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All the abbreviations used in this manuscript are explained in the text or figure legends. In 
this section, we have included the abbreviations that are the most frequently used.  

 In the main text, the amino acids are abbreviated according to the international code 
with a single letter. Proteins are indicated in small capitals (e.g. SRK), genes and nucleotide 
fragments are indicated in italicized small capitals (e.g. SRK) and mutants are indicated in 
italicized lower case (e.g. drp1a). 

AFCS Alexa fluor-467 castasterone 
AP Adaptor protein complex 
ARC1 Arm repeat-containing1 
BAK Brassinosteroid-insensitive1 associated 

kinase1 
BFA Brefeldin A 
BIK Botrytis-induced kinase 
BKI1 Brassinosteroid-insensitive1 kinase 

inhibitor1 
BRI1 Brassinosteroid-insensitive 1 
BSK Brassinosteroid signaling kinase 
BSU1 Brassinosteroid-insensitve1 suppressor1 
CLV Clavata 
DRP Dynamin-related protein 
EGF Epidermal growth factor 
EGFR Epidermal growth factor receptor 
EIX Ethylene-inducing xylanase 
ESCRT Endosomal sorting complex required 

for transport 
FLIM Fluorescence lifetime imaging microscopy 
FLS2 Flagellin sensing 2 
FRET Förster resonance energy transfer 
GAP GTPase activating protein 

GEF Guanine nucleotide exchange factor 
GFP Green fluorescent protein 
GPI Glycosylphosphatidylinositol 
IRAK Interleukin-1 receptor associated kinase 
KAPP Kinase-associated protein phosphatase 
LRR Leucine-rich repeat 
LTI6B Low temperature-inducible protein 6b 
LYK3 Lysine-motif receptor kinase3 
MAPK Mitogen-activated protein kinase 
MLPK M-locus protein kinase 
PIN Pin-formed 
PIP Plasma membrane intrinsic protein 
PRK Plant receptor kinase 
RLCK Receptor like cytoplasmic kinase 
RSK Receptor serine kinase 
RTK Receptor tyrosine kinase 
SCR S-locus cysteine-rich 
SERK Somatic embryogenesis receptor kinase 
SP11 S-locus protein11 
SRK S-Locus receptor kinase 
THL1 Thioredoxin h-like1 
VHAa1 Vacuolar H+ ATPase subunit a1 
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1. Plant receptor kinases : orchestrators of the cell’s 
partition 

Plant genomes encode a large number of proteins phylogenetically related to 
animal receptor tyrosine kinases (RTK) and receptor serine/threonine kinase (RSK) 
(figure 1), with which they share a similar structure. They are composed of an 
extracellular domain, a transmembrane helix and a cytosolic kinase domain. Based 
on this structural similarity, they were labeled receptor-like kinases (RLK) (Walker 
1994), but since a ligand was identified for several of these RLK, the term plant 
receptor kinase (PRK) was introduced (Cock et al. 2002). Throughout this 
document I will use the abbreviation PRK instead of RLK. Although PRK, RTK and 
RSK share a similar primary structure, each family of receptor kinases probably 
evolved independently during evolution. Indeed, PRK, RTK and RSK fall into 
distinct monophyletic groups. PRK forms a monophyletic clade with Pelle from 
Drosophila, and Interleukin-1 receptor associated kinase (IRAK) proteins from 
human (figure 1). Moreover, PRK on the one hand, RTK and RSK on the other 
hand, are found exclusively in plant or animal lineages, respectively (Shiu and 
Bleecker 2001a). As a result, mechanistic similarities between PRK, RTK and RSK 
are likely the result of convergent evolution (Shiu and Bleecker 2001a, Cock et al. 
2002). 

1.1. Functions of plant receptor kinases 

PRK regulate many aspects of a cell’s life by controlling cell-to-cell 
communication. A summary of the most studied PRK with their assigned ligand 
and function is displayed in table 1. FERONIA (FER) is involved in male 
gametophyte (pollen tube, containing male gametes) recognition by the ovule 
(containing female gametes), perhaps by cell wall sensing (Cheung and Wu, 2011). 
S-LOCUS RECEPTOR KINASE (SRK) is involved in self-incompatibility (a mechanism 
preventing self-fertilization) by recognizing S-LOCUS CYSTEINE-RICH (SCR) (see 
part 3), a protein present at the pollen surface (Ivanov et al. 2010). 
BRASSINOSTEROID-INSENSITIVE1 (BRI1) controls cell elongation through 
perception of steroid hormones, brassinosteroids (Clouse 2011). FLAGELLIN 

SENSING2 (FLS2) and ELONGATION FACTOR TU RECEPTOR (EFR) from Arabidopsis 
thaliana, and Xa21 from rice are involved in disease resistance by recognizing the 
bacterial proteins flagellin (and the flg22 epitope from flagellin), elongation factor 
Tu (EF-Tu, and the elf18 epitope from EF-Tu), and a tyrosine-sulfated and secreted 
peptide called AxYS22, respectively (Greef et al. 2012). CLAVATA1 (CLV1) and its 
ligand CLAVATA3 (CLV3) are involved in maintenance of the meristems, 
populations of stem cells that self-replenish and differentiate to produce organs 
during post-embryonic growth (Katsir et al. 2011). HAESA and its ligand 
INFLORESCENCE DEFICIENT IN ABSCISSION (IDA) regulate organ abscission, the 
mechanism of organ detachment from the main body of the plant 



BIBLIOGRAPHICAL ANALYSIS 

18 
 

(Butenko et al. 2012). ERECTA and its ligands EPF1/2 regulate the development 
and distribution of stomata, which are pores delimited by two specialized cells 
involved in gas exchange between the plant and the environment (Pillitteri and 
Torii 2012). 

1.2. General structure of plant receptor kinases 

PRK and RTK share their overall structure and are composed of an N-terminal 
signal sequence, an extracellular domain followed by a transmembrane segment 
and an intracellular kinase domain flanked by a juxtamembrane segment and a C-
terminal segment (Shiu and Bleecker 2001b) (figure 2). The PRK family also 
contains members that do not possess an extracellular domain and are thus 
termed receptor-like cytoplasmic kinases (RLCK) but some of these proteins are 
nevertheless anchored to membranes through transmembrane segments or lipid 
anchors (Shiu and Bleecker 2001b). Together, PRK and RLCK form a family of 
more than 600 members in Arabidopsis thaliana and twice as many in rice 
(Shiu et al. 2004). 

 The Arabidopsis thaliana genome encodes 417 putative PRK, making PRK one 
of the largest protein families in this species. The extracellular domains of PRK 
show extensive variation and contain several identified motifs which define types 
of extracellular domain. Some of these motifs are shared between animal and 
plant proteins, while others are plant-specific (Shiu and Bleecker 2001b). More 
than 15 types of PRK extracellular domains are known, we present three important 
types. 

 The most prevalent type of extracellular domain of PRK is the leucine-rich 
repeat (LRR) type, which is present in BRI1, FLS2, CLV1 and other receptors (Gish 
and Clark 2011, table 1). LRR are 24-amino acid motifs rich in leucine and more 
generally in hydophobic residues. The number of LRR in a protein domain can 
vary from two to more than 25. LRR are also found in membrane proteins of 
animals such as Toll-like receptors, and are involved in ligand binding. An “island 
domain”, a sequence that is unrelated among receptors, is found between the 
leucine-rich repeats of several receptors. The atomic structure of the LRR domain 
of BRI1 was determined by X-ray crystallography and shows a helicoidal shape in 
which the island domain forms the ligand-binding site (Hothorn et al. 2011, She et 
al. 2011). The helix formed by the extracellular domain of BRI1 is much different 
from the horseshoe structure formed by LRR of Toll-like receptors, and may 
prevent homo-dimerization of BRI1. Recently, the atomic structure of a complex 
including the LRR of BRI1, its ligand and the LRR domain of the co-receptor 
SOMATIC EMBRYOGENESIS RECEPTOR KINASE1 (SERK1) was determined by X-ray 
crystallography (Santiago et al. 2013), providing a structural basis for ligand-
induced hetero-dimerization of BRI1 and SERK1. 



 

Figure 1: evolutionary relationship between receptor kinases in plant and in animals. According to 
Shiu and Bleecker 2001a. The phylogeny is based on the protein sequence of kinase domains. RSK = 
Receptor serine kinase, RTK = Receptor tyrosine kinase, PRK = Plant receptor kinase. Pelle is a cytosolic 
kinase involved in immune signaling in Drosophila and forms a monophyletic clade with PRK. 
 
Table 1: selected PRK with known function and ligand. The name of the species in which the role of 
the receptor was described is indicated in the column labeled “organism”. The “type” column indicates 
the nature of the extracellular domain of the receptor (see part 1.2). Ligands are all peptides except 
brassinosteroids which are small molecules from the steroid family, chitin and peptidoglycan are complex 
sugar polymers. 

Receptor Organism Type Function Ligand Reference 
CERK1 Arabidopsis, 

rice 
LysM recognition of 

pollen tubes, 
cell wall sensing 

chitin, 
peptidoglycan 

Schwessinger and 
Ronald 2012 

SRK Brassica S 
domain 

self-
incompatibility 

SCR Ivanov et al. 2010 

BRI1 Arabidopsis LRR cell growth brassinosteroids Clouse 2011 
FLS2 Arabidopsis LRR disease 

resistance
flg22 Antolín-Llovera 

et al. 2012 
CLV1 Arabidopsis LRR meristem 

maintenance 
CLV3 Katsir et al. 2011 

Xa21 rice LRR disease 
resistance

AxYS22 Schwessinger and 
Ronald 2012 

HAESA Arabidopsis LRR delayed floral 
organ 

abscission 

IDA Butenko et al. 2012 

EFR Arabidopsis LRR disease 
resistance

elf18 Greef et al. 2012 

ERECTA Arabidopsis LRR Stomatal 
development 

EPF1/2 Pillitteri and Torii 
2012 
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 Lectins are glucid-binding motifs highly represented in the extracellular 
domains of PRK. For example, the mannose-binding motif agglutinin is present in 
the S-domain type of extracellular domain. The S-domain is rich in cysteines, 
contains an Epidermal growth factor (EGF) repeat and a PAN domain. The S-
domain is present in several PRK such as SRK (Naithani et al. 2007) and S-FAMILY 

GENE RECEPTOR (SFR) of Brassica oleracea, a protein involved in wound signaling 
and immunity (Pastuglia et al. 1997). The structure of the S-domain was partially 
determined by molecular modeling (Naithani et al. 2007). Models for the structure 
of the agglutinin-like domain and the PAN domain were determined, even though 
the two models are independent, meaning that their relative position in the 3D 
structure of the S-domain is not known. In the same study, the PAN domain was 
demonstrated to be involved in SRK dimerization. 

 The lysine motif (LysM) is a motif that is conserved between eukaryotes and 
prokaryotes and recognizes chitin, peptidoglycan and other glucids (Schwessinger 
and Ronald 2012). It is present in several PRK, such as CHITIN ELICITOR 

RECEPTOR KINASE1 (CERK1) which is involved in chitin and peptidoglycan 
recognition (Schwessinger and Ronald 2012) and LYSINE MOTIF RECEPTOR 

KINASE3 (LYK3) which is involved in establishment of symbiosis between roots 
and nitrogen-fixing bacteria (Smit et al. 2007). 

