a, B, y.

Except for N9, we have encountered several issues in cloning the genes as well as in protein-His
purification. Because of the huge size of a and B coatomer subunits (3.6 Kb and 2.9 Kb), the cloning of
these genes was not completed.

The amino acid sequence of all these proteins exhibits ubiquitylation sites (lysines) with a high score
of 0.75, according to UbiSite tool, hence, after cloning, we have purified them and tested their
ubiquitylation in vitro using GST-PpRMR2 as putative E3 ligase.

The experiment was performed in presence of the five E2 enzymes previously tested in the in vitro
autoubiquitylation test of GST-PpRMR2. Surprisingly, our Western Blot results revealed a polyubiquitin
chain for each His-tagged candidate. The chain was only detected by anti-Ub antibody but not
reproduced by anti-His antibody. Thus, we have concluded that no one of these substrates is

ubiquitylated by GST-PpRMR2, although this protein seemedto show an E3 ligase activity.

A very important aspect we need to highlight is that some conditions cannot be reproduced in vitro: it
is known that the specificity of E2-E3 pairing is determined in vivo by diverse factors, such as post-
translational modifications and additional interacting proteins. Moreover, the high concentration of
recombinant proteins employed in these in vitro assays might cause unspecific E2-E3 interactions
(Turek et al., 2018).

Probably the proteins we have chosen are not eligible for ubiquitylation by PoRMR2, but our results
demonstrated that a ubiquitylation pattern was detected when GST-PpRMR2 was present in the mix
and no pattern was detected when GST-PpRMR2 was absent, therefore we think that it is the only
responsible for ubiquitylation in the reaction mix. Have we obtained just artifacts in eachassay? Could
GST-PpRMR2 act as an E3 ligase towards another target in the mix? These aspects need to be

investigated.
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Chapter 4
Study of moss phenotype

and characterization of PORMR2 mutants

We have decided to use the moss as plant model because one of its biggest advantages is the high
frequency of integration of a foreign DNA in its genome, by homologous recombination. Moreover,
working on moss protonema allowed us to study the phenotype at sub-cellular level and to easily
observe our samples under the microscope. Our study focused on vacuoles, which are not investigated
yet in seedless plants. In the secretory pathway, soluble vacuolar proteins are addressed to lytic
vacuole or protein storage vacuole, depending on specific sequence motifs called vacuolar sorting
determinants (VSD).

RMRs are expected to be vacuolar receptors (Jiang et al., 2000; Park et al., 2005; Hinz et al., 2007). The
5 RMR genes were knocked-out in moss by the previous collaborator Ayachi (2012) without detecting
any visible phenotype, leading us to think that the loss of all PoRMRs does not affect moss
development. Only later it was observedthat leafy gametophores developed differently in the mutant
lines, compared to PpWT (Fahr, 2017).

Exposition of PoWT and PpRMR-KO lines to salt stress could help us to understand which function
RMRs have in moss: besides their involvement in vacuolar transport, we hypothesize a role as E3
ubiquitin ligases that are known to participate in plant development and stress responses such as high
salinity and drought (Cho et al., 2017; Stone, 2018).

Vacuolar trafficking in moss was also described by Fahr (2017) who generated fluorescent markers and
confirmed that the ctVSD of tobacco chitinase, cardosin A and PpAP1 addresses a fluorescent reporter
to the centralvacuole, as it happens in flowering plants (Di Sansebastiano et al., 1998; Fliickiger etal.,
2003; Pereira et al., 2013). In particular, a vacuolar pattern was observed in PpWT expressing the
construction Citrine-Cardosin (Ci-Card) in which the ctVSD of cardosin A was fused to the C-terminus
of the fluorescent protein Citrine. In PoDRMR-KO lines, instead, the fusion protein was ER-retained.
Hence, | transformed the lines PoWT/Ci-Card and Pp5KO/Ci-Card with the overexpressed WT PoRMR2

or its mutated versions to test their effect on vacuolar trafficking.
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4.1 Visible phenotype in PobWTand PpRMR-KO lines

The loss of single or multiple RMR genes did not cause any phenotypic changes inmoss (Ayachi, 2012).
The figure 4.1 shows 10-day-old protonema of PoWT, Pp1KO, Pp3KO, Pp5KO which all exhibit the same

shape and colour.

1KO (Armr2)

Figure 4.1. In vitro 10-day-old moss protonema on NH; medium. Moss protonema was grown in the phytotron
for 10 days on standard NH4 medium. No phenotypic differences were observed between PpWT and the mutant
lines Pp1KO, Pp3KO, Pp5KO.

A phenotypic difference between PpWT and mutants has been observed in protonema grownon NH,
medium for 3 weeks. The results of Fahr (2017) showed that moss mutants developed more leafy
gametophores than PpWT. | did not confirm these results: | rather found that leafy shoots were small
and short in PpWT, bigger and elongated in mutants. The method described by Fahr needed to be

slightly modified: | could not let the moss on the same medium for 3 weeks because it turned brown.
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4.1.1 Results

Extended growth of PoWT and PbRMR-KO lines on NH,; medium

WT, 1KO, 3KO and 5KO moss protonema were grown for 2 weeks in Petri dishes containing NH,
medium, discs (diameter 2.5 cm) were then cut and transferred onto fresh medium. The discs
corresponding to each line were placed distant from each other in the same plate. Duplicates of each
disc were prepared. Every 14 days, for 2 months, the discs were moved to a fresh NH, medium.

Data were not collected after short-term because morphogenetic parameters were visible only after 4
weeks whereas drastic phenotypic differences between PoWT and PpKO lines were observed after 2
months, that is the exact time when photos were taken. The results showed that PpWT developed
many small and short leafy gametophores which were instead bigger and longer in PoKO mutants

(Figure 4.2).

1KO (Armr2) 3KO (Armr1/3/5)

Figure 4.2. Leafy gametophores of Pp mutant lines displayed a visible phenotype. PoWT and mutants
protonema were grown for two weeks on standard NH4 medium, thendiscs of each line were cut and transferred
to a fresh medium. Every 14 days, for 2 months, the discs were movedto a fresh NHa medium. The leafy shoots
developedin PoWT were smallerand shorterthanin PpKOlines.

4.2 Abiotic stress response

Itis known that vacuoles are important for resistance to drought stress (Marty, 1999) and that proteins
having an E3 ligase activity, can negatively regulate drought stress response (Cheng et al., 2012). The
experiments performed by our previous collaborator Ayachi(2012) showed that PoWT and PpKO lines
coped with severe water loss in the same manner, and no significant differences were observed in the
mutant lines after recovering from desiccation.

Other studies have demonstrated a relationship between ubiquitylation and abiotic stress responses,
such as dark and high salinity. For instance, the RING-type E3 ligase COP1 in A. thaliana negatively
regulates roots elongation, promoting the degradation of SCAR1 in dark-grown roots (Dyachok et al.,

2011). The E3 ligase AtRDUF1instead positively regulates plant response to salt stress (Li et al., 2013).
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Salt stress response

All the researchers who have tested abiotic stress conditions agree that moss exhibits a high degree of
tolerance against salt stress (Wang et al., 2008; Frank et al., 2005; Cosi¢ et al., 2020). This happens
because of the presence of a Na*-pump ATPase which flowering plants do not possess (Pedersenand
Palmgren, 2017-review).

Frank et al. (2005) treated P. patens with increasing concentrations of NaCladded to a regular growth
medium (Knop medium). After 3 days of treatments, plants were transferred to a standard medium
for recovery. The samples exposed to 250, 300 and 350 mM NaClsurvived and recovered successfully,
while the ones treated with 500 mM NaCl were bleached 2 weeks after the treatment.

| alsotreated PpWT and PpKO lines with increasing concentrations of NaCl, following the same method

as described in figure 4.2.

4.2.1 Results

PpWT and PpKO were grown on NH; medium supplemented with 50, 100, 200, 350 or 500 mM NacCl.
In eachcase, the assaywas carried out for 2 months. These are preliminary results: the pictures below
show how the development of gametophores is globally affected under salt stress conditions. The

assayshould be repeated, and a detailed analysis should be done.

NH, medium supplemented with 50/100/200/350/500 mM NaCl

The protonema of PpWT, Pp1KO, Pp3KO and Pp5KO was grown on NH, medium supplemented with
increasing concentrations of NaCl. After 14 days of growth, protonema discs were cut and transferred
to a fresh NH4-NaCl medium. In 2 months, the medium was changed every 14 days. Results showed
that the mutant lines grown in 50 mM NaCl developed smaller gametophores compared to the
respective controls. In PoWT instead, gametophores did not develop at all, comparedto the untreated
one (Figure 4.3).

The plants treated with 100 mM NaCl displayed a different phenotype, compared to the controls: they
were characterized by a darker green colour. Pp mutants developed fewer leafy shoots. PoWT, again,
did not exhibit any leafy gametophores (Figure 4.3).

The plants treated with 200 mM NaCl appeared smaller and dark green-coloured compared to the
ones grown on salt-free medium, with no developed leafy shoots either in PoWT or mutants (Figure
4.4).

Similar results have been also demonstrated by Cosi¢ et al. (2020) who tested even lower

concentrations of NaCl and found that at 5 and 10 mM NaCl, new gametophores developed in three
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different moss species, including P. patens. Instead, at higher salt concentrations, the formation of
new buds was inhibited.

In my assay, | did not measure the index of multiplication, but it is clear from the pictures, that the
development of gametophores is more affected in PoOWT than in PpKO lines.

Lastly, P. patens growth on NH, medium supplemented with 350 or 500 mM NaCl was seriously
affected: after 2 weeks all the lines were completely bleached, thus discs were cut and moved to a
standard NH,; medium for the recovery. Small green spots were visible after 20 days (the figure 4.5
shows how moss looks like 20 days after recovery from 500 mM NacCl) and it took about 2 months for
a complete recovery, at the end of which, only the samples exposed to 350 mM NaCl, looked like the
respective controls (Figure 4.6). The plantlets treated with 500 mM NaCl showed a different phenotype
compared tothe controls, with less developed gametophores. PoWT was more affected than mutants

after recovery from 500 mM NaCl (Figure 4.6).
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Untreated 50 mM NacCl 100 mM Nacl

1KO (Armr2) 1KO (Armr2)

0’// g V
o

5KO 5KO 7 5KO

Figure 4.3. PpWT and PpKO lines were grown on NH;-50/100 mM NaCl medium. PpWT was affected in 50 and
100 mM NaCl. In 50 mM NaCl, gametophores did not develop in PoWT, whereas the mutant lines displayed
smaller gametophores than the untreated plants. In 100 mM NaCl, PpWT showed no leafy gametophores, while
in mutants, the number of shoots decreased. Pictures were taken 2 months after treatment.
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Untreated 200 mM NacCl

WT WT

1KO (Armr2) 1KO (Armr2)
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3KO (Armr1/3/5) 3KO (Armr1/3/5) |

5KO

Figure 4.4. PpWT and PpKO lines were grownon NH;-200 mM NaCl medium. All the lines were affected in 200
mM NaCl. They were smallerthan the controls, and the leafy gametophores did not develop at all, eitherin POWT
or in mutants. Pictures were taken 2 months after treatment.
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1KO WT

5KO 3KO

Figure 4.5. Moss recovery from 500 mM NacCl. 20 days after recoveryfrom 500 mM NaCl, small green colonies
grew on standard NHs medium. PpWT and mutant lines looked alike.
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3KO (Armr1/3/5) 3KO (_A_rmrl/3/5) 3KO (Armr1/3/5)

Figure 4.6. Recovery of PboWT and KO lines from growth on NH4;-350/500 mM NaCl medium. On NH,-350/500
mM NaCl medium, all the lines were bleached after 2 weeks of salt stress treatment. Recovery in standard NH,
medium was run for 2 months. No significant differences were observedbetween the recovered samples from
350 mM NaCl and the controls. The recovered plantlets from 500 mM NaCl developed fewer leafy shoots
compared to the controls. POWT was more affected than mutants. Pictureswere taken 2 months after recovery.
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4.3 Production of constructs to study vacuolar targeting in P. patens

The construction which allowed to reveal an intracellular phenotype in PpbRMR-KO lines was the
Citrine-Cardosin (Ci-Card), composed of the fluorescent protein Citrine C-terminally fused to the ctVSD
(VGFAEAA) of cardosin A (Fahr, 2017). The Citrine was used instead of GFP because it is more resistant
to acidic pH. The ctVSD of cardosin A had been previously demonstratedtosort the reporter m-Cherry
to the vacuoles of Nicotiana tabacum leaves (Pereira etal., 2013).