1.3. Atomic-scale structure of the kinase domain of plant 
receptor kinases 

The experimental determination of the structure of the kinase domain of the 
RLCK Pto (Dong et al. 2011) and the PRK BRI1 ASSOCIATED KINASE1 (BAK1, Cheng 
et al. 2011) by X-ray crystallography revealed a similar structure, conserved 
between RTK, RSK and PRK (figure 3, in which the kinase domain of BAK1 is 
represented). They are composed of an N-terminal lobe (N-ter lobe, orange) and a 
C-terminal lobe (C-lobe, pink) linked by a hinge region (purple), and an activation 
loop (blue). The juxtamembrane and C-terminal segments are generally 
unstructured and thus absent from such structures. The catalytic site, involved in 
catalyzing the phosphate transfer between ATP and the substrate, is located 
between the two lobes, and composed of several conserved residues (Johnson et 
al. 1996). Two of these residues are represented as red spheres in figure 3. Lysine 
317 (the homolog of which are later called catalytic lysine) of BAK1 is presumably 
involved in ATP binding and in the alignment of the phosphate groups for 
catalysis, while aspartate 416 (the homolog of which are later called catalytic 
aspartate) is presumably involved directly in the transfer of phosphate γ of ATP to 
the serine or threonine substrate (Cheng et al. 2011, Johnson et al. 1996). Tyrosine 
363 is the “gatekeeper” residue. It is located near the hinge regions, at the bottom 
of the pocket formed by the catalytic site. This residue is variable among different 
families of kinases and determines, depending on its size, the access of ATP-
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competitive inhibitors to the catalytic site, hence the name gatekeeper (Wang et al. 
2006). Other residues are important for catalysis and cluster in the catalytic site, 
but their role will not be discussed here. 

 The kinase activity of several RTK is self-inhibited by their own activation 
loop, which switches from an inactive to an active conformation upon 
phosphorylation of tyrosine residues located in the activation loop (Lemmon and 
Schlessinger 2010). Several pieces of evidence suggest that similar mechanisms 
operate in PRK (see part 1.4.2). The activation loop displayed in figure 3 is away 
from the catalytic site because it is phosphorylated and in an active conformation 
(Cheng et al. 2011, phosphorylated residues are not represented in figure 3). In 
the inactive conformation, the catalytic loop is oriented towards the catalytic site 
and blocks ATP and substrate access (Johnson et al. 1996). 

1.4. Plant receptor kinase activation 

In general, receptor kinase activation involves ligand-induced receptor 
dimerization, which brings together the kinase domains and activates them. 
Receptors then trans-phosphorylate each other on hydroxyl group-containing 
residues, such as tyrosine, serine and threonine. Phosphorylated residues recruit 
and activate proteins acting downstream in the signaling pathway (figure 2) 
(Lemmon and Schlessinger 2010). The human genome encodes 58 RTK and 12 
RSK (Manning et al. 2002). PRK generally phosphorylate serine and threonine 
residues (Shiu and Bleecker 2001b), although tyrosine phosphorylation has been 
described, indicating dual substrate specificity (Oh et al. 2009, 2010, Jaillais et al. 
2011). 

1.4.1. Pre-existing oligomers of plant receptor kinases 

Several PRK form pre-existing oligomers before ligand binding. Förster resonance 
energy transfer-fluorescence lifetime imaging microscopy (FRET-FLIM) on cowpea 
protoplasts revealed that BRI1 homodimers are present at the plasma membrane 
(Russinova et al. 2004). BRI1 co-immunoprecipitates itself in planta in a 
brassinosteroid synthesis deficient background, thereby indicating that BRI1 
homo-dimerization is at least partly independent on ligand (Wang et al. 2005b). 
The addition of ligand may stabilize the preformed BRI1 homodimer, as it 
increased the amount of BRI1 that was immunoprecipitated (Wang et al. 2005b). 
The extent of dimerization of BRI1 was quantified by fluorescence correlation 
spectroscopy and photon counting histogram analysis and showed that 20 % of 
BRI1 present at the plasma membrane could be found in homodimers while no 
higher order homo-oligomers were detected (Hink et al. 2008). 

 However, structural studies questioned the concept of pre-existing 
oligomers of BRI1. The tertiary structure of BRI1 extracellular domain was 
determined at atomic scale by X-ray crystallography and displays a helicoidal 



 

 

 

 

Figure 2: Structure and general mechanisms of PRK function. PRK are composed of an extracellular 
N-terminal ligand-binding domain (blue), a transmembrane segment (TM, black), a juxtamembrane 
segment (JM, green), a kinase domain (KD, red) and a C-terminal segment (CT, orange). Ligand binding 
to the extracellular domain triggers activation of the intracellular kinase domain. PRK molecules then 
transfer the γ-phosphate of ATP in trans to serine and threonine residues located either in the JM, KD or 
CT, potentiating the activation of the PRK and providing docking sites for interacting proteins (blue) that 
act downstream in the signaling pathway. Interacting proteins can also be phosphorylated and activated by 
PRK. 
  



 

 

 

 

 

Figure 3: atomic structure of BAK1 kinase domain. The image on the left shows the kinase domain 
with the catalytic cleft facing us. The image on the right shows a side angle view of the kinase domain. The 
α helices and β sheets of the protein are displayed in the ribbon representation. 7he N-terminal lobe (N-
lobe) is shown in orange, the C-terminal lobe (C-lobe) is shown in pink, the hinge region is shown in 
purple, the activation loop is shown in blue, and the lysine 317 and aspartate 416 residues of the catalytic 
site are shown as red spheres. The gatekeeper tyrosine 363 is shown as a red sphere. The structure of 
BAK1 kinase domain (PDB ID : 3TL8, Cheng et al. 2011) was displayed using Rastop.  
  



BIBLIOGRAPHICAL ANALYSIS 

21 
 

shape (Hothorn et al. 2011, She et al. 2011). The addition of ligand to BRI1 
extracellular domain in solution does not induce dimerization, consistent with the 
existence of BRI1 homo-dimers in absence of ligand. Nonetheless, it was argued 
that the helicoidal structure prevents homo-dimerization of BRI1 because bringing 
the C-terminal part of the extracellular domain together (so that the kinase 
domains can interact) would cause a steric clash. Instead, BRI1 could hetero-
dimerize with co-receptors belonging to the SERK family both before and after 
ligand binding. SERK3 (also known as BAK1) interacts with BRI1 in a 
brassinosteroid-dependent manner and the two protein trans-phosphorylate each 
other, a required step in BRI1 activation (Wang et al. 2005a, 2008). FRET-FLIM 
(Bücherl et al. 2013, Russinova et al. 2004), biochemical (Wang et al. 2005b) and 
quantitative analysis of fluorescence from BRI1-fluorescent protein fusions (Hink 
et al. 2008) data indicate that BRI1 and BAK1 form oligomers at both the plasma 
membrane and endosomes in absence of ligand, and that ligand application 
stabilizes these oligomers. The atomic structure of a ternary complex composed 
of BRI1 and SERK1 bridged by the ligand was recently determined and revealed 
that SERK1 is involved in ligand binding (Santiago et al. 2013). To sum up, BRI1 
may homo- and also hetero-oligomerize with SERK proteins, but the temporal 
relationship of such interactions remains an open question. 

 Co-immunoprecipitation analysis revealed that FLS2 is present as homo-
oligomers prior to ligand exposure, and that the association is maintained after 
ligand addition (Sun et al. 2012). A conserved cysteine residue located at the N-
terminal side of the extracellular LRR domain is required for FLS2 oligomerization, 
although it is not involved in a disulfide bond (Sun et al. 2012). However, the 
helicoidal structure of the extracellular domain of BRI1 (an LRR, as for FLS2) and 
the fact that BAK1 is also involved in FLS2 signaling (see part 1.4.4) questions the 
function of such homo-oligomers. 

 Recombinant SRK over-expressed in a heterologous system displays auto-
activation and trans-phosphorylation, indicating that SRK forms oligomers in 
absence of ligand (Giranton et al. 2000). The presence of oligomers was confirmed 
in planta by cross-linking of stigma extracts followed by SDS-PAGE or by velocity 
sedimentation on sucrose gradients of native stigma extracts, revealing that SRK 
homo-dimerizes in planta without ligand (Giranton et al. 2000). The structural 
determinants of SRK dimerization are two domains located in the C-terminal part 
of the extracellular domain of SRK : the PAN and EGF-like domains (Naithani et al. 
2007). 

 The existence of pre-existing oligomers of PRK raises the question of how 
auto-activation is prevented. BRI1 activation is inhibited by the C-terminal tail of 
the intracellular domain and this inhibition is thought to be released upon ligand 
binding to BRI1 (Wang et al. 2005a). Moreover, BRI1 KINASE INHIBITOR1 (BKI1) 
interacts with BRI1 at the plasma membrane and inhibits BRI1 signaling (Wang and 
Chory 2006). The BKI1-BRI1 interaction is relieved upon ligand binding, which 



BIBLIOGRAPHICAL ANALYSIS 

22 
 

enables BRI1 signaling (Wang and Chory 2006). SRK is mainly localized to 
endosomal compartments and to a lesser extent at the plasma membrane (Ivanov 
and Gaude 2009). SRK colocalizes with Thioredoxin h-like1 (THL1) in endosomes, 
a negative regulator that may prevent auto-activation of SRK in this compartment 
(Cabrillac et al. 2001, Ivanov and Gaude 2010). At the plasma membrane, 
unknown negative regulators might prevent SRK auto-activation, or ligand binding 
to SRK may be necessary to stabilize the active conformation of SRK oligomers. 
This aspect will be further discussed in part 12.1. 

1.4.2. Activation of the kinase domain 

The molecular mechanisms that occur during RTK activation are described in great 
detail, and involve structural rearrangements of the kinase domain (Lemmon and 
Schlessinger 2010). Notably, the activation loop is involved in auto-inhibition of 
the insulin receptor (InsR) and the fibroblast growth factor receptor (FGFR) 
(Lemmon and Schlessinger 2010). Phosphorylation and reorientation of the 
activation loop is necessary to stabilize the active conformation of InsR and FGFR 
kinase domain. Similarly, the juxtamembrane and C-terminal segments were 
shown to be involved in auto-inhibition of some RTK or RSK (Lemmon and 
Schlessinger 2010). Receptor kinases can be divided into “RD kinase” or “non-RD 
kinase” groups based on the presence or absence of an arginine (R) residue 
preceding the catalytic aspartate (D) in the kinase domain (Johnson et al. 1996). 
Many RD kinases need to be phosphorylated in the activation loop to be activated, 
while many non-RD kinases do not (Johnson et al. 1996). 

 BRI1 is an RD PRK. As stated above, inactive BRI1 is complexed to BKI1, 
which inhibits the interaction between BRI1 and its co-receptor BAK1 (Jaillais et al. 
2011). Activated BRI1 phosphorylates BKI1 on tyrosine residues, which releases 
BKI1 from the plasma membrane into the cytosol (Jaillais et al. 2011, Wang and 
Chory 2006). After BRI1-BKI1 dissociation, BAK1 is recruited to BRI1 activated 
complexes and mutual phosphorylation occurs between BRI1 and BAK1 in the 
activation loop of each PRK (Wang et al. 2005a, 2008). Phosphorylation occurs in 
the activation loop of BRI1 on serine 1044 and threonine 1049. Mutation of these 
residues impairs BRI1 kinase activity and BRI1-mediated signaling (Wang et al. 
2005b). Moreover, the C-terminal segment of BRI1 inhibits BRI1 function and 
phosphorylation of the C-terminal segment on serine and threonine is required 
for release of inhibition (Wang et al. 2005a). Taken together, these data suggest 
that activation loop and C-terminal segment auto-inhibition might be at work in 
BRI1, similar to RTK and RSK, but structural details about BRI1 kinase domain 
activation are needed to clarify these hypotheses. 

 FLS2, like most of receptor kinases involved in immunity, is a non-RD PRK. 
FLS2 phosphorylation in the juxtamembrane segment may be important for 
signaling, as substitution of threonine 867 by valine abolishes FLS2-mediated 
signaling (Robatzek et al. 2006). In a recent analysis of in vitro auto-phosphorylated 
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residues of FLS2, serine 867 was not identified (Cao et al. 2013) but this residue 
may be phosphorylated by another kinase, or in an in vivo context only. Instead, 
Cao et al. identified serine 938 of the kinase domain as a phosphorylated residue in 
vitro. When serine 938 is non-phosphorylable (replaced by alanine), auto-
phosphorylation of FLS2, phosphorylation of signaling partners of FLS2 and flg22-
induced biologial responses are all impaired (Cao et al. 2013). Although serine 938 
plays a critical role in FLS2-mediated signaling, its precise role remains unknown. 

 The rice Xa21, a non-RD PRK, auto-phosphorylates on serine and threonine 
but not in the activation loop (Liu et al. 2002). Xa21 auto-phosphorylates on 
threonine 705, a residue present in the juxtamembrane segment. Substitution of 
this residue by alanine or glutamate abolishes auto-phosphorylation of Xa21 and 
Xa21-mediated immunity (Chen et al. 2010b). The precise mechanism by which 
phosphorylation of threonine 705 positively regulates Xa21 function is presently 
unknown. A catalytically-impaired Xa21 mutant in which the catalytic lysine was 
replaced by glutamate maintains partial resistance to pathogenic Xanthomonas 
oryzae, indicating that the kinase activity of Xa21 is not crucial for Xa21-mediated 
pathogen resistance (Andaya and Ronald 2003). 

 SRK, an RD PRK, is phosphorylated in vivo within 60 minutes after ligand 
addition in Brassica (Cabrillac et al. 2001), on serine and threonine residues 
(Giranton et al. 2000). SRK is constitutively active in vitro, and THL1 was identified 
as a protein that prevents auto-activation of SRK in vivo (Cabrillac et al. 2001). The 
auto-phosphorylation of SRK occurs in trans, meaning that one SRK molecule in the 
oligomer phosphorylates another neighboring molecule (Giranton et al. 2000). SRK 
is phosphorylated in the C-terminal segment (Giranton et al. 2000), but the precise 
role of this segment in SRK activation is not known, neither is the role of the 
juxtamembrane segment known, nor that of the activation loop. Perspectives 
about this topic will be presented in part 12.2. 

1.4.3. Atypical plant receptor kinases devoid of kinase 
activity 

It should be noted that around 20 % of PRK lack key catalytic residues like the 
catalytic lysine or the catalytic aspartate presented in figure 3. These PRK are thus 
probably inactive although the presence of the intracellular domain is required for 
their function (Castells and Casacuberta 2007). Members of this atypical PRK 
family include STRUBBELIG (also known as SCRAMBLED) which is involved in floral 
and root development in Arabidopsis thaliana (Bai et al. 2013), pangloss1 (PAN1) and 
PAN2 which are involved in polarized cell division during stomatal development in 
maize (Zhang et al. 2012), maize atypical receptor kinase (MARK) of unknown 
function (Llompart et al. 2003) and Arabidopsis thaliana ATCRR1 and ATCRR2 related 
to maize CRINKLY4 which is involved in endosperm development (Cao et al. 
2005).  
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 MARK lacks the conserved catalytic aspartate (see figure 3) and fails to 
auto-phosphorylate in vitro (Llompart et al. 2003). MARK interacts and activates the 
kinase MIK, probably by inducing a conformational change that relieves MIK auto-
inhibition (Llompart et al. 2003, Castells et al. 2006). 

 ATCRR2 can be phosphorylated by ACR4, the CRINKLY4 homolog in 
Arabidopsis thaliana, suggesting that ATCRR2 could hetero-dimerize with ACR4 to 
signal (Cao et al. 2005). This is similar to kinase-dead ErbB3 receptors from the 
epidermal growth factor (EGFR) family in animals. Indeed, ErbB3 hetero-dimerize 
with kinase-active members of the EGFR family and is phosphorylated by them. 
The phosphorylated residues of ErbB3 serve as docking sites for downstream 
signaling proteins (Kim et al. 1998, Prigent and Gullick 1994).  

 The case of ACR4 is intriguing. Although ACR4 is an active kinase in vitro 
(Gifford et al. 2003), a kinase-dead ACR4 protein can complement the loss of 
function acr4 mutant (Gifford et al. 2005), indicating that ACR4 signaling may be 
independent from its kinase activity. Exactly how ACR4 transduce signaling is 
currently unknown. 

1.4.4. Assembly of signaling complexes 

During receptor kinase activation, the phosphorylation of the receptor recruits 
and activates downstream signaling proteins, which bind to phospho-residues 
through specific domains (Lemmon and Schlessinger 2010). 

 After brassinosteroid-induced BRI1 activation and BRI1-BAK1 complex 
formation, BRI1 but not BAK1 phosphorylates BRASSINOSTEROID-SIGNALING 

KINASE1 (BSK1) and BSK2, two RLCK anchored to the plasma membrane through 
myristoylation (Tang et al. 2008). Phosphorylated BSK proteins then interact with 
the phosphatase BRI1 SUPRESSOR1 (BSU1) that relays BRI1 signaling towards the 
chromatin to control the transcription of genes (Kim et al. 2009). 

 Interestingly enough, BAK1 is also involved in FLS2 signaling (Robatzek and 
Wirthmuller 2013). Indeed, FLS2 associates with BAK1 upon flagellin binding and 
BAK1 loss of function abolishes FLS2-mediated responses (Chinchilla et al. 2007, 
Heese et al. 2007). While BAK1 kinase activity is not required for FLS2-BAK1 and 
BRI1-BAK1 association, it is necessary for activation of downstream signaling 
proteins (Jaillais et al. 2011, Shulze et al. 2010). FLS2 signaling also involves 
BOTRYTIS-INDUCED KINASE1 (BIK1), another membrane anchored RLCK (Lu et al. 
2010). BIK1 interacts in vivo with FLS2 and BAK1, is phosphorylated by BAK1 after 
flagellin treatment and phosphorylates back FLS2 and BAK1, perhaps to further 
enhance the kinase activity of the complex (Lu et al. 2010). The downstream 
targets of BIK1 remain unknown. FLS2 signaling involves a mitogen activated 
protein kinases (MAPK) cascade but it appears to be disconnected from BIK1 
(Robatzek and Wirthmuller 2013). 
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 Association with membrane-anchored RLCK is a common theme in PRK 
activation, since SRK signaling involves M-LOCUS PROTEIN KINASE (MLPK), a 
membrane-anchored protein kinase (Murase et al. 2004). MLPK and SRK can both 
auto-phosphorylate in vitro (Murase et al. 2004, Giranton et al. 2000), and SRK 
phosphorylates MLPK (Kakita et al. 2007b). Bimolecular fluorescence 
complementation (BIFC) in tobacco protoplasts showed that MLPK interacts with 
SRK in a ligand-independent manner (Kakita et al. 2007a). However, yeast two 
hybrid and split ubiquitin experiments failed to show interaction between MLPK 
and SRK, suggesting a transient interaction between these two proteins (Kakita et 
al. 2007b). The SRK-MLPK complex recruits ARM REPEAT-CONTAINING1 (ARC1), 
an E3 ubiquitin ligase that binds to the phosphorylated domain of SRK (Gu et al. 
1998). ARC1 is phosphorylated by SRK and MLPK and in turn ubiquitinates 
multiple substrates, promoting their degradation (Stone et al. 2003, Samuel et al. 
2009). However, the exact nature and function of the proteins ubiquitinated by 
ARC1 remains to be determined. 

2. Signaling and endocytic trafficking : intimate 
relationships 

In addition to its function in phosphorylating BRI1 and FLS2 signaling complexes, 
there is evidence that BAK1 is involved in endocytic trafficking of both PRK 
(Russinova et al. 2004, Chinchilla et al. 2007). Co-expression of BRI1 and BAK1 in 
cowpea protoplasts results in increased endosomal localization of both proteins, 
compared to expression of each protein alone, and FRET-FLIM analysis showed 
that BRI1 and BAK1 form dimers in endosomes (Russinova et al. 2004). Ligand-
induced endocytosis of FLS2 is reduced in a bak1 knock-out background 
(Chinchilla et al. 2007). Given the role of BAK1 in BRI1 and FLS2 signaling, these 
data suggest a connection between signaling and endocytosis of BRI1 and FLS2. In 
support of this hypothesis, threonine 867 substitution by valine in the 
juxtamembrane segment of FLS2 abolishes both FLS2-mediated responses and 
ligand-induced endocytosis, although the mutated receptor was addressed at the 
plasma membrane (Robatzek et al. 2006). Such a connection between PRK 
signaling and endocytosis is not unexpected and is widely documented in research 
studying animal cells (Gonnord et al. 2012, Murphy et al. 2009, Polo and Di Fiore 
2006, Sorkin and von Zastrow 2009). 

2.1. Endocytic trafficking routes in plant cells 

Endocytosis consists in the internalization of plasma membrane and the 
formation of intracellular compartments called endosomes. During endocytosis, 
plasma membrane lipids and proteins, and extracellular fluid are internalized 
(Doherty and MacMahon 2010). The use of the endocytic tracer FM4-64 (a 
hydrophobic dye which inserts into membranes and which is internalized with the 
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plasma membrane, Bolte et al. 2004) and drugs that inhibit specific steps of 
endocytic trafficking (table 2, Irani and Russinova et al. 2009) enabled mapping of 
the different endosomal compartments of plants and their temporal relationship 
during endocytic trafficking (figure 4, Contento and Bassham 2012). In animals, 
endosomes are traditionally classified as early endosomes, late endosomes and 
recycling endosomes. Early endosomes are the compartments where internalized 
material arrives first. From there, internalized material can be either recycled back 
to the plasma membrane through recycling endosomes, or routed to late 
endosomes and then to lysosomes for degradation (McMahon and Boucrot 2012). 
In plants, the trans-Golgi network appears to be an early endosome. Indeed, FM4-
64 colocalizes with the a1 subunit of VACUOLAR H+ ATPase (VHAa1), which is 
localized to the trans-Golgi network,  as soon as two minutes after FM4-64 
addition (Dettmer et al. 2006).  

 The identity of the recycling endosome is less clear. According to some 
authors, the trans-Golgi network can fulfill the recycling function (Reyes et al. 
2011). However, it could be a separate organelle labeled by the guanine nucleotide 
exchange factor (GEF) GNOM (Contento and Bassham 2012, Geldner et al. 2003, 
Geldner et al. 2009). Indeed, the GNOM-labeled compartment is distinct from the 
trans-Golgi network since it does not colocalize quickly with FM4-64 and it is 
more sensitive to brefeldin A (BFA) treatment (Geldner et al. 2003, Geldner et al. 
2009). Late endosomes appear as multivesicular bodies (Tse et al. 2004), in which 
inward budding of the endosomal membrane generates intraluminal vesicles that 
contain proteins destined to be degraded (Contento and Bassham 2012). 
Intraluminal vesicles are generated by the activity of five multiproteic complexes 
called endosomal sorting complex required for transport (ESCRT). ESCRT 
complexes recognize on the endocytosed cargo a post-translational modification 
called ubiquitination. ESCRT complexes then drive membrane deformation, 
constriction and finally scission to generate intraluminal vesicles that contain the 
cargo destined to be degraded (Reyes et al. 2011). The traditional view of trans-
Golgi network to multivesicular bodies transport involves formation of vesicles at 
the trans-Golgi network in a clathrin-mediated process, and the fusion of these 
vesicles with the multivesicular bodies. However, it has been demonstrated that 
interference with clathrin function does not perturb trafficking to the vacuole 
(Scheuring et al. 2011). The same authors show that concanamycin A treatment, 
which inhibits VHA proteins and perturbs trafficking from the trans-Golgi network 
to the vacuole, reduces the number of multivesicular bodies and increases the 
colocalization of otherwise distinct trans-Golgi network and multivesicular body 
markers. Moreover, by using electron microscopy, they report that intraluminal 
vesicles are present in structures resembling the trans-Golgi network, and that 
multivesicular body markers are present in such structures (Scheuring et al. 2011). 
Taken collectively, these data suggest that multivesicular bodies arise through 
maturation of trans-Golgi networks. It is therefore likely that this process 
resembles the maturation of early endosomes to late endosomes that has been 



 

 

 

 

Table 2: principal inhibitors of endocytic trafficking in plants. AP2 = adaptor protein complex 2. 
DRP = dynamin related protein. ARF-GEF = adenosine ribosylation factor-guanine nucleotide exchange 
factor. VHA = vacuolar H+ ATPases. EE/TGN = early endosome/trans-Golgi network. 
PI3 kinase = phosphatidylinositol-3 kinase. LE/MVB = late endosome/multivesicular body. 