The construction Ci-Card was tested in PpWT, Pp1KO (Armr2 or Armr5), Pp3KO (RMR2 and RMR4
remaining) and Pp5KO0. The heat-shock (HS) promoter facilitated the observation of protein transport
in the cell.

In Pp mutant lines, 24 hours after heat-shockinduction, the construct was blocked in the ER, while in

PpWT, the patternwas vacuolar (Fahr, 2017; Figure 4.7).

3KO/Ci-Card

5KO/Ci-Card |

Pro'gonema 24 h‘

Protonema 24 h

Figure 4.7. The Ci-Card construct was mistargeted in PbRMR-KO lines 24 hours after heat-shock induction. A
vacuolar fluorescence was observed in PoWT whereas the fusion protein was mistargeted in all the PpKO lines.

In this typical ER pattern, the nuclear envelope is well visible. Ci-Card: Citrine-Cardosin. Scale bar = 20 pum
(adapted from Fahr,2017).
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4.3.1 PpRMR2 overexpression and characterization of mutants

The observations made by Fahr (2017) had shown that the line PpArmr2/Ci-Card has a similar
phenotype as Pp5KO/Ci-Card, but so far, we cannot assume that vacuolar targeting requires the work
in concert of the 5 PpbRMRs, and we do not know yet whether this process is controlled by
ubiquitylation. Our aim is to answer these questions.

As explained in chapter 2, PoRMR2 is highly expressedin protonema and gametophores, whereas the
other PpRMRs are prevalently expressedin sporophytes and spores. Our experiments were performed
on protonema, therefore our studies focused on PpRMR2 also because in our laboratory we had an
antipeptide antibody available against this protein.

We focused on PbRMR2 function as E3 ligase because of its homology to animal PA-TM-RING proteins
such as Goliath and Godzilla which are E3 ligases as well. The work of Yamazaki et al. (2013) describes
the function of these two proteins as key regulators of the recycling endosomes pathway in Drosophila.
The replacement of two key histidines by two arginine residues in their RING finger domain prevented
the generation of large endosomes induced by both E3 ligases. Moreover, the replacement of three
lysines by arginine residues in the SNARE protein VAMP3 led to the abrogation of recycling endosome
trafficking. This means that VAMP3 is a target of Goliath and Godzilla and that its ubiquitylation
regulates recycling endosome trafficking (Yamazaki et al., 2013).

Thus, | decided to transform both PoWT/Ci-Card and Pp5KO/Ci-Card with the overexpressed WT or
mutated versions of PDRMR?2, in order to test whether the deletion of certaindomains or mutation of
particular amino acids probably involved in ubiquitylation, would affect vacuolar trafficking. If this is
perturbed, we could hypothesize that protein transport to the vacuole is mediated by ubiquitylation.

The constructions obtained are:

v' PpRMR2_ASer: the Serine-Rich motif following the RING-H2 domain could be involved in
selecting the target proteins for ubiquitylation. Without this domain, PoRMR2 would then lose
the E3 ubiquitin ligase activity.

v" PPRMR2_RINGR2: the two histidines (H) of the RING-H2 domain have been replaced by
arginines (R). These amino acids have similar chemical properties, but a RING domain cannot
be formed if contains arginines, thus PoRMR2 would become an E3 ligase dead-mutant. If
PpRMR2 is involved in ubiquitylation, the loss of this function (either ubiquitylation of target
proteins or autoubiquitylation) might cause an abnormal accumulation or a mistargeting of
PpRMR2. The RING-H2 domain is thought to be involved in protein-protein interaction, thus

this mutation should prevent PbRMR2 from selecting the target to ubiquitylate.
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v" PpPRMR2_KtoR: in the cytosolic tail of PDRMR2 there are three lysines to which ubiquitin may
bind. The lysine K295 (position 295 in the protein sequence) is conserved in all moss RMRs,
whereas the lysines K301 and K304 show a high score of ubiquitylation (according to UbPred
prediction tool), hence they are good candidates for ubiquitylation by PoRMR?2 itself or by
other E3 ligases. Replacing each of these lysines by arginines, PbRMR2 could not be
ubiquitylated: will this mutation perturb vacuolar trafficking?

v Furthermore, if the over-expression of WT PpPRMR2 (Figure 4.8) restores the phenotype in
Pp5KO/Ci-Card we could finally assume that PbPRMR2 alone is able to mediate vacuolar

transport.

MPSLVVETGLVSRIMNHRELMISLAGLSLVLLTLLLGRVNSAVILLTESNESWSFPDTEASFSPRIPTTGIVGVLHASNP
LDACSPLTNVSRQGQTLFSDFLLVERGVCNFEVKVWNAQEAGFEAVIIYNNQNDHELVTMSGSSNDIHAYSVFVSK
VTGEFLLKYADDKGATCYIMPAFENTAWSVMAVSFISLLAVSSVLVTFFFVRQHRIQHLSARFLPKEPAGMSVKEVN
TLPSFVFKHIEDGKGTSETCAICLEDYVAGEKLRLLPCQHEFHLDCIDQWLTTRKPFCPVCKRDAQSKVDKPVATETT
PLLAAVGRALGVGESRVGTPMNSSPLFAPTGASPDETTDTRIFSLSSPDGSEDLC

Signal Peptide (1-42 aa)
Protease-Associated domain (43-183 aa)
Transmembrane domain (184-206 aa)
Linker (207-252 aa)

RING-H2 motif (253 - 296 aa)
Serine-Rich motif (297-366 aa)

Figure 4.8. Amino acid sequence of PbRMR2. The different domains are shown in different colours. The two
histidines of the RING-H2 domain and the three lysinesthat were mutatedare underlined in bold.

4.3.1.2 Results

PpRMR2 cDNA was subcloned in pGEM®-T easy vector, then in POG1. The latter contains a strong
endogenous promoter EF-1a (elongation factor-1 alpha) to overexpress RMR2. From the construct
called POG1-RMR2, | produced the individual mutated versions using the Q5°® Site-directed
mutagenesis. Each construct wastargetedto PIG1 lociinthe moss genome. For the K to R mutants, we
failed to replace K304, while the other two K295 and K301 were mutated.

Protoplasts of PpWT/Ci-Card and Pp5KO/Ci-Card were transformed with the above-mentioned
constructions, and stable transgenic lines were obtained. The correct DNA insertion in moss was
confirmed by genotyping, then total proteins were extracted, and a Western Blot was performed using
the anti-RMR2 antipeptide antibody available in our laboratory. We thought that at least the
overexpressed WT PoRMR2 could be detectable, but unfortunately, no signal was found.

The lines were observed by confocal microscopy 24 hours and 48 hours after heat-shock induction.
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A comparison between Fahr’s results (Figure 4.7) and mine, shows that after 24 h, for 4 of the
constructions used, no vacuolar fluorescence was detectedin PoWT/Ci-Card. Only when PboRMR2ASer
was expressed, few cells displayed a faint vacuolar pattern 24 hours after HS induction (Figure 4.9).

WT/Ci-Card_RMR2 WT/Ci-Card_RMR2ASer ~ WT/Ci-Card_RMR2-RINGR2

Figure 4.9. Protonema cells of PpWT/ Ci-Card transformed with different versions of PoRMR2 did not show any
vacuolar fluorescence 24 hours after HS induction. The fusion protein Ci-Card was blocked in the ER of PpWT/Ci-
Card expressing either WT PpRMR2 or its mutated versions. WT/Ci-Card_RMR2ASer showed a faint vacuolar
fluorescencein afewcells. Scale bar = 25 um.
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48 hours after HS induction, a typical vacuolar pattern was observed in the line PpWT/Ci-Card

expressing the mutated version PoRMR2ASer (Figure 4.10).

WT/Ci-Card_RMR2

WT/Ci-Card_RMR2ASer WT/Ci-Card_RMR2-RINGR2

Figure 4.10. Protonema cells of PpWT/Ci-Card transformed with PpRMR2ASer showed a vacuolar fluorescence
48 hours after HS induction. The fusion protein Ci-Card was addressed to the central vacuole of the line
expressing PoRMR2ASer, but mistargeted in the lines expressing either the other mutated versions or WT
PpRMR2.Scale bar=25 um.
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On the other side, we expected that the overexpressed WT PpRMR2 could restore the phenotype in

Pp5KO/Ci-Cardline, but the complementation did not occur (Figures 4.11-4.12).

5KO/Ci-Card_RMR2 5KO/Ci-Card_RMR2-RINGR2

5KO/Ci-Card_RMR2ASer

5KO/Ci-Card_RMR2-K295R  5KO/Ci-Card_RMR2-K301R

Figure 4.11. 24 hours after HS induction, the vacuolar phenotype was not restored in Pp5KO/Ci-Card
transformed with different versions of PDRMR2. The fusion protein Ci-Card was mistargeted in Pp5K0O/Ci-Card
expressing either WT PpRMR2 or its mutated versions. Observations were made on protonema 24 hours after

HS induction. Scale bar= 25 um.
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5KO/Ci-Card_RMR2 5KO/Ci-Card_RMR2ASer  5KO/Ci-Card_RMR2-RINGR2

5KO/Ci-Card_RMR2-K295R

5KO/Ci-Card_RMR2-K301R

Figure 4.12. 48 hours after HS induction, the vacuolar phenotype was not restored in Pp5KO/Ci-Card
transformed with different versions of PDRMR2. The fusion protein Ci-Card was mistargeted in Pp5KO/Ci-Card
expressing either WT PpRMR2 or its mutated versions. Observations were made on protonema 48 hours after
HSinduction. Scale bar=25 um.
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4.4 Discussion

Inthe first part of this chapter, | showed preliminary results about the visible phenotype of Pp mutants.
In 2012, Ayachi had observed the same shape and colour for PoWT as for PbPRMR-KO lines.

Instead, phenotypic differences were observedin leafy gametophores. In standard NH, medium, PoWT
developed many smalland short leafy gametophores compared tothe numerous bigger and elongated
ones of the PpKO lines. Furthermore, salt stress conditions affected the development of the shoots,
particularly in PoWT: in 50 mM NacCl, PpWT did not develop gametophores at all, while the mutant
lines developed smaller gametophores thanthe controls. In 100 mM NaCl, fewer gametophores were
observed in the mutants, and again, none in PpWT. At 200 mM NaCl, the development of leafy
gametophores was inhibited in both PpWT and mutants, but all the lines still survived.