Drug Target Effect References 

Tyrphostin A23 Cargo recognition 
by the µ subunit of 
the AP2 complex 

Blocks clathrin-
mediated endocytosis 

Ortiz-Zapater et al. 2006, 
Robinson et al. 2008 

Dynasore GTPase activity of 
DRP 

Blocks DRP-mediated 
endocytosis 

Kirchausen et al. 2008, 
Sharfman et al. 2011 

1-butanol Phospholipase D Blocks endocytosis Boucrot et al. 2006, 
Sharfman et al. 2011 

Ikarugamycin Unknown Blocks clathrin-
mediated endocytosis 

Moscatelli et al. 2007 

Brefeldin A ARF-GEFs Blocks exocytosis, 
endosomal recycling 

and vacuole addressing 

Robinson et al. 2008 

Endosidin1 Unknown Blocks trafficking at 
the EE/TGN 

Robert et al. 2008 

Concanamycin A Endosome 
acidification by 

VHA 

Blocks trafficking at 
the EE/TGN 

Robinson et al. 2008 

Wortmannin PI3 kinase (VPS34) Blocks trafficking at 
the LE/MVB 

Robinson et al. 2008 

LY294002 PI3 kinase (VPS34) Blocks trafficking at 
the LE/MVB 

Lee et al. 2008 

 

  



 

 

Figure 4: simplified map of the endocytic compartments in plants. Each endocytic compartment is 
represented in the diagram with a different color and trafficking between compartments is symbolized 
with a black numbered arrow. Proteins considered as markers of each compartment are shown in black 
boxes. Endocytosed material leaves the plasma membrane (PM, blue) and reaches first the trans-Golgi 
network (TGN, yellow), which is functionally the early endosome (EE) (arrow 1). At the EE/TGN, 
endocytosed material can enter a recycling pathway and transit through recycling endosomes (RE, green) 
to be redirected to the plasma membrane (arrow 2). Endocytosed material can also enter a degradation 
pathway and reach the late endosome (LE, orange), which is also called the multivesicular body (MVB) 
(arrow 3). Retrograde trafficking from the LE to the TGN is indicated by arrow 4. LE can fuse with the 
vacuole (red) and release material destined to be degraded in the vacuolar lumen (arrow 5). Drugs 
perturbing endocytic trafficking are indicated in grey (see table 2, TA23 = tyrphostin A23, Ika = 
ikarugamycin, 1-but = 1-butanol, Dyn = dynasore, Conc A = concanamycin A, ES1 = endosidin 1, BFA 
= brefeldin A, WM = wortmannin). 
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observed in animal cells. Endocytosed material is finally degraded in the vacuole, 
which is the functional equivalent of the lysosome of animal cells. The 
intraluminal vesicles of multivesicular bodies are released through direct 
membrane fusion between multivesicular bodies and the vacuole (Contento and 
Bassham 2012). 

2.2. Endocytosis in plants : welcome to the inside of 
plant cells 

2.2.1. Clathrin and plant endocytosis 

The most studied endocytic pathway is clathrin-mediated endocytosis. It is 
characterized by the involvement of a hexameric complex called clathrin, 
composed of three heavy chains and three light chains together making a 
triskelion-shaped complex. Clathrin molecules assemble and coat endocytic pits 
and vesicles during their formation to stabilize membrane curvature. The clathrin 
coat is later removed after vesicle release in the cytoplasm (figure 5) (Chen et al. 
2011, MacMahon and Boucrot 2011). Clathrin-mediated endocytosis was 
investigated through interference with the function of clathrin by over-expression 
of the “clathrin-hub”. The clathrin-hub is a dominant-negative form of clathrin 
composed of the C-terminal part of clathrin heavy chain, which binds clathrin 
light chains. Over-expression of the clathrin-hub captures light chains and 
prevents their association with endogenous heavy chains (Liu et al. 1995, 1998). 
Clathrin-hub over-expression reduces endocytosis of FM4-64 (Dhonukshe et al. 
2007). Loss of function of clathrin heavy chains gave similar results (Kitakura et al. 
2011). Quantitative data obtained in Arabidopsis thaliana protoplasts revealed that 
clathrin-hub over-expression reduced endocytosis by 57 % (Scheuring et al. 2012). 
These data suggest that clathrin-mediated endocytosis is a major route of 
endocytosis in Arabidopsis thaliana. Clathrin-hub also prevents endocytosis of PIN-
FORMED1 (PIN1) and PIN2 (which are integral transmembrane proteins 
functioning as efflux carriers of the plant hormone auxin, Dhonukshe et al. 2007), 
and H+ plasma membrane ATPase (Kitakura et al. 2011), indicating that they are 
cargos for clathrin-mediated endocytosis. The endocytosis of BRI1 bound to its 
ligand was investigated using a fluorescent analog of brassinosteroids called Alexa 
fluor-467 castasterone (AFCS). Over-expression of the clathrin-hub blocks 
internalization of BRI1-AFCS, indicating activated BRI1 follows clathrin-mediated 
endocytosis (Irani et al. 2012). 
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2.2.2. Endocytic motifs and adaptor complexes 

Cargo proteins are sorted for endocytosis through specific linear motifs present in 
the intracellular part of the protein and recognized by the endocytic machinery 
(Chen et al. 2011). One such motif is the YXXΦ motif, where Y represents a 
tyrosine residue, X any amino acid residue, and Φ a hydrophobic residue. The 
YXXΦ motif binds to μ2, the µ subunit of the adaptor protein complex 2 (AP2) 
(Kurten 2003), and AP2 then recruits clathrin at the plasma membrane for 
endocytosis (McMahon and Boucrot 2011). 

 Genetic evidence underlines the involvement of AP2 during endocytosis in 
plant cells. Loss of function of the AP2 subunit μ2 reduces endocytosis of FM4-64 
and cellulose synthase complexes (Bashline et al. 2013). In the same study, the 
authors show that µ2 and clathrin light chains are both localized to transient foci 
at the plasma membrane. µ2 dynamics parallels the one observed for clathrin, with 
µ2 being recruited a few seconds before clathrin, as expected (Bashline et al. 2013). 
Consistently, loss of function of the AP2 subunit σ impairs FM4-64 and PIN1 
endocytosis, leading to PIN1 polarity defects and altered development (Fan et al. 
2013). A thorough analysis of AP2 structure and function in Arabidopsis thaliana 
was recently published. The composition of the AP2 complex, previously inferred 
from sequence analysis, was confirmed by biochemical data and is composed of 
one α (among two isoforms), one β (among two isoforms), one µ and one σ 
subunits (Rubbo et al. 2013, Yamaoka et al. 2013). Loss of function of the gene 
encoding the µ2 subunit leads to defects in endocytosis of FM4-64 and PIN 
proteins (Kim et al. 2013, Yamaoka et al. 2013). Knock-down of subunit α1 by 
siRNA or by over-expression of a dominant negative form impaired BRI1 
endocytosis (Rubbo et al. 2013). 

 PIN proteins are polarly localized at the plasma membrane, thanks to 
mechanisms involving endocytosis at the boundaries of the polar domain (Kleine-
Vehn et al. 2011). A YXXΦ motif is conserved in all Arabidopsis thaliana PIN 
proteins. Mutation of this motif increases localization of PIN2 outside the polar 
domain, indicating that it might be involved in endocytosis of PIN2 (Kleine-Vehn 
2011). In agreement with this, tyrphostin A23—a drug that blocks clathrin-
mediated endocytosis by binding AP2 at the same site as the tyrosine of the YXXΦ 
motif (Robinson et al. 2008)—blocks endocytosis of PIN1 and PIN2 (Dhonukshe et 
al. 2007, Robert et al. 2010). Tyrphostin A23 also perturbs endocytosis of H+ 
plasma membrane ATPase (Dhonukshe et al. 2007), LOW TEMPERATURE-
INDUCIBLE PROTEIN 6B (LTI6B) (Dhonukshe et al. 2007), the water channel 
PLASMA MEMBRANE INTRINSIC PROTEIN2 (PIP2) (Dhonukshe et al. 2007), the iron 
transporter IRT1 (Barberon et al. 2011), ligand-bounded BRI1 (Irani et al. 2012) and 
activated FLS2 (Beck et al. 2012), suggesting or confirming that these proteins are 
cargoes for clathrin-mediated endocytosis. 



 

Figure 5: schematic representation of clathrin-mediated endocytosis in plants. Step 1 : a plasma 
membrane (PM) protein bearing an endocytic motif (represented as Y) is recognized by the adaptor 
protein complex 2 (AP2). AP2 recruits clathrin triskelions, which stabilize the budding of the PM to form 
a clathrin-coated pit (CCP). Step 2 : dynamin related proteins 1A and 2B polymerize at the neck of the 
CCP to drive scission of the CCP and lead to the formation of a clathrin-coated vesicle (CCV). Step 3 : 
the CCV is uncoated and fuses with the trans-Golgi network (TGN, which is functionally the early 
endosome). 
 

 

Figure 6: the RAB GTPase activity cycle. RAB GTPases cycle between GTP-bound active and GDP-
bound inactive states. Activation occurs through GDP/GTP exchange, a process catalyzed by a guanine 
nucleotide exchange factor (GEF), while inactivation occurs through hydrolysis of GTP to form GDP, a 
process catalyzed by a GTPase activating protein (GAP). 
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 BOR1, a boron transporter, contains three YXXΦ motifs. Under high boron 
conditions, BOR1 is internalized before being degraded in the vacuole. While 
mutation of the first motif does not produce a visible effect, mutation of at least 
one of the two other motifs impairs BOR1 vacuolar trafficking in response to high 
boron concentrations and stabilizes BOR1 at the plasma membrane (Takano et al. 
2010). LeEIX2 is a transmembrane protein that recognizes the fungal protein 
ethylene-inducing xylanase (EIX) and signals to induce defense responses. LeEIX2 
contains a YXXΦ motif in its cytoplasmic tail and mutation of this motif abolishes 
ligand-induced endocytosis of LeEIX2 (Bar and Avni 2009). 

2.2.3. Dynamin-related proteins 

Arabidopsis thaliana dynamin-related proteins (DRP) are GTPases, homologs of 
animal dynamins. Based on protein sequence identity, 6 families of DRP are 
identified. While DRP3 to DRP6 families are involved in mitochondrial, chloroplast 
and peroxisome fission/biogenesis, DRP1 and DRP2 families are involved in 
endocytosis. DRP polymerize at the neck of clathrin-coated pits to allow vesicle 
detachment from the plasma membrane through hydrolysis of GTP (Bednarek and 
Backues 2010, Fujimoto and Ueda 2012). 

 Loss of function of proteins of the DRP1 family leads to defective cell 
expansion and plasma membrane abnormalities (Bednarek and Backues 2010). 
Notably, DRP1A loss-of-function leads to defects in cell expansion, abnormal cell 
wall and plasma membrane morphology and reduced internalization of FM4-64, 
consistent with impaired endocytosis (Collings et al. 2008). DRP2B and DRP1A 
proteins colocalize at the plasma membrane in dynamic spots and each protein 
also colocalizes with clathrin light chain. DRP2B and DRP1A are recruited to the 
plasma membrane slightly after clathrin, in agreement with a role in clathrin-
coated vesicle detachment from the plasma membrane (see figure 5, Fujimoto et 
al. 2010). Tyrphostin A23 treatment perturbs the distribution and dynamics of 
different DRP1 proteins at the plasma membrane (Fujimoto et al. 2010, Konopka et 
al. 2008). DRP2A and DRP2B are the closest homologs of animal Dynamin1, the 
canonical dynamin involved in endocytosis. They are composed of a GTPase 
domain, a GTPase effector domain involved in dynamin polymer assembly. They 
also contain a pleckstrin-homology domain and a proline-rich domain involved in 
membrane lipid binding and protein-protein interaction, respectively. The 
pleckstrin-homology domain of DRP2B binds phosphatidylinositol (4,5)-
bisphosphate (PtdIns(4,5)P2) and PtdIns(4)P in vitro (Lam et al. 2002), which are 
phospholipids found at the plasma membrane (Kost et al. 1999, Vermeer et al. 
2009). By contrast, proteins of the DRP1A subfamily do not possess proline-rich 
nor pleckstrin-homology domains, but show higher GTPase domain sequence 
identity with Dynamin1 than DRP2 proteins (Bednarek and Backues 2010). Based 
on these results, it believed that DRP1A and DRP2B function together to mediate 
endocytosis at the plasma membrane, with each protein fulfilling a different 
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function of animal dynamin : membrane targeting by DRP2B and catalytic activity 
by DRP1A (Fujimoto et al. 2010). Consistent with this, DRP2B has a low GTPase 
activity compared to DRP1A (Yan et al. 2011). 

2.2.4. Rab GTPases 

RAB GTPases constitute a conserved proteins family composed of 57 members in 
Arabidopsis thaliana. This family is divided into 8 classes, from RAB-A to RAB-H 
(Wollard and Moore 2008). RAB GTPases specify membrane identity and regulate 
docking and fusion of vesicles with target membranes by cycling between active 
and inactive states, depending on the nucleotide that is bound by the RAB 
(figure 6). When bound to GDP, the RAB is inactive. Exchange of GDP for GTP, 
catalyzed by a GEF, activates the RAB. Hydrolysis of GTP to form GDP, catalyzed 
by a GTPase-activating protein (GAP), returns the RAB to the inactive state (Nielsen 
et al. 2008). Dominant-negative and dominant-positive variants of RAB GTPases 
(locked in GDP-bound and GTP-bound states, respectively) are instrumental in the 
study of their roles.  

 The RAB-F class, homolog to the animal RAB5, contains three proteins : RAB-
F1/ARA6, RAB-F2a/RHA1 and RAB-F2b/ARA7. All proteins localize to the 
multivesicular bodies (Haas et al. 2007, Kotzer et al. 2004, Lee et al. 2004), although 
they show partially overlapping distribution (Ueda et al. 2004). This may reflect 
different populations of multivesicular bodies depending on their maturing state. 
ARA6 is plant-specific and mediates trafficking from multivesicular bodies to the 
plasma membrane (Ebine et al. 2011), while conventional ARA7 and RHA1 are 
involved in trafficking to the vacuole. ARA7S24N and RHA1S24N (in which serine 24 
was replaced with asparagine) is putatively locked in the GDP-bound form and 
thus has a dominant-negative effect by trapping the GEF and making it unavailable 
to activate endogenous proteins. Over-expression of ARA7S24N or RHA1S24N 
redirects vacuolar proteins to the secretion pathway (Kotzer et al. 2004, Sohn et al. 
2003). ARA7S24N also perturbed endocytosis of FM4-64 and several plasma 
membrane proteins (Dhonukshe et al. 2006, Dhonukshe et al. 2008), suggesting 
that ARA7 also regulates endocytosis. 

2.2.1. Ubiquitin in endocytosis regulation 

Ubiquitin moieties attached to plasma membrane proteins can serve as a signal for 
their endocytosis and subsequent sorting into intraluminal vesicles for degradation 
(Sorkin and von Zastrow 2009). In animals, active EGFR signals through Grb2, 
which binds to phospho-tyrosine residues of EGFR and recruits c-Cbl, an E3 
ubiquitin ligase that ubiquitinates EGFR (Jiang et al. 2003). EGFR then binds 
ubiquitin-interacting motifs of Epsin1, an adaptor protein interacting with AP2, 
clathrin and phospholipids. RNAi-mediated knockdown of Epsin1 perturbs EGFR 
endocytosis, suggesting a link between ubiquitination of EGFR and endocytosis 
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(Kazazic et al. 2009). However, mutation of the ubiquinated residues of EGFR 
results in impaired ubiquitination and endosomal sorting but leaves internalization 
rates unaffected (Huang et al. 2007). Attachment of ubiquitin on ubiquitin itself 
generates poly-ubiquitin chains. Lysine 48-linked chains preferentially serve as 
signals for proteasome degradation (Komander and Rape 2012), while lysine 63-
linked chains are recognized by the signaling and endocytic machineries (Haglund 
and Dikic 2012). Recent proteomic studies demonstrate that EGFR is ubiquitinated 
by one or two short (two to three ubiquitins) lysine 63-linked chains or mono-
ubiquitinated at a single lysine (Huang et al. 2013). In the same study, it is 
demonstrated that removal of poly-ubiquitin chains by fusion of EGFR with the 
de-ubiquitinating enzyme AMSH decreases ligand-induced endosomal sorting and 
degradation. Moreover, the presence of c-Cbl in endosomes suggests that 
ubiquitination of active EGFR continues in endosomes (Umebayashi et al. 2008). 
Together, these data show that ubiquitination is not crucial for endocytosis but 
only participates in the redundant molecular network established during clathrin-
coated vesicle formation. Instead, sustained ubiquitination of active EGFR in 
endosomes is necessary for routing to the degradation pathway. 

 The ubiquitination of several plant plasma membrane proteins, including 
PIN proteins (Abas et al. 2006), BOR1 (Kasai et al. 2011), IRT1 (Barberon et al. 2011) 
and FLS2 (Lu et al. 2011) plays a role in their endocytic trafficking. IRT1 cycles 
between the plasma membrane and the trans-Golgi network, where it accumulates 
at steady state, and part of endocytosed IRT1 is routed to the vacuole in a 
constitutive manner. IRT1 is mono-ubiquitinated in vivo at several residues, and 
mutation of these residues stabilizes IRT1 at the plasma membrane and leads to 
plant lethality. This indicates that mono-ubiquitination regulates trafficking of 
IRT1 and keeps plasma membrane levels of IRT1 low, preventing excess and toxic 
uptake of iron (Barberon et al. 2011).  

 The boron transporter BOR1 is ubiquitinated and degraded in the vacuole in 
high boron conditions to avoid toxic accumulation of boron in plants. Mutation 
of lysine 590 of BOR1 into alanine (BOR1K590A) abolishes high boron-induced 
ubiquitination and degradation but not endocytosis of the transporter. Apparently, 
trafficking of BOR1K590A from the trans-Golgi network to the multivesicular bodies 
is impaired. Indeed, BFA treatment results in accumulation of BOR1K590A-GFP 

(green fluorescent protein) in BFA bodies, indicating that endocytosis of BOR1K590A-
GFP is not affected. On the other hand, wortmannin treatment did not result in 
accumulation of BOR1K590A-GFP into wortmannin-induced enlarged multivesicular 
bodies, contrary to wild-type BOR1-GFP which, indicating that trafficking of 

BOR1K590A-GFP to multivesicular bodies is impaired (Kasai et al. 2011). These data 
demonstrate that ubiquitination of BOR1 at lysine 590 is not required for 
endocytosis but is important for endosomal sorting and degradation. 

 FLS2 activation triggers within seconds BAK1-dependent recruitment and 
phosphorylation of PUB12 and PUB13, two E3 ubiquitin ligases that ubiquitinate 
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FLS2. In PUB12 and PUB13 loss-of-function mutants, ligand-induced degradation 
of FLS2 is reduced, supporting a role of ubiquitination in FLS2 endocytic sorting 
towards a vacuolar pathway (Lu et al. 2011). 

 In conclusion, ubiquitination of endocytosed proteins in plants plays a role 
in endocytic events at the plasma membrane and during subsequent sorting of the 
internalized proteins to target them to the vacuole. 

2.2.2. Clathrin-independent endocytosis in plants 

Although many different types of clathrin-independent endocytosis, were 
described in animals (Doherty and McMahon 2009), clathrin-independent is only 
starting to be characterized in plants, and the machinery involved is still unknown. 

 Growing pollen tubes treated with ikarugamycin, a drug that specifically 
affects clathrin-mediated endocytosis (table 2) show a 80 % reduction in 
endocytosed FM4-64, thereby suggesting that if inhibition is complete, the 
remaining 20 % of endocytosis follow a clathrin-independent route (Moscatelli et 
al. 2007). Using positively or negatively charged nanometric gold beads, the same 
authors identify different trafficking pathways. Positively charged gold is 
endocytosed and either recycled in the secretory pathway through the Golgi 
apparatus or enter the degradation pathway as attested by labeling of the vacuole. 
Negatively charged gold mostly enters the degradation pathway. Ikarugamycin 
greatly reduces Golgi apparatus labeling by positively charged gold and vacuole 
labeling by negatively charged gold, indicating that these trafficking routes depend 
on clathrin-dependent endocytosis. It is interesting to not that ikarugamycin does 
not affect accumulation of positively charged gold in the vacuole, indicating that 
clathrin-independent endocytosis may be at work in pollen tubes to direct 
negatively charged plasma membrane regions (which presumably bind positive 
gold) to the degradation pathway (Moscatelli et al. 2007, Onelli et al. 2008). 

 Fluid-phase endocytosis is the endocytosis of solutes captured in endocytic 
vesicles (Doherty and McMahon 2009). 2-NBDG, a fluorescent derivative of 
sucrose is endocytosed through fluid-phase endocytosis and colocalizes with the 
trans-Golgi network marker SYP61 in tobacco protoplasts (Bandmann and 
Homann 2012). Ikarugamycin treatment or clathrin-hub over-expression did not 
prevent 2-NBDG internalization, indicating that fluid-phase endocytosis of glucose 
is clathrin-independent (Bandmann and Homann 2012), as similarly occurs in 
animal cells for various metabolites (Doherty and McMahon 2009). The fact that 
2-NBDG localizes to the trans-Golgi network after internalization also suggests that 
clathrin-mediated and clathrin-independent-endocytosis share the same 
intracellular route, at least during the initial steps of endocytic trafficking. 

 In animal cells, caveolae are flask-shaped invaginations of the plasma 
membrane devoid of any obvious coat and participate in several aspects of 
membrane function, including mechanosensing, membrane organization and 
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endocytosis (Parton and del Pozo 2013). Cargos endocytosed through caveolae 
include glycosylphosphatidylinositol (GPI)-linked proteins, cholera toxin and 
simian virus 40 (Parton and Simons 2007). The main proteins of caveolae are 
caveolins, which oligomerize to form caveolae, are palmitoylated at the C-
terminus, have a putative hairpin transmembrane segment and bind cholesterol 
(Parton and Simons 2007). Cells devoid of caveolins are also devoid of caveolae, 
and over-expression of caveolins induces formation of caveolae, indicating that 
caveolins are a necessary component of caveolae (Doherty and McMahon 2009). 
Cavins are other proteins necessary for caveolae function, perhaps by stabilizing 
caveolin oligomers (Parton and del Pozo 2013). Caveolae have a specific lipid 
composition, being enriched in cholesterol and sphingolipids in comparison to the 
whole plasma membrane, so that caveolae can be seen as lipid rafts with a specific 
morphology and stabilized by caveolins (Parton and Simons 2007). Other proteins 
present in lipid rafts, called flotillins, are palmitoylated and may form a hairpin 
structure similar to caveolins but they oligomerize in plasma membrane regions 
distinct from caveolae (Doherty and McMahon 2009). Flotillins are involved in 
endocytosis of some GPI-linked proteins, cholera toxin and proteoglycans 
(Doherty and McMahon 2009). 