In 350 and 500 mM NaCl, moss growth was seriously altered, in fact all the lines were completely
bleached 2 weeks after treatment. The recovery on standard NH, medium was necessary to detect
how the plantlets coped with high salinity stress. The recovered plants from 350 mM NaCl looked like
the controls, while the ones recovered from 500 mM NaCl, especially PoWT, developed fewer
gametophores compared to the untreated plants. We can thus confirm that P. patens is resistant to
salt stress conditions, and that it shows an excellent ability to recover. This is not surprising, in fact it
is known that certain moss plantlets exposedto high NaClconcentrations are able to regenerateona
salt-free medium because they maintained their viability (Cosi¢ et al., 2020). Moreover, some species
of bryophytes, known to be non-halophytes, have already shown to tolerate high salt concentrations
(Sabovljevi¢ M and Sabovljevi¢ A, 2007).

These results suggest that PoORMRs, maybe acting as E3 ligases, negatively regulate the development
of leafy gametophores and this is more evident upon salt stress. Is there any relationship between
PpRMRs (as E3 ligases) and leafy shoots development? There is evidence of several RING-type E3
ligases involved in plant development and stress responses, evenif their substrates are not knownyet.
For instance, the A. thaliana E3 DA2 negatively regulates seedsize (Xiaetal., 2013; LiN and Li Y, 2016)
as well as the rice RING-type E3 OsGW?2 (Oryza sativa grain width 2), the latter alsocauses a delay of
seed growthin Arabidopsis (Xia et al., 2013). Moreover, in A. thaliana, the interaction between some
ubiquitin receptors and RING-type E3 ligases leads tothe restriction of the organsize (Xia et al., 2013).
Other studies have demonstrated that RING-type E3s are involved in plant salt stress responses, acting
as positive or negative regulators. For example, SDIR1 (salt-and drought-induced RING finger 1) RING-
type E3 ligase confers drought tolerance and regulates ABA-mediated responses to salt stress (Zhang

Hetal., 2015).
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In the last part of this chapter, | tested the effect that mutated versions of PoRMR2 have on vacuolar
trafficking. It is widely demonstratedthat neutral/storage and lytic vacuoles can coexist in plant cells,
but the existence of a storage vacuole in moss has not been proven yet.

The localization of several fluorescent markers was describedin PpWT and PpPRMR-KO mutants (Fahr,
2017). In particular, the construction Ci-Card was addressed to PoWT central vacuole, while it was
blocked in the ER of Ppl1KO (either Armr2 or Armr5), Pp3KO (Armrl/3/5) and Pp5KO lines. This
suggested that the loss of one PpRMR is sufficient to disturb vacuolar trafficking. The global RMR level
could be just sufficient for their function and the loss of any RMR could lead to a too low level. The
similar phenotype displayed by Pp1KO/Ci-Card (either Armr2 or Armr5) and Pp3KO/Ci-Card indicated
that PbRMRs could work together and maybe dimerize or form heterodimers to work properly.
Occhialini et al. (2016) demonstrated that the vacuolar A. thaliana receptor AtRMR2 forms
homodimers but also forms heterodimers with AtRMR1; dimerization allowed to localize these
proteins to the TGN.

To better understand the function of PboRMRs, | generated 5 constructions to overexpress either WT
PpRMR?2 or several mutated versions. The latter included: deletion of Ser-Rich motif, replacement of
two histidines by arginines in the RING-H2 domain, replacement of two potentially ubiquitinatable
lysines by arginines in the cytosolic tail.

After transformation of the transgenic lines PpoWT/Ci-Card and Pp5KO/Ci-Card, results showed that for
4 of the constructions tested, no vacuolar fluorescence was detected in PpWT/Ci-Card, and even the
overexpression of WT PpRMR2 surprisingly impaired the vacuolar trafficking of Ci-Card. This is
consistent with some research studies which demonstrated that protein overexpression can be
harmful to cell (Stoebel et al., 2008; Vavouri et al., 2009; Tang and Amon, 2013).

Only the line PoWT/Ci-Card_RMR2ASer displayed a weak vacuolar pattern 24 hours after HS induction
(the marker remained mostly in ER), and a stronger vacuolar fluorescence 48 hours after HS induction.
Our results showed that when WT PpRMR2 is overexpressed in PpWT/Ci-Card, protein function is
impaired as well as vacuolar transport, which could suggest a co-suppression of PoRMR genes. Instead,
the truncated PobRMR2ASer does not affect vacuolar trafficking, indicating that this mutation makes
RMR2 itself still able to work with the other RMRs.

In 2016 Occhialini et al. showed that AtRMR2 cycles between PSV and TGN in N. benthamiana but the
protein was not detected in transgenic A. thaliana plants. Instead, the truncated version of AtRMR2,
lacking the Ser-Rich domain, was more expressedin PSV and TGN of A. thaliana transgenic plants than
the wild type protein in N. benthamiana. Moreover, AtRMR1 which possesses a very short C-terminal
Serine-Rich domain, was shown to be an ER-resident protein in N. benthamiana.

The mutated versions PoDRMR2-RINGR2, PbRMR2-K295R, PpRMR2-K301R affected vacuolar transport

in PpWT/Ci-Card, suggesting that the replacement of particular amino acids disrupts PoRMR2 function,
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and this is sufficient to affect vacuolar trafficking. This confirms our hypothesis that PbDRMRs need to
cooperate to work correctly. We could also suppose that those amino acids are crucial for promoting
ubiquitylation events and that their replacement prevents vacuolar trafficking because the function of
PpRMR?2 as E3 ligase or as target of other E3 ligases, is impaired. These results also indicate that the
mutation of critical amino acids in just one RMR, is sufficient to affect the functioning of the others,
and that vacuolar trafficking might be regulated by PbPRMR2 involvement in ubiquitylation.

On the other hand, the vacuolar phenotype was not restored in the Pp5KO/Ci-Card line transformed
with WT PpRMR2. Indeed, there is evidence that the overexpression of a wild-type gene can impair
the function of the protein, leading to the same phenotype as loss-of-function mutations (Prelich,
2012).

These results confirm again the hypothesis that PboRMRs work together, in fact, neither Pp5KO/Ci-
Card_RMR2ASer showed a vacuolar pattern, indicating that the truncated PoRMR2ASer, which seems
more stable in PoWT/Ci-Card, is not able alone to promote vacuolar transport. Therefore, the other

mutated versions of PbRMR2 did not lead to any vacuolar phenotype in Pp5KO/Ci-Cardas well.
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Chapter 5
Conclusions and outlooks

The study of moss RMRs has turned out to be very difficult and despite the competent technical
support of our technician, many experiments did not work as expected. In the end, | have obtained
few results. Since the project ended with the retirement of Prof. Neuhaus and then the financial
support also ended, | discuss here what could be done to continue this work if it should be taken up

by anotherresearchgroup.

5.1 PpbRMR proteins detection

In this work, | have tried to detect PoRMRs by Western Blot using the antibodies against Arabidopsis
or rice RMRs and the antipeptide antibodies against PoORMR2/RMR4 available in our laboratory. The
use of common detergents such as SDS or DDM did not allow us any detection of PoRMRs, neither the
microsomal fractionation has been successful. This is a major problem as PoRMRs detection would
have been extremely useful for the rest of my experiments. Here | try to explain how this detection
could be improved.

Total proteins have been always extracted from moss protonema, but protein extraction from leafy
gametophores would also be suggested since Pb0RMR2 and 4 are highly expressed in these organs as
well. However, a more efficient antibody should be tested.

Although the use of detergents has been for years a valid alternative for membrane proteins
solubilization, it has been shown that they can affect membrane proteins isolation: the subunits of
membrane protein complexes, for instance, may not interact in presence of the detergent (Breyton et
al., 1997; Esmann, 1986). For this reason, some researchers have recommended toisolate membrane
proteins keeping their lipid environment: lipids in fact are important for protein function and structure,
and their removal could make the protein unfolded and inactive (Dawaliby et al., 2016; Zoghbi et al.,
2016; Debnathet al., 2011). In 2009, Knowles et al. demonstrated that the styrene maleic acid (SMA)
copolymer could be used to extract membrane proteins in self-assembled styrene maleic acid lipid
particles (SMALPs, i.e. SMA lipid particles, also called native nanodiscs or lipodisgs), without using any
detergent. This method allows to extract membrane proteins still surrounded by their lipid
environment. It has been successfully used to purify ABC transporters (Gulati et al., 2014), a tetrameric

K* channel (Doérr et al., 2014) and a seven-transmembrane receptor protein (Orwick-Rydmark et al.,
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2012). SMALPs can then be purified by affinity chromatography and analysed by Western Blot.
Nevertheless, this technology revealed some limitations such as the sensitivity of SMALPs to the
divalent cations magnesium and calcium which cause SMA precipitation (Morrison et al., 2016;
Oluwole et al., 2017). SMALPs and SMA are also sensitive to low pH (below 7) which leads to their
precipitation. Another limiting factor is represented by the size of the discs (10-12 nm) that is too small

for proteins with large membrane domains (Lee etal., 2016).

Because we cannot detect endogenous PpRMRs by Western Blot, this could mean either that the
epitope is masked or that the proteins have a too short half-life. The 70 amino acids long Ser-Rich
domain of PPRMR2 contains 9 serines which are all potential phosphorylation sites (NetPhos 3.1
Server). Phosphorylation is the most common post-translational modification, and there are examples
where multisite phosphorylation is responsible for protein degradation (Varediet al., 2010).

The green fluorescent protein GFP from the jellyfish Aequorea victoria is used not only for the study of
gene expression and protein localization, but also for monitoring protein degradation, allowing rapid
and precise assays. Jiang et al. (2004) screened mammalian cells expressing a GFP-cDNA expression
library, and monitored the ones in which the fluorescence diminished because of protein synthesis
inhibition. In this way, they could study the short half-life and the regulation of these proteins.
Metabolic labels (?H, 13C, *>N) also allowed to measure protein degradation rate in A. thaliana cell
cultures (Yang etal., 2010; Li L et al., 2012; Nelson et al., 2013) and to identify protease substrates in
A. thaliana leaf mitochondria (Li L et al., 2017; Huang et al., 2015).

5.2 PpRMRs as E3 ubiquitin ligases: which connection with moss

development?

| could demonstrate that PbDRMR2 has an E3 ubiquitin ligase activity.

The experiment with the inhibitors of degradation ALLN, E64, MG132 did not allow us to identify
putative candidates ubiquitylated by PoRMRs. If we had obtained a ubiquitylation pattern, we would
have analysed our samples by mass spectrometry (MS) or by LC-MS/MS-based multidimensional
protein identification technology (MudPIT) which are the methods mainly used to identify
ubiquitylated proteins (Maor et al., 2007; Kim et al., 2013).

We could also have tested another potent specific proteasome inhibitor, the Syringolin A, which
allowed to determine protein abundance levels and to identify ubiquitylated targets in A. thaliana
leaves, revealing that the regulation of certain proteins can occur at transcriptional and post-

transcriptionallevel (Svozil etal., 2014).
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The Hybrigenics company (France) identified for us putative cytosolic candidates of PoPRMR2. We have
decided to clone some of them, choosing the ones which had a high score of interaction with PoRMR2
and a strong ubiquitylation prediction score. The proteins that we chose could be thus regulated by
ubiquitylation, as explained in chapter 3, hence we hypothesized that they could be regulated by
PpRMR2. The ambiguous results that we have obtained in vitro did not confirm our hypothesis: we
have observed ubiquitylation patterns but Pb0RMR2 does not ubiquitylate these proteins. Moreover, it
does not ubiquitylate itself, as it happens for many E3 ligases. However, the assay should be improved
by adding a negative control such as PbORMR2 without the RING domain: this deletion would prevent
the activity of PDORMR2 as E3 ligase.

The two HUWE1- and UBR4-type E3 ligases were also identified by Hybrigenics, but because of their
huge size (11.7 and 15.6 Kb coding sequences respectively), we decided to knockout the genes by
CRISPR/Cas9technology, instead of cloning them.

HUWE1is a HECT-domain E3 ligase that regulates in mammals diverse proteins suchas c-MYC, p53 and
MCL-1 (Kao et al., 2018). It can act both as oncogene via MYC K48-linked ubiquitylation (Peter et al.,
2014; Adhikary et al., 2005) and tumor suppressor via MYC K63-linked ubiquitylation (Myant et al.,
2017). The animal UBR4 contains a zinc finger-like domain and it is involved in membrane
morphogenesis, cell survival, Ca?* signaling, proteasomal degradation, autophagy (Nakatani et al,,
2005; Belzilet al. 2013; Tasakiet al., 2013; Rinschen et al., 2016). It has been shown that the E3 ligases
can be regulated through self-catalyzed ubiquitylation (Lorick et al., 1999) and/or exogenous
ubiquitylation by another E3 ligase (Zaaroor-Regevetal., 2010; Fang et al., 2001; Ballar et al., 2010).
Since we think that PoRMRs are involved in vacuolar transport, we hypothesize that they could
modulate the activity of HUWE1 or UBR4, and that this regulation might affect vacuolar trafficking in
the line PoWT/Ci-Card. Unfortunately, we could not confirm this hypothesis because of the issues
encountered during the generation of CRISPR/Cas9 constructions. In addition, the interaction of
PpRMR2 with these E3 ligases and with the proteasome subunits N2, N3, N9 (candidates found by Y2H
screening) could indicate that PDORMR2 regulates the proteasomal degradation of HUWE1 or UBRA4.

We detected a morphological phenotype for the PbRMR-KO mutants. We noticed that the leafy
gametophores developed differently in Pp1KO, Pp3KO and Pp5KO lines: after an extended growth (2
months) on regular NH,; medium, gametophores were small and short in PpWT, big and long in
mutants.

Under salt stress conditions, PoWT did not develop any gametophores at concentrations of 50, 100
and 200 mM NacCl. We thus suppose that PORMRs, maybe acting as E3 ligases, have a negative effect
on leafy shoots development. This is only a hypothesis: the assay should be repeated, and several

parameters should be measured, such as the index of multiplication, the protonemal radius, the
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chlorophyll and phenolic content, the presence of secondary protonema and leafy gametophores after
recovery.

Independently on PpRMRs involvement in ubiquitylation, proteins should be extracted from
gametophores of PpWT and PpKO lines, and a proteomic analysis through MS should be done. These
proteome profiles should be then compared with the ones from mosses exposed to increasing NaCl
concentration (both PpWT and mutants). Inthis way, we could find out the substrates whichinteract
with PoRMRs or are regulated by them in normal conditions and under salt stress conditions.
Differences could emerge in each mutant, meaning that each PbRMR can interact with different
substrates. The identification of these substrates would then be essential to understand the role of
PpRMRs as E3 ligases and which process they regulate during salt stress response.

It would also be interesting totest PDRMRsresponse to other abiotic stresses such as temperature and
drought. For instance, analysis through Y2H screening revealed that many RING E3 ligases are involved

in several stress responses in plants (Liu et al., 2016; Cho etal., 2017).

5.3 PpRMRs as vacuolar receptors

In Angiosperms, vacuolar receptors bind to the VSD of the vacuolar proteins and carrythemto protein
storage vacuole (PSV) or lytic vacuole (LV). It has been thought that VSRs and RMRs are involved in
protein sorting to LV and PSV respectively (Paris et al., 1997; Cao et al., 2000). The PA of VSRs binds
the ssVSD of certain proteins (Jiang et al., 2000; Ahmed et al., 2000), whereas in RMRs the function of
PA is stillunclear. The role of the linker following the TM domain has not been describedin PoRMRs,
while in A. thaliana it is necessaryfor homodimerization or heterodimerization between AtRMR1 and

AtRMR2 (Occhialini et al., 2016).

Although the presence of a PSV in moss has not been proven yet, the targeting of the fusion protein
Ci-Card to the central vacuole of P. patens was demonstrated to depend on PoRMRs (Fahr, 2017).
Surprisingly, the sorting phenotype in PpWT/Ci-Card was altered by the overexpression of WT
PpRMR?2, as well as by the mutation of the two histidines in the RINGH2 domain or of crucial lysines in
the cytosolic tail. On the contrary, the line expressing the truncated PobRMR2ASer (lacking the Serine-
Rich motif) showed a vacuolar fluorescence. This pattern was not reproduced in Pp5K0O/Ci-Card which
displayed an ER fluorescence for all the constructions tested.

This indicates that PbORMR2 without the Serine-Rich motif is still functional and probably more stable
than the WT version, and these results alsounderline the importance of PbRMRs cooperation.

The study of PbRMRs in vivo would allow us to answer our questions and would help us to localize

these proteins in moss. Endogenous PoRMRs are not detectable by Western Blot, and the expression
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of PbRMR2 under the control of a strong promoter such as the HSP has not been successful. The
overexpression of a fluorescent construct (such as GFP-PPRMR2) in P. patens leaves would be
recommended.

However, the study of vacuolar transport in moss protonema brought us interesting results, evenif we
have never worked “directly” on PoRMRs.

It would be useful to study the effect of PORMR2ASer in Pp1KO/Ci-Card (Armr2) or Pp3KO/Ci-Card
(Armr1/3/5) which have been shown to have the same phenotype as Pp5KO/Ci-Card (Fahr, 2017). In
case of complementation of the phenotype, other mutated versions could be tested such as the one
without the PA, or without the linker which is important for AtRMR1 and AtRMR2 dimerization in A
thaliana. This would allow us to understand whether certain domains are essential for the proper

functioning of PbRMRs or for promoting the cardosintargeting tothe moss central vacuole.
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Chapter 6

Material and methods

6.1 Plant material and culture conditions

6.1.1 In vitro cultures

Physcomitrella patens (Grandsen strain) protonema was plated, under sterile conditions, on
autoclaved PoNH,-agar medium (Table 6.1) in 9 cm diameter Petri dishes, and grown in a phytotron
(25 °C, discontinuous light, 16/8 h light/dark photoperiod). Just before plating, a cellophane disk was
placed on the solid medium in order to make the material collection easier. Every week, protonema
was collected and fragmented using a polytron blender, resuspended in sterile Milli-Q H,0, then stored

at4 °Cor re-platedon asolid medium (Schaefer and Zryd, 2001).

CaNO34H,0 800 mg
MgS0, 7H,0 250 mg
FeSO, 7H,0 12.5mg
NH, tartrate 500 mg
1000X Microelements 1ml

1000X Phosphate buffer | 1 ml

Agar 7¢

Milli-Q H,0 Adjustto 1L

Table 6.1. PpNHs-agar medium composition

6.1.2 Heat-shock on moss protonema

The HS promoter of the constructions expressedin the transgeniclines used in this project, had to be
induced by heat-shock before confocal microscope observations or protein extraction. Moss
protonema was grown on PpNH,-agar medium for 7-9 days. The sample was then collectedin a sterile
tube filled with 10 ml of 45 °C pre-heated sterile Milli-Q H,0, and incubated for a heat-shock in bain-
marie at 45 °C, for 5 min. The protonema was transferredintoa Petridish to let the temperature cool

down, then it was moved to PpNH,-agar medium and placed in the phytotron for 24 h or 48 h.
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6.1.3 Protoplast isolation and stable transformation

The protocol of Scahefer et al. (1991) was followed.

Six- or seven-day-old moss protonema was digested by 1% driselase in 8.5% mannitol for 45 min, then
this suspension was kindly mixed every 20 min. After 45 min, it was filtered through a stainless-steel
sieve mesh and moved into a sterile tube. This was centrifuged at 500 rpm for 7 min, the supernatant
was removed, and 8.5% mannitol was added to the pellet. The cells were gently resuspended and
centrifuged twice. After the last wash, the pellet was resuspendedin MMM solution freshly prepared
[9.8 ml of 8.5% mannitol + 100 pl of 1.5 M MgCl, + 100 ul of 0.5 M MES (MES has pH 5.6 adjusted with
1 N KOH)]. 300 pl of this suspension (protoplasts + MMM) were transferred into a sterile tube
containing 12-15 pg of plasmid DNA (isolated from E.coli according to Macherey-Nagel maxiprep
protocol). After gentle mixing, 300 ul of PEG solution (Table 6.2) were added. Protoplast suspension
was quickly mixed with PEG solution and incubated at 45 °C for 5 min. After heat-shock, 10 minutes at
RT were required to let the temperature cool down. Protoplasts were diluted with PoNH,-mannitol-
glucose liquid medium (Table 6.3): 300 pl every minute, 5 times, then 1 ml every minute, 5 times. They
remained at RT, overnight in the dark. The next day, 3 ml of protoplast suspension were mixed with 3
ml of top layer (Table 6.4); 2 ml of this mix were plated on PpNH;-agar-mannitol-glucose Petridishes,
andthese plates were placed in the phytotron for seven days. The cellophane disk was thentransferred
to a selective medium and, after one week, to a regular PoNH, medium. The transfer from selective to

regular medium continued for 2 weeks more until the clones were grown enough to be genotyped.

7% Mannitol + 0.1 M CaNO; | 10 ml
PEG 4000 4g
Adjust to pH 7.2 with 0.1 M Tris-HCI, pH 8

Table 6.2. PEG solution composition

CaNO34H,0 800 mg

MgSO,4 7H,0 250 mg

FeSO, 7H,0 12.5mg

NH, tartrate 500 mg

1000X Microelements 1ml

1000X Phosphate buffer 1ml

Mannitol 66g Mannitol 4.25g

Glucose 5g Agar 0.7g

Milli-Q H,0 Adjust to 1L Milli-Q H,0 | Adjust to 50 ml
Table 6.3. PpNH;-mannitol-glucose liquid medium Table 6.4. Top layer composition
composition
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6.2 Techniques related to nucleic acids

6.2.1 Total RNA extraction from P. patens and cDNA synthesis

100 mg of 7-day-old protonema were collected in a 1.5 ml tube and quickly submerged in liquid
nitrogen. The frozen sample was powdered using pre-chilled mortarand pestle. The powder obtained
was transferredintoa new 1.5 ml tube, then the RNAisolation continued according to the protocol of
Macherey-Nagel (NucleoSpin®, RNA Plant). After quantification of RNA by a NanoDrop

spectrophotometer, 500 ng were used to perform a reverse transcription (kit Takara).

6.2.2 Genomic DNA extraction

At least 100 mg of 7-8-day-old protonema were collected and fragmentedin a 1.5 ml tube where few
grains of quartz sand and 100 ul of extraction buffer (Table 6.5) were added. A pestle adaptedto a
polytron was used for the fragmentation. The protonema was ground for 30 secin the extraction
buffer, at RT. This step was repeated twice more. Samples were centrifuged at full speed for 5 min,
then the supernatant was transferred in a new 1.5 ml tube. After adding 1 volume of chloroform to
the supernatant, samples were vortexed for 5-10 sec and centrifuged at 13000 rpm for 5 min. The
hydrophilic phase was recovered and transferred into a new 1.5 ml tube. After adding 200 ul of
isopropanol, samples were well mixed and left at RT for 10 min. Then they were centrifuged at 13000
rpm for 10 min, the supernatant was removed, and the pellet washed with 400-600 pul of 75% ethanol
by centrifugation for 10 min. The supernatant was removed, and the pellet was dried at 55 °C. This was
resuspendedin 50 pl of Milli-Q H,0 containing RNAse (20 pg/ml). Samples were then incubated at 55°C
for 10 min, vortexed and centrifuged to remove the insoluble particles. NanoDrop was used to
estimate the DNA concentration, then samples were diluted to 10 ng/ul and stored at -20 °C or directly

used for PCR analysis.