 Genes encoding caveolins are absent from plant genomes (Šamaj et al. 2004) 
but the involvement of flotillins in endocytosis was recently investigated in 
Arabidopsis thaliana (Li et al. 2012). GFP-FLOTILLIN1 is present in intracellular spots 
that colocalize with FM4-64, and at the plasma membrane in discrete and dynamic 
spots distinct from clathrin light chain-mOrange labeling. The diffusion 
coefficient of GFP-FLOTILLIN1 and clathrin light chain-mOrange spots was 
quantified in the presence of tyrphostin A23 and methyl-β-cyclodextrin, a 
cholesterol depleting agent. Tyrphostin A23 treatment little perturbs the dynamics 
of GFP-FLOTILLIN1 spots, contrary to clathrin light chain-mOrange spots. 
Moreover, methyl-β-cyclodextrin significantly decreases the diffusion coefficient 
of GFP-FLOTILLIN1 spots by 100 fold while it little affects clathrin light chain-
mOrange spots, in line with GFP-FLOTILLIN1 being involved in an endocytic 
pathway independent of clathrin and dependent on sterols. However, cargos of 
flotillin-dependent endocytosis remain to be identified. 
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2.3. Relationships between endocytosis and receptor 
signaling 

2.3.1. Endocytosis attenuates signaling from the plasma 
membrane 

Historically, endocytosis was first demonstrated to downregulate RTK. EGFR is 
internalized and degraded in lysosomes after EGF binding (Stoscheck and 
Carpenter 1984, Beguinot et al. 1984). In addition, a mutant EGFR with a truncated 
C-terminal tail (which contains endocytic motifs) fails to be internalized and 
shows enhanced EGF-induced responses (Wells et al. 1990). These early studies 
indicated that endocytosis and degradation of activated receptors serve the 
purpose of preventing excess receptor signaling. In line with this model, a low 
dose of EGF preferentially directs EGFR towards clathrin-mediated endocytosis 
and recycling, while a high dose of EGF directs EGFR towards an additional 
clathrin-independent endocytic pathway which leads to receptor degradation 
(Sigismund et al. 2008). 

 EGFR signaling involves PtdIns(4,5)P2 hydrolysis by phospholipase Cγ 
(PLCγ) and phosphorylation of PtdIns(4,5)P2 into PtdIns(3,4,5)P3 by PI 3-kinases. 
While activated EGFR are endocytosed, PtdIns(4,5)P2 remain at the plasma 
membrane. Moreover, PtdIns(3,4,5)P3 are also absent from endosomes 
containing activated EGFR, indicating that PI 3-kinase-mediated signaling happens 
only at the plasma membrane. These data indicate that EGFR signaling through 
PLCγ is downregulated by endocytosis because the substrate of this pathway, 
PtdIns(4,5)P2, is absent from endosomes (Haugh and Meyer 2002). 

 FLS2T876V, which is mutated at a putatively phosphorylated residue of the 
juxtamembrane segment, has abolished signaling and ligand-induced endocytosis 
(Robatzek et al. 2006). In the same way, wortmannin treatment impairs ligand-
induced endocytosis of FLS2 (Robatzek et al. 2006) and reduces MAPK activation 
upon ligand stimulation (Chinchilla et al. 2007), drawing a link between 
endocytosis and signaling. In a screen to identify small molecules that affect 
pathogen-induced responses, cantharidin was identified as a perturbator of FLS2 
trafficking and signaling (Serrano et al. 2007). Cantharidin treatment diminishes 
ligand-induced FLS2 endocytosis and increases persistence of reactive oxygen 
species, which are produced early during FLS2 signaling. Interestingly, cantharidin 
is an inhibitor of type 2A phosphatases such as KINASE-ASSOCIATED PROTEIN 

PHOSPHATASE (KAPP), which interacts with the activated kinase domain of several 
PRK, including FLS2 (Gomez-Gomez et al. 2001). Moreover, KAPP over-expression 
enhances endocytosis of SERK1, suggesting that KAPP positively regulates 
endocytosis of SERK1 (Shah et al. 2002). It is possible that cantharidin, through 
inhibition of the phosphatase activity of KAPP, perturbs the phosphorylation and 
activation status of FLS2—thereby impairing its endocytosis. In conclusion, the 
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persistence of activated FLS2 at the plasma membrane could be responsible for the 
increased reactive oxygen species production following catharidin treatment, 
indicating that endocytosis of FLS2 contributes to signal termination at the plasma 
membrane (figure 7, arrow 1). 

2.3.2.  Endocytosis enables sustained signaling in 
endosomes 

The first clue of endosomal signaling came from subcellular fractionation 
approaches demonstrating that phosphorylated EGFR is present in endosomes 
along with constituents of EGFR signaling pathway (Guglielmo et al. 1994). Many 
studies then investigated the effect of perturbation of endocytic trafficking on 
receptor signaling. In a seminal article, interference with endocytosis by using a 
GTPase-defective dominant-negative mutant of Dynamin in which  lysine 44 was 
replaced with alanine (DynK44A) was used to study EGFR signaling in HeLa cells 
(Vieira et al. 1996). Over-expression of DynK44A results in suppression MAPK 
signaling. In contrast, other proteins participating in EGFR signaling are hyper-
activated in cells over-expressing DynK44A. In conclusion, Dynamin-dependent 
endocytosis of EGFR is required for the full extent of signaling and controls 
specific signaling pathways (Vieira et al. 1996). In another study, siRNA-mediated 
knockdown of clathrin heavy chain, of the α or μ subunit of the AP2 complex 
were used in HeLa cells (Sigismund et al. 2008). The authors demonstrate that not 
the peak but rather the decay phase of EGFR signaling through MAPK is 
diminished in clathrin heavy chain or AP2 knockdown cells, while the activation of 
another signaling pathway is not altered. This indicates that plasma membrane 
signaling is responsible for the peak of EGFR signaling and clathrin-mediated 
endocytosis allows sustained signaling from endosomes and recycling to the 
plasma membrane where additional rounds of signaling can be initiated 
(Sigismund et al. 2008). 

 However, several studies provided evidence in conflict with the results 
discussed above (Galperin and Sorkin 2008, Johannessen et al. 2000). It is not easy 
to reconcile the conflicting evidence regarding EGFR endosomal signaling, but 
experimental conditions, in particular the concentration of EGF used to stimulate 
cells, the time of analysis and the cell types could influence the speed of EGFR 
recycling or degradation and help to explain these discrepancies. 

 As endosomes are motile compartments, the signals they convey can reach 
considerable distances. For example, the neurotrophins receptors Trk bind their 
ligand in the axon terminus and then move towards the cell body to elicit nuclear 
responses, a transport that requires microtubules (Watson et al. 1999) and the 
molecular motor complex dynein (Wu et al. 2007). In support of this model, Trk-
ligand complexes along with activated proteins of the MAPK signaling pathway are 
found in clathrin-coated vesicles following ligand treatment (Howe et al. 2001). 
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 In Arabidopsis thaliana, BRI1 is localized at the plasma membrane, at the trans-
Golgi network and at multivesicular bodies, based on colocalization with FM4-64, 
VHAa1 and SNX1 (Jaillais et al. 2008, Geldner et al. 2007) and on electron 
microscopy experiments (Viotti et al. 2010). This distribution is constitutive, since 
it is independent of the presence of the ligand (Geldner et al. 2007). It must be 
noted that part of this localization could represent BRI1 biosynthesis and 
secretion, so the trafficking of putatively ligand-bound and active BRI1 was studied 
using a fluorescent ligand, AFCS (Irani et al. 2012). BRI1 and AFCS colocalize at 
trans-Golgi networks and multivesicular bodies. AFCS is finally found at the 
vacuole, in agreement with previous studies (Geldner et al. 2007, Viotti et al. 2010). 
AFCS and BRI1 endocytosis are impaired following tyrphostin A23 treatment, 
clathrin-hub over-expression or ARA7S24N over-expression (Irani et al. 2012). The 
same treatments result in dephosphorylation of BES1, a readout of BRI1 signaling, 
indicating that BRI1 signaling occurs at the plasma membrane (Irani et al. 2012). 
BRI1 was also proposed to signal from endosomes (Geldner et al. 2007). Indeed, 
BFA treatment aggregates BRI1 into BFA-bodies and also increases the endosomal 
pool of BRI1 while it decreases the plasma membrane pool. BRI1 signaling appears 
to be triggered by BFA treatment alone, since BES1 is then dephosphorylated and 
DWF4 expression levels are decreased, two markers of BRI1 signaling (Geldner et 
al. 2007). 

 However, Irani et al. (2012) argued that BFA may perturb endocytosis and 
increase the pool of active BRI1 at the plasma membrane, since the target of BFA, 
GNOM, and the functionally redundant and BFA-insensitive GNOM-LIKE1 (GNL1) 
play a role in endocytosis (Teh and Moore 2007, Naramoto et al. 2010). Irani et al. 
(2012) report that GNL1 loss of function results in less frequent BRI1-positive 
endosomes, and additional BFA treatment shows BFA-bodies with reduced BRI1-
GFP fluorescence compared to the wild-type—this is consistent with reduced 
internalization of BRI1 (Irani et al. 2012). In addition, GNL1 loss of function plus 
BFA treatment, as well as tyrphostin A23 treatment, results in increased sensitivity 
of BRI1 to ligand addition, confirming plasma membrane signaling of BRI1 (Irani et 
al. 2012). Finally, concanamycin A treatment retains BRI1-AFCS complexes in the 
trans-Golgi network, but this does not result in increased BRI1 signaling (Irani et al. 
2012).  

 The localization of BRI1 signaling partners is also informative. BAK1 
colocalizes with BRI1 at the plasma membrane and in endosomes (Bücherl et al. 
2013, Russinova et al. 2004), and colocalization is enhanced in both compartments 
upon ligand application (Bücherl et al. 2013). FRET-FLIM (Bücherl et al. 2013, 
Russinova et al. 2004), biochemical (Wang et al. 2005b) and quantitative analysis of 
fluorescence from BRI1-fluorescent protein fusions (Hink et al. 2008, see part 
1.4.1) indicate that BRI1 and BAK1 form oligomers at both the plasma membrane 
and in endosomes in absence of ligand, and that ligand application stabilizes these 
oligomers. Nevertheless, BSK kinases, which are phosphorylated by activated BRI1, 
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are localized to the plasma membrane where they interact with BRI1 (Tang et al. 
2008). BSK kinases then interact with the phosphatase BSU1, which 
dephosphorylates the BIN2 kinase. BIN2 is localized at the plasma membrane, 
cytosol and nucleus and is involved in inactivation of brassinosteroid-regulated 
transcription factor (Vert and Chory 2006). Brassinosteroid signaling could benefit 
from the presence of activated BRI1 in motile endosomes for two reasons: firstly, 
it would inform the whole cell and prevent BIN2 dephosphorylation and 
reactivation, which would terminate signaling; secondly, it would effectively 
transmit signaling to the chromatin by directing endosomes to the nucleus 
through cytoskeleton-based motility, since the sole diffusion of signaling 
molecules to the nucleus is not efficient (Howe 2005). Taken together, these data 
are consistent with a model in which BRI1 primarily signals from the plasma 
membrane before being internalized in endosomes where sustained signaling 
could occur (figure 7, arrow 2). 

2.3.3. Specific signaling from endosomes 

In the budding yeast, the pheromone receptor Ste2 traffics to endosomes where it 
activates signaling molecules that are specific to this compartment. Ste2 is a G 
protein-coupled receptor (GPCR) that associates with a trimeric G protein 
composed of α, β and γ subunits. Ste2 activation results in activation of the G 
protein, dissociation of Gα from the Gβ-Gγ dimer, Gβ-Gγ-mediated MAPK 
signaling at the plasma membrane and endocytosis of Gα. In endosomes, 
activated Gα stimulates production of PtdIns(3)P by the PI 3-kinase, resulting in 
recruitment of the PtdIns(3)P-binding protein Bem1 to the endosome, which is 
thought to propagate downstream signaling (Slessareva et al. 2006). 

 Signaling by the G-protein coupled receptor Regulation of G-protein 
Signaling 1 (RGS1) in Arabidopsis thaliana provides an example for the requirement 
of endocytosis in signaling, but in an indirect way. Indeed, Arabidopsis thaliana Gα 
protein auto-activates because it exchanges GDP for GTP much faster than it 
hydrolyzes GTP. Gα is kept inactive by binding to RGS1, which stimulates the 
GTPase activity of Gα. Upon ligand binding, RGS1 is endocytosed, which releases 
the downregulation of Gα by RGS1 and allows Gα signaling (Urano et al. 2012). 