Final Concentration Stock Concentration
Tris-HCI, pH 7.5 200 mM 1M
NaCl 250 mM 5N
EDTA,pH 8 25 mM 0.5M
SDS 0.5% 20%
B-mercapto-EtOH 10 mM 1M
ddH,0 Adjust to 50 ml

Table 6.5. gDNA extraction buffer composition
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6.2.3 PCR

In a 0.2 ml sterile tube, the following mix was prepared on ice: forward and reverse primers
(Microsynth, 0.5 uM final concentration), 5X Colorless GoTaq® Flexi Buffer or 5X Green GoTaq® Flexi
Buffer (1X final concentration), 1 or 1.25 units (depending on the final volume) of DNA polymerase
(GoTaq®, or Phusion® or Q5® High-Fidelity DNA polymerase), 10 ng of DNA, dNTPs (0.2 mM final

concentration) in a final volume of 20 or 50 pl adjusted with sterile Milli-Q H,0.

6.2.4 Agarose gel electrophoresis and DNA purification

Agarose was weighed and added to 0.5X TBE buffer (Table 6.6). 0.8% (w/v) agarose was used to resolve
big DNA fragments (>500 bp), while 1.5%-2% was used to separate the small ones (between 100 and
500 bp). Using a microwave oven, the agarose was completely dissolved in TBE. Once the solution
cooled down to 50-55 °C, Midori Green dye was added (10 pl in 50 ml), and after mixing, the agarose
was poured into a geltray where a comb was previously placed. When the agarose was solidified, the
electrophoresis could be performed at 100 V for about 30 min. The DNA was visualized and
photographed by placing the gel on a UV-transilluminator. In case of DNA purification, a specific
agarose was used, called D-1: after visualization, the band of interest was cut with a scalpel, and the
gel slice was weighed in a 1.5 ml tube. DNA purification was performed using the Wizard® SV Gel and

PCR Clean-Up System protocol (Promega®).

Tris base 108 g

Boric acid 55g

EDTAO0.5M, pH 8 | 40 ml

ddH,0 Adjustto1 L

Table 6.6. 10X TBE buffer composition
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6.3 Constructions used for cloning

6.3.1 POG1 constructs

The original plasmid pPOG1 was provided by M. Hasebe. It contained a Gateway cassette which was
removed and replaced by PoRMR2 cDNA previously subcloned in pGEM®-T easy vector. All the

constructs based on pPOG1 were obtained using the Q5® Site-directed mutagenesis kit (NEB®).

6.3.2 pET21b constructs

The cDNA of interest (DUSP, N2, N3, N9 or COPG) was amplified by PCR and subcloned in the linearized
pJET1.2/blunt vector (Termo Fisher) which harbors the ampicillin resistance and accepts inserts from

6 bp to 10 Kb. Theinsert was then cloned in the reporter vector pET21b.

6.3.3 DNA digestion

1-40 pg of DNA were digested using 1 unit of restriction enzyme per ug of DNA, restriction buffer (1X
final concentration) and Milli-Q H,0, in a total volume of 20 or 200 ul depending on the amount of
DNA digested. After mixing all the reagentsina 1.5 ml tube, the mix was incubated at 37 °C for 2 or 4

h, or overnight. Some restriction enzymes needed to be inactivated at 65 °C for 20 min.

6.3.4 DNA precipitation

2 volumes of 100% ethanol were added into a 1.5 ml tube containing the DNA. Samples were placed
on ice for 10 min, then they were centrifuged at full speed for 30 min, at 4 °C. The supernatant was
discarded, and the pellet washed with 1 volume of 70% ethanol by centrifugation for 10 min. After
discarding the supernatant, the pellet was air-dried at RT for 10 min, then it was dissolved in Milli-Q

H,0. DNA was quantified using the NanoDrop.

6.3.5 Ligation of a DNA fragment into a vector

Ina 1.5 ml tube, 200 ng of vector (50 ng in the case of pJET1.2) were mixed with theinsertina 3insert:1
vector molar ratio. 0.5-1 pl of T4 DNA ligase (Promega® or Termo Fisher) and 2X ligation buffer (final
concentration 1X) were added, in a final volume of 15 pl adjusted with Milli-Q H,0. The reaction

occurred at RT, for 2 h in the dark (30 min in the case of pJET1.2 vector).
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6.3.6 E. coli transformation by heat-shock

Competent cells of E. coli (XL1/BL21/DH5a) were transformed with 1-10 ng of purified plasmid DNA or
with 15 ul of DNA ligation mixture, and incubated on ice for 15 min. The tube containing the bacterial
suspension was heated at 42 °C for 90 sec, then it was placed on ice for 3 min. Finally, the bacterial
suspension was plated on LB-agar medium containing a selective antibiotic, and incubated overnight

at37°C.

6.3.7 Plasmid DNA extraction: miniprep (1.2.3 alkaline lysis)

A single bacterial colony was inoculated in LB liquid medium containing antibiotic, and incubated
overnight at 37 °C, under shaking. The morning after, 1.5 ml of bacterial suspension was centrifuged
at 12000 x g for 3 min. The supernatant was discarded and the pellet was resuspended in 150 pl of
buffer 1 (25 mM Tris-HClpH 8 + 50 mM glucose + 10 MM EDTA pH 8) + 2 pl of RNase (10 mg/ml). This
suspension was incubated for 3 min at RT. 200 pl of buffer 2 (0.2 M NaOH + 1% SDS) were added into
the tube, and this was strongly mixed by inversion until the solution became homogenous and
transparent. The sample was incubated for 5 min on ice. 150 ul of chilled buffer 3 (3 M KOAc +5 M
acetic acid) were added into the sample, this was vortexed for 5 sec and incubated for 5 min on ice.
Then it was centrifuged for 5 min at 12000 x g. The supernatant was transferred into a new 1.5 ml
tube, and here 400 pl of chloroform + isoamyl alcohol (48:2) were added. After mixing, the tube was
centrifuged for 5 min at 12000 x g. The upper aqueous phase was collectedin anew 1.5 ml tube, then
DNA was precipitated with 900 pl of 100% ethanol. The sample was mixed by inversion, incubated at
RT for 10 min and centrifuged for 15 min at 12000 x g. The pellet, containing the DNA, was washed
with 900 pl of 70% ethanol by centrifugation for 5 min at 12000 x g. Then it was dried at 65°C for 5
min, resuspended in 40-50 pl of Milli-Q H,0 + RNase (20 pg/ml) and incubated againat 65 °C for 5-10

min. DNA concentration was estimated using the NanoDrop.
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6.4 CRISPR/Cas9 technology

Vectors

The entry vector used was pENTR-PpU6p-sgRNA (kanamycin resistance). The destination vector used
was pMH-Cas9 (ampicillin bacterial resistance, hygromycin plant resistance). It was propagated with
chloramphenicol, in DB3.1 competent cells, because of the presence of the Gateway cassette. The
vectors were provided by the Bezanilla laboratory (Department of Biological Sciences, Dartmouth

College — Hanover, New Hampshire, USA).

Protospacer design

Protospacers were designed using the website http://crispor.tefor.net/

6.4.1 Cloning steps (Bezanilla’s protocol with minor changes)

The entry vector pENTR-PpU6p-sgRNA was digested using the following reagents: 2 ul of miniprep
plasmid, 3 pl of Cutsmart buffer (1X final concentration), 0.5 pl of Bsal, 24.5 pl of ddH,0. Samples were
incubated at 37 °Cfor 1 h, or overnight for a complete digestion. After checking the size by agarose gel

electrophoresis, the DNA was purified and quantified for ligation.

The two complementary protospacers were annealed as follows: the forward and the reverse primers
were resuspended with ddH,0 to 100 uM; primers were then mixed with 1:1 ratio and this mix was

incubated at 98 °C, for 3 min. The annealed product was diluted 100-fold.

6.4.2 Ligation of the protospacer into Bsal digested entry vector

The tube containing the instant sticky-end ligase master mix (NEB®) was transferred on ice. Inanother
tube, 100 ng of linearized entry vector were combined with a 3-fold molar excess of protospacer, and
the volume was adjusted to 5 ul with ddH,0. Here, 5 ul of instant sticky-end ligase master mix were
added, and after mixing by pipetting 7-10 times, this tube was incubated at RT for 5-10 min. Then the
sample was ready to transform E. coli cells. DH5a (or XL1) competent cells were transformed, plated
on LB-Kan medium and incubated overnight at 37 °C. Colonies from overnight incubation were picked
for miniprep. Consequently, digestion with Bsal was done. Plasmids that had inserted the protospacer
could not be cut by Bsal (because the Bsal site disappears after ligation). These were sequenced with

M13F sequencing primer.
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6.4.3 Obtain the destination vector with your protospacer

LR reaction was performed. In a 1.5 ml tube, the following reagents were mixed: 1-7 pl (50-150 ng) of
entry clone (protospacer + entry vector), 1 ul of destination vector (150 ng/ul), TE buffer pH 8 (1 M
Tris-HCIpH 8 + 0.5 M EDTA pH 8) to 8 pl. LR clonase Il enzyme mix (Termo Fisher) was thawed on ice
for about 2 min, then it was vortexed briefly. 2 pl of LR Clonase Il mix were added to the reaction and
the tube was mixed by brief vortexing. The reaction was incubated at 25 °C for 1 h. 1 pl of proteinase
K solution was added to the sample to stop the reaction. The sample was vortexed and incubated at
37 °Cfor 10 min. DH5a competent cells were transformed with the LR reaction product, plated on LB-
Amp plates, and incubated overnight at 37 °C. Colonies from overnight incubation were picked for
miniprep. A DNA digestion was done (Aflll and Sacl enzymes were used) and the positive clones were

picked for sequencing.

6.4.4 Plant selection

For single gene targeting, protoplasts were transformed with 15 pg of plasmidand plated onto PRMB
plates (Table 6.7) with cellophane disk, without top layer. After 4 days, the cellophane disk was moved
onto PpNH, + hygromycin plates where it was kept for 7 days to ensure the death of the untransformed
protoplasts. After 7 days, the cellophane disk was moved to a regular PpNH, medium, thus the
transformed clones lost the destination plasmid. Once they grew enough, they were genotyped with
primers that cover at least 400 bp (200 bp upstream, 200 bp downstream). T7 endonuclease | was used

to check if the target gene was mutated or not before sequencing.