 A localization-specific signaling is seen with regulation of neuron survival 
by Trk signaling. A specific signaling pathway is elicited by retrograde endosomes 
carrying activated Trk. Indeed, Trk activation at the axon terminus promotes 
neuron survival through an ERK5-dependent signaling pathway, while Trk 
activation in the cell body activates both ERK1/2 and ERK5 signaling pathway but 
does not promote neuron survival (Murphy et al. 2009, see references therein). 

 In Arabidopsis thaliana, LeEIX2 is endocytosed upon ligand stimulation and 
subsequently colocalizes with the PtdIns(3)P-containing endosomes (Bar and 
Avni 2009). Inhibition of the PI 3-kinase with wortmannin or LY294002 results in 
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abolished endocytosis of LeEIX2 (Bar and Avni 2009) and reduced LeEIX2-
mediated cellular response (Sharfman et al. 2011). LeEIX2 contains a YXXΦ motif 
in its intracellular region, and mutation of this motif abolished both LeEIX2 
endocytosis (Bar and Avni 2009) and LeEIX2-mediated cellular response (Ron and 
Avni 2004). Together these data indicate that LeEIX2 cannot signal from the 
plasma membrane and must be internalized in endosomes to do so, where it may 
meet signaling partners that are absent from the plasma membrane (figure 7, 
arrow 4). 

 As previously discussed, wortmannin treatment impairs ligand-induced 
endocytosis of FLS2 (Robatzek et al. 2006) and reduced downstream MAPK 
activation but not the immediate reactive oxygen species production (Chinchilla et 
al. 2007). Although wortmannin has broad effects on cellular physiology and does 
not inhibit endocytosis only, it is tempting to speculate that specific signaling 
pathways might be activated depending on the subcellular localization of FLS2, i.e. 
reactive oxygen species production at the plasma membrane and MAPK activation 
from endosomal compartments (figure 7). 

2.3.4. Endosomal sorting regulates signaling 

Sorting of activated receptors in intraluminal vesicles of multivesicular bodies 
isolates the receptor from cytosolic signaling partners and routes receptors for 
degradation (Sorkin and von Zastrow 2009). Ubiquitination of receptor induces 
their sorting into intraluminal vesicles through the ESCRT complex, which 
recognizes ubiquitin moieties on the receptor and induce inward budding of the 
endosomal membrane to form intraluminal vesicles (see parts 2.1 and 2.2.1). 

 Early studies demonstrated that EGFR interacts with the ESCRT-0 
component Hrs (Sigismund et al. 2005) and that loss of function of Hrs results in 
perturbed multivesicular body formation, leading to increased EGFR signaling and 
perturbed development (Lloyd et al. 2002). In Hela cells, siRNA knock-down of 
Tsg101 from ESCRT-I and hVps24 from ESCRT-III both impair EGFR degradation 
and transport to lysosomes, but only Tsg101 knockdown results in sustained 
EGFR signaling (Bache et al. 2006), indicating that EGFR down-regulation in 
endosomes happens before ESCRT-III activity and likely before degradation. As 
stated in part 2.2.1, endosomal sorting and degradation of activated EGFR requires 
poly-ubiquitination through lysine 63-linked chains both at the plasma membrane 
and in endosomes. The role of EGFR ubiquitination in signaling was investigated 
by expression of a fusion between EGFR and AMSH, a de-ubiquitinating enzyme 
specific for lysine 63 linkages (Huang et al. 2013). EGFR-AMSH is less poly-
ubiquitinated, displays a delayed lysosomal targeting and degradation, which 
results in sustained activation. However, it should be noted that different 
concentrations of ligand are used to quantify each of these parameters. Since 
different ligand concentrations trigger different endocytic trafficking rates and 
activate different trafficking pathways, it is unclear whether sustained signaling 



 

 

 

Figure 7: relationships between trafficking and signaling of plant receptors. The plasma membrane 
(PM) is shown in light blue, the early endosome/trans-Golgi network (EE/TGN) is shown in yellow, the 
late endosome/multivesicular body (LE/MVB) is shown in orange and the vacuole is shown in red. The 
trafficking (black arrows) and signaling (short red lines) of the plant receptor kinases FLS2 (purple), CLV1 
(green), BRI1 (brown) and the receptor-like protein LeEIX2 (blue) are represented in a schematic plant 
cell. Since LeEIX2 is devoid of a kinase domain, it may signal by association with signaling partners (gray 
discs). Endocytosis can be a way to stop signaling at the PM (ROS = reactive oxygen species production) 
(arrow 1), and may be followed by an endosomal-specific signaling (MAPK = mitogen activated protein 
kinases signaling). Signaling at the PM may be followed by endocytosis and sustained signaling in 
endosomes (arrow 2). Signaling by LeEIX2 requires internalization into endosomes, where it could meet 
signaling partners that are absent from the plasma membrane (arrow 3). Finally, endocytosis of active 
receptors can be followed by sorting to LE/MVB for degradation in the vacuole (arrow 4). 
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following perturbed endosomal sorting comes from EGFR localized in endosomes 
or in other compartments. 

 Evidence for a role of ubiquitin-mediated endosomal sorting in PRK signal 
termination comes from studies on FLS2. FLS2 recycles between endosomes and 
the plasma membrane in absence of ligand (Beck et al. 2012, Robatzek et al. 2006), 
but ligand binding triggers transient accumulation of FLS2 in multivesicular bodies 
(Beck et al. 2012) and prolonged ligand stimulation induces disappearance of FLS2-
GFP (Robatzek et al. 2006), thereby suggesting that endocytosis of activated FLS2 
leads to sorting for degradation. A PEST-like motif, putatively involved in 
ubiquitin-triggered endocytosis, is present in the C-terminal segment of FLS2 and 
mutation of this motif impairs ligand-induced endocytosis of FLS2 (Robatzek et al. 
2006). Moreover, FLS2 is ubiquitinated by the PUB12 and PUB13 ubiquitin ligases 
(Lu et al. 2011). In PUB12 and PUB13 loss-of-function mutants, ligand-induced 
degradation of FLS2 is reduced while FLS2-mediated cellular responses are 
enhanced. However, mutation of the PEST-like motif does not affect 
ubiquitination of FLS2 by PUB12 and PUB13, suggesting that ubiquitination is 
uncoupled from endocytosis (Lu et al. 2011). Altogether, these data are in line with 
ubiquitin-mediated degradation of FLS2 in the vacuole after activation as a means 
to terminate signaling (figure 7, arrow 4). 

 There is some evidence of CLV1 endosomal sorting. CLV1 is detected in the 
vacuole in a CLV3 (ligand) wild-type background but is seen at the plasma 
membrane in a CLV3 null mutant background, indicating that ligand binding 
induces receptor endocytic sorting for degradation (Nimchuk et al. 2011) 
(figure 7, arrow 4). According to these authors, down-regulation of CLV1 by CLV3 
could explain the buffering of CLV1 signaling, since a similar phenotype is 
observed over a 10-fold range of CLV3 expression levels (Müller et al. 2006). 

2.3.5. Proposed roles of endosomal signaling 

Signaling from endosomes takes advantage of several properties that distinguish 
them from the plasma membrane. These properties include, among others, a 
closed space that enables a sustained ligand-receptor interaction (by “trapping” 
the ligand), the motility of endosomes that spreads signals to remote parts of the 
cell and the presence of specific molecules that recruit signaling effectors (Sorkin 
and von Zastrow 2009). 

 In plants, although such considerations can apply, it has also been affirmed 
that endosomal signaling could be a necessary adaptation for two reasons 
(Geldner and Robatzek 2008). Firstly, endosomal signaling occurrences are sparse 
in unicellular organisms, and the apparition of multicellularity was accompanied 
by a large increase in the PRK/plasma membrane surface ratio (1 in Chlamydomonas 
to 102 in Arabidopsis). Thus, endosomal signaling could be a means to increase the 
membrane surface that is available for PRK signaling. Secondly, the increase in 
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cytoplasm volume in multicellular organisms could make diffusion-based 
propagation of signaling insufficient to inform the whole cell. Since endosomes 
are generally motile compartments, endosomal signaling could spread the signals 
sent by active receptors.  
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3. Self-incompatibility in the Brassicaceae 
In flowering plants, including Arabidopsis thaliana, the reproductive organ is the 
flower. Arabidopsis thaliana is a hermaphrodite, meaning that it bears flowers with 
both male (stamens) and female (gynœcium) organs (figure 8). Pollen grains carry 
the male gametes. Pollen grains are emitted when anthers (the structures that 
produce pollen and located at the tip of stamens) open, a stage of development 
called anthesis and which approximately corresponds to the time of opening of 
the flower bud. Pollen grains are then brought to the stigma, located at the 
extremity of the gynœcium (the female organ), and make contact with stigmatic 
epidermal cells called papillae. When this contact occurs, the pollen grain can emit 
a pollen tube that will make its path down the gynœcium to reach an ovule, which 
contains the female gametes. Once the pollen tube reaches an ovule, male gametes 
are released and they fertilize the female gametes, ultimately generating a seed. 

 In self-incompatible species, the pollen undergoes a genetic check-up called 
self-incompatibility before it is permitted to emit a pollen tube. Self-
incompatibility is a genetic barrier by which a plant recognizes and rejects its own 
pollen while allowing pollen from more distantly related individuals to germinate. 
It is present in around half of all flowering plant species distributed in dozens of 
plant families including Rosaceae, Papaveraceae, Solanaceae and Brassicaceae and 
displays different mechanisms of activation depending on the family (Gaude et al. 
2006). In the Brassicacea, it is controlled by a highly polymorphic locus called the S-
locus, which contains the male and female determinants of self-incompatibility. 
There are more than 90 locus variants called haplotypes described in Brassica. The 
female determinant is S-LOCUS RECEPTOR KINASE (SRK), a PRK expressed in the 
stigma. The male determinant is S-LOCUS CYSTEINE-RICH (SCR)/S-LOCUS 

PROTEIN11 (SP11) and is present at the pollen surface. During pollination, SCR is 
transported to the papillae plasma membrane. If SRK and SCR are from the same 
haplotype of the S-locus, their interaction triggers activation of SRK and a 
downstream signaling pathway leading to self-pollen rejection. If SRK and SCR are 
from different haplotypes, SRK is not activated and pollen germination can follow, 
resulting in the fertilization of the ovules (figure 9) (Ivanov et al. 2010). 

4. SRK endosomal localization in Brassica oleracea 
SRK subcellular localization was investigated in Brassica oleracea S3 (haplotype 3 of 
the S-locus) stigmatic papillae using anti-SRK3 antibodies (Ivanov and Gaude 
2009). It revealed a striking picture—most of SRK is localized in endosomes and 
to a lesser extent at the plasma membrane. Although ligand stimulation increases 
SRK turnover, this subcellular distribution is constitutive, since it remains 
unchanged by the presence or absence of the ligand. Although several PRK and 
other receptors can be present in endosomal compartments in a constitutive 
(BRI1) or ligand-dependent manner (FLS2, LeEIX2), plasma membrane localization 
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is usually predominant—this makes SRK localization unique. In addition, the anti- 

SRK3 antibody used by Ivanov and Gaude can activate SRK and thus substitute for 
a ligand. This antibody binds SRK3 at the plasma membrane and is then 
endocytosed and colocalizes with SRK3 in endosomes, raising the possibility that 
SRK remains active in endosomes. It was also shown that SRK colocalizes in 
endosomes with THL1 (Ivanov and Gaude 2009), a negative regulator of self-
incompatibility (Cabrillac et al. 2001). Moreover, SRK3 is internalized and degraded 
after ligand engagement (Ivanov and Gaude 2009), indicating that endocytosis of 
SRK downregulates signaling by endosomal silencing through THL1 and 
subsequent degradation of SRK. However, such an enrichment of SRK in 
endosomal compartments raises the question of whether some endosomal 
populations can sustain SRK signaling. 