Solution B (25 g MgS0O, 7H,0in1 L Milli-Q H,0) 10 ml
Solution C (25 g KH,PQO, in 1L Milli-Q H,0, pH 6.5 adjusted with 4 M KOH) 10 ml
Solution D (101 g KNOsin 1 L Milli-Q H,0) 10 ml
Trace element solution (Hoagland’s A-Z trace element solution) 1ml
FeSO, 7H,0 12.5mg
D-mannitol 60g
di-ammonium (+) tartrate 920¢g
Agar 78
Milli-Q H,0 toll
Add 10 ml of CaCl, 1M to the sterile medium before pouring

Table 6.7. PRMB (Protoplast Regeneration Medium-Bottom layer) composition
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6.5 Protein techniques

6.5.1 Total protein extraction from P. patens in SDS-Sample Buffer

At least 100 mg of 7-8-day-old protonema were collected in a 1.5 ml tube on ice; after adding 250 pl
of 2X SDS-sample buffer (4X SDS-SB in the Table 6.8) + Protease inhibitor cocktail [Pic from Sigma-
Aldrich® (0.5 pl of Pic per 100 ul of 2X SB)] and few grains of quartz sand, samples were ground for 30-
40 sec using a polytron blender. This step was repeated twice. Samples were heated for 5 min at 100°C
and centrifuged for 15 min at 16000 rpm. The supernatant was transferred into a new 1.5 ml tube,
storedat -20 °C or directly used for SDS-PAGE. Protein concentration was quantified according to the

Bradford method (Bradford, 1976).

2 M Tris-HCl,pH6.8 | 1 ml

DTT 617 mg

20% SDS 4 ml
Bromophenol blue 40 mg
Glycerin 4 ml

ddH,0 Adjust to 10 ml

Table 6.8. 4X SDS-SB composition

6.5.2 Microsomal fractionation
According to Jabnoune et al. (2013) with minor changes.

At least 100 mg of 7-8-day-old protonema were collected in a 1.5 ml tube on ice. After adding few
grains of quartz sand and 400 pl of ice-cold extraction buffer (100 mM Tris-HCl pH 7.5 + 400 mM
sucrose +1 mM EDTA + 2X Pic), samples were fragmented for 30-40 sec using a polytron. This step was
repeated twice. After 20 min of incubation on ice, samples were centrifuged at 1000 x g, at 4 °C for 5
min and the pellet was discarded. Samples were then centrifuged at 8000 x g, at4 °C for 15 min and
the pellet was removed. Samples were ultracentrifugedat 150000 x g, at 4 °Cfor 1 h. The microsomal

pellet was resuspendedin 2X SB, heated at 100 °C for 5 min and analysed by Western Blot.
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6.5.3 Immunoprecipitation

Protein A Sepharose beads preparation

100 mg of protein A sepharose beads were resuspended in 10 ml of 1X PBS in a centrifuge tube and
incubated for 15 min, at4 °C, under light shaking. Beads were centrifuged down at 500 rpm, at 4 °C for
5 min and the supernatant was discarded. This procedure was repeated twice. The beads were

resuspendedin 10 ml of 1X PBS and stored at 4 °C (10X PBS composition is shown in Table 6.9).

1.37 M NaCl 80g

27 mM KClI 2g

0.1 M Na,HPO,2H,0 | 17.8¢g

17.6 mM KH,PO, 24¢g
ddH,0 Adjustto1L

Table 6.9. 10X PBS composition

Sample preparation

Proteins were extracted from at least 100 mg of 7-8-day-old protonema ground in 1X PBS (500 ul of 1X
PBS per 100 mg of protonema) + Pic (0.5 ul of Pic per 100 ul of 1X PBS) + a pinch of PVPP
[Poly(vinylpolypyrrolidone, Sigma-Aldrich®)] + few grains of quartz sand. Samples were kept on ice
during grinding. They were centrifuged at 16000 rpm, at 4 °C, for 15 min. The supernatant was
collected in a 12 ml tube and filtered through a 0.22 um syringe filter.

After adding anti-Ub antibody (1:800 v/v) to the supernatant containing the total protein extracts,
samples were incubated for 2 h at 4 °C, with gentle agitation.

After the first incubation, 100 pl of protein A sepharose beads were added to the samples (using tips
with the end cut off), then these were incubated with gentle rocking for 2 h at 4 °C. They were
centrifuged at 500 rpm for 1 min, at 4 °C, and the supernatant was discarded. Pellet was washed 5
times with 1X PBS by centrifugationat 500 rpm, at 4 °C, for 1 min (the 1X PBS starting volume was 10
ml, then it was reduced after each wash and transferred into a 1.5 ml tube). After the last
centrifugation, the supernatant was carefully removed, and the pellet was resus pended in 2 volumes
of 2X SB. Samples were heated at 100°C for 5 min and stored at -20 °C or directly analysed by Western
Blot using anti-Ub antibody (1:6000, from Agrisera).
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6.5.4 In vitro ubiquitylation assay

The E2 Screening kit UBPBio (http://www.ubpbio.com/index.php/e2-screening-kit.html) was used for
this assay. For each reaction, a mixture containing the following reagents was prepared: 100 nM E1
activating enzyme, 2 uM E2 conjugating enzyme (29 different human E2 enzymes were tested), 2 uM
E3 ligase (GST-PpRMR2), 50 uM ubiquitin, 2 pM substrate (GST-PpRMR2, N3-His, N9-His, DUSP-His or
COPG-His, eachclonedin pET21bvector), 2 mM ATP, 2 pl of 10X ubiquitylation buffer, in a final volume
of 20 uladjusted with Milli-Q H, 0. As controls, similar reactions were preparedinthe absence of either
E1 or E2 or E3 or substrate or ubiquitin. The mixture was incubated at 25 °C for 2 h. The reaction was
stopped by adding 2X SB and boiling the samples at 100 °C for 5 min. After SDS-PAGE, proteins were

detected by Western Blot with the respective antibodies.

6.5.5 Inhibitors of ubiquitin-dependent degradation

The inhibitors ALLN, E64 and MG132 (Merck) were dissolved in DMSO and heated at 40 °C for 10 min
before use. At least 200 mg of 7-8-day-old moss protonema were collected and transferredin 5 ml of
PpNH, liquid medium containing 2.5 uM of ALLN or E64 or MG132 or all the three inhibitors together.
Samples were incubated at 15 °C for 4 h with gentle shaking.

After incubation, the moss was collected, then total proteins were extracted in 1X PBS. Protein
extractionwas followed by immunoprecipitation in presence of anti-Ub antibody (diluted 1:800) and
protein A sepharose beads. Samples were analysed by Western Blot analysis with anti-Ub antibody

(diluted 1:6000).

6.5.6 GST- and His-tagged proteins purification

Preparation of the beads

The glutathione-agarose resin (Sigma-Aldrich®) was resuspended in 10 ml of sterile Milli-Q H,0 and
incubated at 4 °C overnight, under rotary shaking. The morning after, the resinwas washed5 times in
10 ml of 1X PBS (500 rpm, 5 min) and storedat4°Cin afinal volume of 5 ml 1X PBS.

Nickel-nitrilotriacetic acid (Ni-NTA)-agarose resin (QIAGEN) was ready for use.

Gravity flow purification of soluble GST-PbRMR2 under native conditions

E.coliBL21 (DE3)cells were transformed with pGEX_GST-PpRMR2 by heat-shockand grown on LA solid
medium (LB + Ampicillin) at 37 °C, overnight. The day after, a single colony was resuspended in 20 ml
of LAliquid medium and incubated at 37 °C with shaking (190-200 rpm), overnight. The day after, 500
ml of LA were inoculated with 10 ml of the overnight pre-culture and incubated at 37 °C with shaking,

until the ODgg, reached 0.5-0.6. Once the desired OD was reached, IPTG (final concentration 0.5 or 1
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mM) was added to induce the expression of GST-PpRMR2, then the culture was incubated for 3 h, at
37 °Cwithshaking. After 3 h, the bacterial culture was centrifuged at 10000 rpm for 45 min at4°C. The
pellet was dissolved in 10 ml of lysis buffer pH 8 (50 mM Tris-HCI+ 300 mM NaCl + Pic added freshly)
and the suspension obtained was sonicated on ice (40 sec, pause 1 min, 3 times). This lysate was
ultracentrifuged at 20000 rpm, for 1 h, at 4 °C. The supernatant was filtered through a 0.42 um syringe
filter and incubated with 500 plof glutathione-agarose beads during 2 h with light rotary shaking. For
the affinity chromatography, the mixture (lysate + beads) was transferredintoa pre-equilibrated Poly-
Prep® chromatography column (Bio-Rad) and the flow-through was collected. The resin which settled
down the column was washed 5 times with 1X PBS by centrifugationat 400 rpm for 5 min. The protein
was eluted with elution buffer pH 8 (50 mM Tris-HCI + 10 mM free reduced glutathione). The eluate
was dialyzed against a buffer pH 8 (50 mM Tris-HCl +300 mM NaCl) using an Amicon® Ultra centrifugal

filter or a regenerated cellulose (RC) membrane. All the steps of purifications were done at 4 °C.

Gravity flow purification of soluble His-tagged proteins under native conditions

E.coliBL21 (DE3)cells were transformed with pET21b_protein-His by heat-shockand grown on LA solid
medium (LB + Ampicillin) at 37 °C, overnight. The day after, a single colony was resuspended in 20 ml
of LAliquid medium and incubated at 37 °C with shaking (190-200 rpm), overnight. The next morning,
500 ml of LA were inoculated with 10 ml of the overnight pre-culture and incubated at 37 °C with
shaking, until the ODgg, reached0.5-0.6. Once the desired OD was reached, IPTG (final concentration
1 mM)was added toinduce the expression of protein-His, then the bacterial culture was incubated for
3 h, at 37 °C with shaking. After induction, the culture was centrifuged at 10000 rpm for 45 min at 4°C.
The pellet was dissolved in 10 ml of lysis buffer pH 8 (50 mM NaH,PO, + 300 mM NaCl + 10 mM
imidazole + Pic added freshly) and the suspension obtained was sonicated on ice (40 sec, pause 1 min,
3 times) or lysed by French press. This lysate was ultracentrifuged at 20000 rpm, for 1 h, at 4 °C. The
supernatant was filtered through a 0.42 um syringe filter and incubated with 500 ul of Ni-NTA agarose
beads (QIAGEN) for 2 h with light rotary shaking. The lysate + beads were transferred into a pre-
equilibrated Poly-Prep® chromatography column (Bio-Rad) and the flow-through was collected. The
resin which settled down the column was washed 5 times with wash buffer pH 8 (50 mM NaH,PO, +
300 mM NaCl+ 20 mM imidazole) by centrifugationat 400 rpm for 5 min. The protein was eluted with
elution buffer pH 8 (50 mM NaH,PO,4 + 300 mM NacCl + 250 mM imidazole). The eluate was dialyzed
against a buffer pH 8 (50 mM NaH,PO, + 300 mM NacCl), using an Amicon® Ultra centrifugalfilter or a

regenerated cellulose (RC) membrane. All the steps of purification were done at 4 °C.
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Gravity flow purification of insoluble His-tagged proteins under native conditions

The procedure is the same as the one described above. The modifications are the following: 0.5% (w/v)

DDM was added to the lysis buffer and elution buffer; 0.1% (v/v) Triton X-100 was added to the wash

buffer. Bacterial cells were lysed by high pressure using the French press instead of sonication.

6.5.7 SDS-PAGE

The SDS-PAGE was performed using the Mini PROTEAN® 3 system (Bio-Rad). The gel is composed of a

running gel (according to the protein size, 7% - 10% - 12% or 18% of acrylamide/bisacrylamide mix;

Table 6.10) and a stacking gel (4% acrylamide/bisacrylamide; Table 6.11). For the electrophoresis, 1X

running buffer (Table 6.12) was used. A current of 20 mA was applied until the samples reached the

running gel; then it was increased to 35 mA. The electrophoresis was stopped when the blue dye was

close to the bottom of the gel.

Milli-Q H,0 1185 pl
2 M Tris-HCI, pH 8.8 1735 pl
Acryl/Bis-acryl (30%) 2000 pl
20% SDS 25 pl
10% APS 50 pl
Temed 5ul

Table 6.10. Running gel composition (12% acrylamide)

Table 6.11. Stacking gel composition (4% acrylamide)

Milli-Q H,0 1470 pl

0.5 M Tris-HCI, pH 6.8 625 pl

Acryl/Bis-acryl (30%) 335 ul

20% SDS 12.5ul 250 mM Tris base | 30.28¢g
Bromophenol Blue 30 ul 1.92 M Glycine 144.13¢g
10% APS 25 ul SDS 10g

Temed 2.5 ul ddH,0 Adjustto 1L

Table 6.12. 10X Running buffer composition

125



6.5.8 WesternBlot

After SDS-PAGE, the Mini Trans-Blot® cell (Bio-Rad) was used to transfer proteins to a nitrocellulose
membrane (GE Healthcare Amersham). The “sandwich”, prepared in a cassette, consisted of sponge
pad, Whatman paper, gel, membrane, Whatman paper, sponge pad, orienting the gel towards the
cathode (-) and the membrane on the side of the anode (+). All the system was submerged in 1X
transfer buffer (Table 6.13), and an electricfield (100 V, for 1 h-1 h 30min at 4 °C) was applied. Once
the transfer was finished, the nitrocellulose membrane was removed from the cassette andincubated
for 5 min in Amido Black solution (Table 6.14) with shaking, then in a destaining solution (Table 6.15)
which was changed every 10 minutes, until the background became completely clear. The membrane
was washed in 1X TBS solution (Table 6.16), then in 1X TBS + 0.1% Tween 20, 10 minutes each wash.
It was incubated for 1 h at RT in a blocking solution (3% BSA in 1X TBS), then incubated overnight at
4°C with the primary antibody (diluted in 3% BSA; the antibody anti-RMR2 was diluted 1:3000; the
antibody anti-Ub 1:6000; the antibody anti-GST from Abcam and anti-His from Termo Fisher were
diluted 1:4000). After incubation, the membrane was washed 10 min in 1X TBS, 2x10 min in 1X TBS +
0.1% Tween 20, andincubated for 1 h at RT with the secondary antibody (diluted in 5% milk; secondary
antibody against anti-RMR2, anti-GST and anti-His antibodies were diluted 1:3000; the one against
anti-Ub was diluted 1:6000). Once the incubation was completed, the membrane was washed 10 min
in 1X TBS and 2x10 min in 1X TBS + 0.1% Tween 20. The bands were revealed with the ECL detection

kit (Advansta) using an Amersham Image 600 instrument.

480 mM Trisbase | 58¢g Ethanol 450 ml

390 M Glycine 29.28g Aceticacid 100 ml

13 mM SDS 3.758 Amido Black 1g

ddH,0 Adjustto 1L ddH,0 Adjustto 1 L
Table 6.13. 10X Transfer buffer composition Table 6.14. Amido Black composition

200 mM Tris base | 24 g
Ethanol 400 ml 1.5 M NacCl 87.66¢g
Aceticacid 100 ml pH Adjust to 7.6 with HCI
ddH,0 Adjustto 1L ddH,0 Adjust to 1L
Table 6.15. Destaining solution composition Table 6.16. 10X TBS composition
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6.6 The Yeast 2-Hybrid (Y2H) system

This assay, performed by Hybrigenics company (France), is used to detect protein-protein interactions

in yeast cells, via cDNA library screening. The protein of interest is called bait and it is fused tothe DNA

Binding Domain (DBD), while the interaction partners present in the cDNA library are defined preys,

fused to the Activation Domain (AD). The bait binds the upstream activating sequence (UAS) of the

promoter (Figure 6.1). The interaction between the bait and the potential prey reconstitutes a

functional transcription factor (Gal4), driving to a reporter gene expression. The most used reporter

genes are HIS3 for the selection of the yeast on a medium lacking histidine, and LacZ for selection by

colorimetric assay.

No growth
b OFF on medium
\ lacking Histidine
Promoter HIS3
INTERACTION G Transcription
machinery
i Growth
on medium
BAIT ﬁ %
ON lacking Histidine
Promoter HIS3
LexA or Gal4 " Gal4
DNA Binding % Activation
Domain Domain

Figure 6.1. Yeast 2-Hybrid System. The interaction of two proteins reconsitutes an active transcription factor

and enables yeast growth. Bait: protein of interest. Prey: protein partner of the bait (from

www.hybrigenics.com). In our case, the baitis eitherthe luminal or the cytosolicdomain of PORMR2.
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Annexes

1. Primers
5’PIG1_bR.fw ATCTAGACCCAGGTAGGACCC
3’PIG1_bL.rev TAGCAGAGTTGTTAGGAAATCA
COPG_Ndel.fw TTCCATATGGCGTCGCTCCCGCCCGC
COPG_Notl.rev CTTGCGGCCGCGGAGTTGATGATATCATGAATAATGTC
DUSP_Ndel.fw TTCCATATGGCAGACATAGCAGAAGCTGAGC
DUSP_Notl.rev CTTGCGGCCGCCTGTAGTTCCTCCTCACTGTC
EF-1 alpha.fw GTGTTCTAAGAGTGACAACCGCTACG
EF-1 alpha.rev GCTCATAGTGCATCAAAATGTG
N2_Xbal.fw TTCTCTAGAATGACGGTGGTGAGCACGG
N2_Xhol.rev CTTCTCGAGAGGAACATATTCAAAAGGCTCAGG
N3_Ndel.fw TTCCATATGACTGTGGTGCCTCCAATC
N3_Notl.rev CTTGCGGCCGCAAAGTCATCATCATCTTCCTCAGC
N9_Ndel.fw TTCCATATGGCGGCGTTGCAATATTTG
N9_Notl.rev CTTGCGGCCGCAACAGTCATAAGGTCCGGGG
pPOG1.fw GCGCACTAGTGTGATCCTGTAGATTTGGCCATC
pPOG1.rev GCGCCTCGAGCTTCGATTACCTGCAAAAACTC
RMR1.fw ATCCAGATGGTGGTGAG
RMR1.rev GCATAATTTAGGATCCACCAGGTC
RMR2.fw TGGCGAAAAGCTGAGGTTG
RMR2.rev AGTAGTTTCGTCCGGTGAAGC
RMR3.fw GCATAGATCAGTGGCTACTCACGCGGA
RMR3.rev AAGTTAACACAGATCTTCTCCCGA
RMR4.fw TAGAGGACTATGAGAGCGGACAA
RMR4.rev AGAGCCTACAGGTGAGGTTTGAG
RMRS5.fw TGCGACTCTTACCTTGTCAGC
RMRS5.rev ATCTGAAGGCGATGATTGGAT

RMR2ASer.fw

ACTAGTGTGATCCTGTAGATTTG

RMR2ASer.rev

TTATCTTTTGCAGACTGGGCAG

RMR2_K295R. fw

CCCAGTCTGCAGGAGAGATGCCC

RMR2_K295R.rev CAGAAAGGTTTACGGGTTG
RMR2_K301R.fw TGCCCAATCCAGGGTTGATAAGC
RMR2_K301R.rev TCTCTTTTGCAGACTGGG
RMR2_RINGH273R.fw | GCCCTGTCAAAGGGAGTTCCATCTTGAC
RMR2_RINGH273R.rev| AGCAACCTCAGCTTTTCG
RMR2_RINGH276R.fw | AAGGGAGTTCAGGCTTGACTGTATTGATCAATGG
RMR2_RINGH276R.rev | TGACAGGGCAGCAACCTC

RMR2_Xhol.fw GCGCTCGAGATGCCGTCCCTCGTCGTCGAG
RMR2_Spel.rev GCGACTAGTTTAGCAGAGATCTTCGGAACC
T7pro.fw TAATACGACTCACTATAGGG

T7ter.rev GCTCAGCGGTGGCAGCAGCC

TrbcS.rev GTAGGATTCTGGTGTGTGG
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2. Vectors

The vectors pGEM®-T easy (Promega®) and pJET1.2/blunt (Termo Fisher), both carrying the ampicillin
resistance, were used for subcloning. The insert cDNA subcloned in the first vector was destined to
pPOG1, while the insert subcloned in pJET1.2/blunt was then cloned in pET21b (from Merck). Both
pPOG1 and pET21b harbor the ampicillin resistance.

pPOG1 was provided by M. Hasebe: it carries a Gateway cassette flanked by EF-1a promoter and
TerbcS terminator. The constructions obtained from this plasmid were addressedto PIG loci of moss
genome; the targeting sequences for these loci are PIG1bR and PIG1bL. The antibiotic resistance for

transgenic plants is the hygromycin B.

3. Cloning

POG1-RMR2: the Gateway cassette was removed from the matrix plasmid pPOG1 by Q5° Site-directed
mutagenesis kit (NEB®). The plasmid was amplified by PCR using the primers pPOG1.fw and pPOG1.rev
which allowed to add Xhol/Spel restriction sites. The cDNA sequence of PboRMR2 was amplified by PCR
using the primers RMR2_Xhol.fw and RMR2_Spel.rev, it was then subcloned in pGEM®-T easy vector.
The restriction enzymes Xhol/Spel were used to cut RMR2 fragment which was then cloned in pPOG1

previously deprived of the Gateway cassette and linearized by Xhol/Spel.

From POG1-RMR2, all the other constructions were generated by Q5® Site-directed mutagenesis.

POG1-RMR2ASer: the cDNA of PpRMR2 was amplified using the primers RMR2ASer.fw and

RMR2ASer.revwhich were designedto delete the Serine-Rich motif.

POG1-RMR2_RINGR2: four primers were designed toreplace the two histidines of the RINGH2 domain
by two arginines. The cDNA of PpRMR2 was first amplified using the primers RMR2_RINGH273R.fw
and RMR2_RINGH273R.rev (273 is the position of the histidine in the amino acid sequence of RMR2).
The resulting mutated RMR2 was amplified by PCR using the primers RMR2_RINGH276R.fw and
RMR2_RINGH276R.rev (276 is the position of the other histidine in the amino acid sequence of RMR2).
The resulting construct was called POG1-RMR2_RINGR2.
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POG1-RMR2_K295R: the cDNA of PpRMR2 was amplified using the primers RMR2_K295R.fw and
RMR2_K295R.rev (295 is the position of the lysine in the amino acid sequence of RMR2 which has been

replaced by arginine).

POG1-RMR2_K301R: the cDNA of PpRMR2 was amplified using the primers RMR2_K301R.fw and
RMR2_K301.rev(301is the position of the lysine in the amino acid sequence of RMR2 which has been

replaced by arginine).

Each construction POG1 was linearized by the enzyme Mssl (also called Pmel), before protoplast

transformation.

pET21b_DUSP: the cDNA sequence of DUSP was amplified by PCR using the primers DUSP_Ndel.fw
and DUSP_Notl.rev. Then it was subcloned in pJET1.2/blunt. The amplified insert was cut using the

enzymes Ndel/Notl and clonedin the final vector pET21b which was previously linearized by Ndel/Notl.

pET21b_N2:the cDNA of N2 was amplified using the primers N2_Xbal.fw and N2_Xhol.rev. Thenit was
subcloned in pJET1.2/blunt. The amplified insert was cut using the enzymes Xbal/Xhol and cloned in

the final vector pET21b which was previously linearized by the same restriction enzymes.

pET21b_N3:the cDNA sequence of N3 was amplified using the primers N3_Ndel.fwand N3_Notl.rev.
Then it was subcloned in pJET1.2/blunt. The amplified insert was cut by the enzymes Ndel/Notl and

cloned in the final vector pET21b which was previously linearized by the same restriction enzymes.

pET21b_N9: the cDNA of N9 was amplified using the primers N9_Ndel.fw and N9_Notl.rev. Thenit was
subcloned in pJET1.2/blunt. The amplified insert was cut using the enzymes Ndel/Notl and cloned in

the final vector pET21b which was previously linearized by the same restriction enzymes.

pET21b_COPG: the cDNA sequence of COPG was amplified using the primers COPG_Ndel.fw and
COPG_Notl.rev. Thenit was subcloned in pJET1.2/blunt. The amplified insert was cut by the enzymes
Ndel/Notl and cloned in the final vector pET21b which was previously linearized by the same restriction

enzymes.

133



4. Maps of plasmids and vectors

T7 Promoter
Eco 471/T7 (Lethal Gene)
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Xhol 5280

Naotl 5272
Hindlll 5265

EcoR| 5246

T7|Terminato

Nhel 5208 6His

. ac
Ndel 5202 T7 Promoter
Xbal 5163

pET21b

5442 bp
4000

pET21b_DUSP
7362 bp
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pBR322 Ori

pBR322 Ori

pET21b_N2
8406 bp

pET21b_N3
6855 bp

Motl 3381

Xbal 2073



pET21b_N9
6534 bp

Ndel 1909

otl 3070

pBR322 Ori

pET21b_COPG T7 Pro Lach Noel 1908
8052 bp '
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Sacl 7853

Pstl 8576

Sacl 9570

EF-1 alpha

Neol 2150

pPOG1
Amp R 10597 bp

Pstl 2575

POG1-RMR2
9995 bp

Kpnl 5034




hol 316

Spel 1211
RMR2_DeltaSer

1000

POG1-RMR2_DeltaSer
9783 bp
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5. Alignments

The full-length amino acid sequences of PbDRMR1, PbORMR2, PbRMR3, PoRMR4, PbRMR5, AtRMR2 and

OsRMR1 have been aligned using Clustal Omega tool.

PpRMR5 MPSWGESGFLSRITNQKEVMVSLACLSLVILTLLFGHGSAAVLLFNTKNESRSFPDMEA 60
PpRMR3 MPSVSGESGLLDRIGSQREWVSLGCLSLVLLTLLFGRGSADVLLLNTRNESRSFPDMEA 60
PpRMR4 MPSVAGESGLLERITSQREVMVSLGCLSLVLLTLFFGRGSADVLLLNTRNESRSFPDMEA 60
PpRMR1 MPSWAEAGFASRIMSYREIMISLAGLCLVLLTLLIGRVNSAVILLAGTNETWSFPDVES 60
PpRMR2 MPSLVVETGLVSRIMNHRELMISLAGLSLVLLTLLLGRVNSAVILLTESNESWSFPDTEA 60

AtRMR2 - ---m--om oo MNR-------- ALVLLLYVCTVSCLASSKVILMRNNITLSFDDIEA 38
OSRMRL == = == = = = = o o o oo e MGTNLTLSFDDVEA 14

k o kX ok k.

PpRMR5 AFTPSIPSGGVAGILHEANPLDACSPLKNLIPKGEP-LPPFVLVSRGSCNFDKKVKNAQD 119
PpRMR3 AFARPIPDEGVSGILHVANPLDACTPLKNDIPKGER-LPPFVVISRGTCNFDKKVRNAQK 119
PpRMR4 AFARPVPDEGVTGILHVANPLDACAPLKNHIPEGEP-LVPFVVISRGTCNFDKKVKNAQV 119
PpRMR1 RFAPRVPTAGVGGVLYASNPLDACSPLLNVSTPGKGSAPAFLLVQRGVCNFEIKVRLAQE 120
PpRMR2 SFSPRIPTTGIVGVLHASNPLDACSPLTNVSRQGQTLFSDFLLVERGVCNFEVKVWNAQE 120
AtRMR2 NFAPSVKGTGEIGVVYVAEPLDACQNLMNKPEQSSNETSPFVLIVRGGCSFEEKVRKAQR 98

OsRMR1 SFAPGVKGSGFEGVVYTAEPLDACSPLTSKAEK--GPPSPFALIIRGGCTFDEKVKNAQD 72

.o . * kees eodkokkkk ok * .. Rk ok k. Kk kok
PpRMR5 AGFQAAIVYNSMDFVGDLV---=-===mmmmm e e e mm o - - IMSGSPEGIDIYAVFVSWL 157
PpRMR3 AGFQAAIVYNTIDFIDELV------===--mommmmmm oo - TMSGSDEDIDIYAVFVSWI 157
PpRMR4 AGFQAAIVYNTMDFTDEMI------===-----mmmmmm o - TMSGSAEDIDIYAVFVSWN 157
PpRMR1 AGFAAVIVYNDQD-DRELV--------e---ooommmmm o TMSGNPVNIHAYAVFVSKY 157
PpRMR2 AGFEAVIIYNNQN-DHELV--------e---ooommmmm o TMSGSSNDIHAYSVFVSKV 157
AtRMR2 AGFKAAIIYDNED-RGTLIA---------------------- MAGNSGGIRIHAVFVTKE 135
OsRMR1 AGFKAAIVYDNEN- SGVLISIHLALFRLWGHMVLHYLTLKFTVAGSSGGIHIYAVFISKA 131

*kok ko koek. . sk k¥ s kXK.

PpRMR5 TGQALLGAVGDNN-TCTLVPYIEDTAWSIMVVSSISLLATISAVLSTFFFVRRHSLRHRGS 216
PpRMR3 TGQALLGAVGENN-TCTLLPAVKDNAWSITVFSSITFLAVSAVLSTFFFVRRDRLRGLGS 216
PpRMR4 TGQALLGAVGDNNVTCTLQAAAEDTAWSIMAVSSISLLAVSAVLSTFFFVRRHRLRHLGS 217
PpRMR1 SGEFLLKYAGDVGATCHIMPAFENTAWSVMAVSFISLLAVSSVLATFFFVRQHRLRHLSA 217
PpRMR2 TGEFLLKYADDKGATCYIMPAFENTAWSVMAVSFISLLAVSSVLVTFFFVRQHRIQHLSA 217
AtRMR2 TGEVLKEYAGFPDTKVWLIPSFENSAWSIMAVSFISLLAMSAVLATCFFVRRHRIRRRTS 195

OsRMR1 SGEVLKKFSGHTDVEVWILPAFENSAWSIMAISFISLLAMSAVLATCFFVRRHHIRRDRP 191
cokkke ok ke edkok kR ok kkkk. .

PpRMR5 RL-LSREPSGMNARDVHALPTLIFKAVGG--AATGEMCAICLEDYESGEKLRLLPCQHDF 273
PpRMR3 RL-LSRELSRMDARDVDALPTFVFKGAGSDEAGTGETCAICLEDYESGEKLRHLPCHHDF 275
PpRMR4 RF-LSREPSGMNARDVQALPTFIFEDAGGDGAATGETCAICLEDYESGQKLRHLPCDHDF 276
PpRMR1 RY-LLREPAGMSVKEVNALPSLIFKCVE-DGKCTSETCVVCLEDYIPGERLRLLPCQHEF 275
PpRMR2 RF-LPKEPAGMSVKEVNTLPSFVFKHIE-DGKGTSETCAICLEDYVAGEKLRLLPCQHEF 275
AtRMR2 RSSRVREFHGMSRRLVKAMPSLIFSSFH-EDNTTAFTCAICLEDYTVGDKLRLLPCCHKF 254
OsRMR1 RIPEAREFHGMSSQLVKAMPSLIFTKVQ EDNCTSSMCAICLEDYKVGEKLRVLPCRHKF 250

* ***** * ** kkk ok *
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PPRMR5 HVGCIDQWLLTRRRFCPICKQDASSAPVHPSATETTPLLVAPSH- IFSVPATASA- - - -A
PPRMR3 HVGCIDQWLLTRKPFCPICKQDANVTPAYPAATETTPLLVSPV---VSIPVTSSA- - - -A
PpRMR4 HVGCIDQWLLTRRPFCPICKQDANAAPRHQAATETTPLLVPPAGRAVPVPSMSSA- - - -A
PPpRMR1 HLDCIDQWLTLRKPFCPVCKRDAQSQVHEPVATETTPLMAAVG-RALGGGSIRVGTSILS
PpRMR2 HLDCIDQWLTTRKPFCPVCKRDAQSKVDKPVATETTPLLAAVG-RALGVGESRVGTPMN-
AtRMR2 HAACVDSWLTSWRTFCPVCKRDARTSTGEPPASESTPLLSSAASSFTSSS-LHS- - - - - S
OsRMR1 HAACVDLWLTTWRTFCPVCKRDASTGIPDPPASETTPLLSSAVRLPSQSSSFRS-- - - - S
* *:* * sk . ***:**:** *:*:***:
PPRMR5 TQTSP------ VGSPTI---QTIQSSPSDVSGENLC- == === === === ==m oo == oo
PPRMR3 TQTSP------ VASPAD- - -HTPESSYANVSGEDLC- = = = === === === === == == = ==
PpRMR4 TQTSP------ VGSPGV - - -HTTQSLPANVAGEDLC- - = = = = === == === === o= ==
PpRMR1 ARSSPLFTTSVINSPNDTPDTRIFSLSYPDGGEDLC- - === == === === = o= oo oo
PPRMR2 - -SSPLFAP-TGASPDETTDTRIFSLSSPDGSEDLC- = - = === === === === == oo oo
AtRMR2 VRSSALLIGPSLGSLP----- TSISFSPAYASSSY-IRQSFQ------- SSSNRRSPPIS
OSRMR1 VAASP- - -PRPISRRP- - - -- SSQSISRIYAASVTCLHQSILRYASPHMSHSGYASPSPH
.k k

PPRMR5 = == == o o o e o o e o e o e o o e e e em s me e s e ee
PPRMR3 === == mc oo caeeeecscasecccecasc—ecsseaccecssseassea--
PPRMRA === m e e oo eeccamieeceeameeeeseeaemeesseea—eeae-
PPRMRL === == mc e e aeececscasceccscasccccssssc—ecsssecceoa--
2
AtRMR2 VSRSSVDLRQ- --QAASPSPSPSQRSYISHMAS - - -- - - - - - Pemeemmmeeeeana Q
OSRMR1 VSSSYVSNSGYGSSSYYLGSSSQHRSYLRRCGESGPSLSTMAPQSPQQSQLRHGGESDIN
PPRMRS = - = = = = o o o o o o o e e
PPRMR3 = - =~ = = o o o o o o o e
PPRMRA = - =~ = = o o o o o o o e e
PPRMRL === == mcc e e aeeacscasceacecaseeeacscsss—acsscac—aoa-
PPRMR2 === === e e aeeeecscasceccscasc—ecssase—eessseaseea--
AtRMR2 SLGYPTISPFNTRYMSPYRPSPSNASPAMAGSSNYPLNPLRYSESAGTFSPYASANSLPD
OsRMR1 LAGASSGQSFRQSYLRHCADSEVNLAGASSGQSFRQSYLRHCADSDASLSAMASAQSLPG
PpRMR5 - 355

PpRMR3 - 355

PpRMR4 - 359

PpRMR1 - 370

PpRMR2 - 366

AtRMR2 C 448

OsRMR1 C 478

328
328
332
334
333
308
305

355
355
359
370
366
355
357

355
355
359
370
366
387
417

355
355
359
370
366
447
477
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