5. Arabidopsis thaliana as a model to study self-
incompatibility 

Our knowledge of how self-incompatibility works at the molecular level comes 
from biochemical and genetic studies on Brassica sp. (Ivanov et al. 2010). However, 
exploring the hypothesis of endosomal signaling of SRK requires cell biology and 
genetic tools that are far more developed in Arabidopsis thaliana (which belongs to 
the same botanical family as Brassica sp.) than in Brassica sp. Indeed, Arabidopsis 
thaliana transgenesis is easy (Logemann et al. 2006) and a wide collection markers 
of endosomal compartments (Geldner et al. 2009) and mutants (O’Malley and 
Ecker 2010) are also available. 

 Arabidopsis thaliana is a self-compatible species, and no evidence of self-
incompatibility in any of the hundreds of ecotypes collected from various 
geographical locations has been reported. Arabidopsis thaliana lost the ancestral 
self-incompatible phenotype due to null mutations in different genes required for 
self-incompatibility. For example, the Col-0 ecotype lost self-incompatibility 
through a change in a splice site that introduced a stop codon in the beginning of 
the sequence encoding SRK’s kinase domain, generating a truncated protein. 
Nevertheless, the promoter of Col-0 pseudo-SRK remains functional and drives 
spatio-temporal expression similar to what is reported for SRK in Brassica (Kusaba 
et al. 2001). In Col-0, there are three SCR pseudogenes that encode truncated ORF 
(Kusaba et al. 2001). It has been demonstrated that self-incompatibility can be re-
introduced in Arabidopsis thaliana by expression of functional SRK and SCR genes 
from a related and self-incompatible species called Arabidopsis lyrata, from which 
Arabidopsis thaliana diverged about five million years ago (Nasrallah et al. 2002). 

 Following the same approach as Nasrallah et al. (2002), we generated 
transgenic self-incompatible Arabidopsis thaliana by isolating SRK14 from 
Arabidopsis lyrata and expressing it in Arabidopsis thaliana (figure 10). We drive 
expression of SRK using two different promoters : the Col-0 pseudo-SRK promoter 



Figure 8: schematic representation of an Arabidopsis thaliana open flower illustrates sexual 
reproduction in flowering plants. The flower is composed of 4 sepals, 4 petals, 6 stamens that produce 
pollen grains and 1 gynœcium, which contains the ovules, capped by the stigma. Pollen grains released 
from the stamen are brought into contact with the stigmatic papillae, the elongated cells that cover the 
stigma. Upon this contact, the pollen grain can emit a pollen tube that penetrates the gynœcium to reach 
and fecundate an ovule, ultimately generating a seed. 
 
 

 
Figure 9: self-incompatibility in the Brassicaceae. Self-pollen recognition is mediated by the 
interaction between the stigmatic S-LOCUS RECEPTOR KINASE (SRK) and the pollen-borne S-
LOCUS CYSTEINE RICH (SCR) proteins. A papilla from a plant homozygous for the haplotype 14 of 
the S- locus (shown in green) is represented. If a pollen grain bearing SCR14 lands on the S14/S14 stigma, 
the interaction between SRK14 and SCR14 activates SRK and a signaling pathway leading to pollen 
rejection. If SCR4 (shown in blue) arrives on the S14/S14 stigma, SRK is not activated and pollen 
germinates on the stigma surface, generating a pollen tube that will fecundate an ovule.  



 
 
 
 
 
 

 
Figure 10: a transgenic self-incompatible Arabidopsis thaliana to study self-incompatibility. The 
naturally self-compatible Arabidopsis thaliana can be rendered self-incompatible by expression of a 
functional SRK from a related and self-incompatible species, Arabidopsis lyrata. As seen by analine blue 
staining of stigmas, which reveals pollen grains and tubes, S14 pollen from Arabidopsis lyrata is fully 
accepted by wild-type Arabidopsis thaliana, while it is fully rejected by transgenic Arabidopsis thaliana 
expressing SRK14. 
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(pSRK), which is still functional as noted above (Kusaba et al. 2001), and the SLR1 
promoter from Brassica oleracea (pSLR1), which regulates expression with a similar 
spatio-temporal pattern as pSRK promoter and drives higher levels of expression 
than pSRK (Fobis-Loisy et al. 2007, Hackett et al. 1996).  

 We were not able to isolate the sequence encoding SCR14 so we did not 
introduce SCR14 in the genome of Arabidopsis thaliana. Consequently, the 
incompatible pollination is performed with Arabidopsis lyrata S14 pollen. Wild-type 
Arabidopsis thaliana fully accepts pollen grains from Arabidopsis lyrata S14 while 
Arabidopsis thaliana expressing SRK14 from Arabidopsis lyrata is self-incompatible 
and able to reject pollen from Arabidopsis lyrata S14. It should be noted that when 
we talk about self-incompatible Arabidopsis thaliana, the male “self” component is 
actually exogenous and is brought by the pollen of Arabidopsis lyrata instead of 
being brought by the pollen of Arabidopsis thaliana. 

6. Is SRK signaling from endosomal compartments? 
Given the prevalent localization of SRK in endosomal in comparison to the plasma 
membrane, we hypothesized that SRK could be signaling from endosomal 
compartments. My thesis research framework was built on two complementary 
axes.  

 We first intended to locate SRK at the subcellular level in Arabidopsis thaliana 
stigmatic papillae to confirm the results obtained in Brassica oleracea (Ivanov and 
Gaude 2009) and lay the groundwork for future investigation of the link between 
the subcellular localization of SRK and self-incompatibility. We generated 
fluorescent protein fusions for live-cell imaging, and epitope-tagged proteins for 
immunolocalization experiments. We explored various sites of insertion of the tag 
in SRK sequence, and also used several different fluorescent proteins and epitopes. 

 Secondly, we aimed at perturbing SRK endocytic trafficking and steady state 
subcellular localization using several approaches. We targeted the function of the 
following proteins and protein complexes : 

– Clathrin, using the clathrin-hub, a dominant negative variant 

– The dynamin DRP1A, using dominant negative variants or a loss-of-
function mutant 

– The RAB GTPase ARA7, using dominant-negative and dominant positive 
variants 

 We also aimed at targeting more specifically the endocytic trafficking of SRK 
by mutation of a tyrosine-based motif putatively involved in binding the μ subunit 
of AP-2 during clathrin-mediated endocytosis. We expected to shift the steady 
state localization of SRK from a predominant endosomal localization to a 
predominant plasma membrane localization using the approaches listed above. 
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Our goal was to correlate changes in the localization of SRK to changes in the self-
incompatible phenotype. If SRK must be localized in endosomal compartments to 
be activated, or at least to sustain an activation initiated at the plasma membrane 
to properly activate its signaling pathway, we should see a reversion of the self-
incompatible phenotype into a self-compatible phenotype. If, on the other hand, 
endocytosis is rather involved in the down-regulation of SRK signaling by stopping 
signaling at the plasma membrane, and/or later sorting SRK for degradation, we 
should see a maintained self-incompatible phenotype. 
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7. SRK tagging 
The primary structure of PRK allowed the prediction of structural domains by 
sequence identity. It appeared that SRK has the typical structure of a PRK with an 
N-terminal signal sequence followed by an extracellular ligand-binding domain, a 
single transmembrane segment and an intracellular kinase domain flanked by a 
juxtamembrane segment and a C-terminal tail (Stein et al. 1991, Naithani et al. 
2007). 

7.1. SRK C-terminal fusion with GFP 

Before I started my PhD, fusion-proteins in which GFP was located at the C-
terminus of SRK14 were generated and analyzed (C-ter, figure 11). This 
construct, called SRK14-GFP was expressed in Arabidopsis thaliana stigmatic papillae 
under the control of the SLR1 promoter (pSLR1). The subcellular localization of 
SRK14-GFP was analyzed by confocal laser scanning microscopy (figure 12). The 
pictures in figure 12 display the typical appearance of papillae seen by confocal 
microscopy. The focal plane cuts through the middle of the cell, which is 
constituted in most part by a large vacuole, compressing a thin (1–2µm) sheath of 
cytoplasm against the plasma membrane. Because they contain photosynthetic 
pigments, chloroplasts absorb the incident light and fluoresce in the whole light 
spectrum, including the emission wavelength of GFP. Chloroplast fluorescence can 
be discriminated from GFP fluorescence because they also fluoresce in the red part 
of the light spectrum, where GFP does not. A strong GFP fluorescence was seen, 
indicating that SRK14-GFP was expressed. However, the subcellular localization of 
SRK14-GFP was inconsistent with the predominant endosomal localization seen in 
Brassica oleracea papillae (figure 12, right-hand image, Ivanov & Gaude 2009). 
Indeed, the signal was mainly found at the periphery of the cell and in a thin 
region surrounding the vacuole, suggesting a plasma membrane and cytosolic 
distribution (figure 12, left-hand image, large arrowhead), with few endosomes 
visible (figure 12, small arrowhead). The localization of LTI6B-GFP, which labels 
the plasma membrane and endosomes, is indicated for comparison (figure 12, 
center image). 

 The self-incompatible phenotype of plants expressing SRK14-GFP was then 
investigated. We pollinated recently opened flowers (stage 13 according to Smyth 
et al. 1990), when expression of SRK14 is at its maximum, of second generation 
transgenic plants with pollen from Arabidopsis lyrata expressing the S14 haplotype 
of the S-locus. We harvested stigmas 18 hours after pollination and colored pollen 
grains and pollen tubes with aniline blue, a dye that stains callose (a cell wall 
component). During aniline blue staining, rejected and thus ungerminated pollen 
grains are detached from the stigma while accepted and germinated pollen grains 
remain on the stigma and accumulate aniline blue. Pollen grains and pollen tubes 
that accumulated aniline blue are then visualized by fluorescence microscopy. We 
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counted the number of pollen grains that germinated on the stigma and plotted 
the mean number of germinated pollen grains per stigma. We distinguish three 
categories of self-incompatibility degree. Plants are categorized as self-
incompatible when they display less than 5 germinated pollen grains per stigma, 
on the average. Plants are categorized as partially self-incompatible when they 
display more than 5 but less than 30 germinated pollen grains per stigma. Finally, 
plants with more than 30 germinated pollen grains per stigma fit in the self-
compatible category. Out of 14 first generation transgenic plants analyzed, all 
displayed a self-compatible phenotype. By contrast, analysis of 14 first generation 
transgenic plants expressing untagged SRK14 gave the following results: only one 
was self-compatible while the others displayed phenotypes ranging from partially 
self-incompatible to self-incompatible. It is worth noting that Arabidopsis thaliana 
displayed both a subcellular localization of SRK14 and self-compatible phenotype 
opposite of what is seen in Brassica oleracea. This suggests that the self-compatible 
phenotype we observed results from mis-localization of SRK. 

7.2. SRK C-terminal fusion with epitopes 

We then reasoned that a smaller tag would be less likely to perturb the function of 
SRK than GFP, which is around 27 kDa. We thus generated C-terminal fusions 
with FLAG (DYKDDDDK) or hemagglutinin (abbreviated HA, YPYDVPDYA) epitope 
tags. These tags are expected to minimally perturb the activity of SRK14 since their 
molecular masses are 10 Da and 11 Da, respectively. SRK14-FLAG and SRK14-HA 
were expressed in stigmatic papillae under the control of pSLR1.  

 The self-incompatibility phenotype of plants expressing SRK14-HA and 
SRK14-FLAG is presented in figure 13. Each plant represents an independent 
single insertion of the transgene. Col-0, the wild-type, is the compatible control. 
When pollinated with Arabidopsis lyrata S14 pollen, Col-0 stigmas typically accept a 
high number of pollen grains, around 75. Col-0 plants expressing untagged SRK14 
under the control of pSLR1 are the self-incompatible control. These plants 
typically allow germination of less than 5 pollen grains per stigma, on average 
(figure 13, red line). Although plants expressing SRK14-HA or SRK14-FLAG 
allowed less incompatible pollen to germinate than Col-0, they accepted more 
than 30 incompatible pollen grains on the average (figure 13, orange line), which 
ranks as a self-compatible phenotype. This indicates that even a small polypeptide 
added to the C-terminus of SRK is sufficient to perturb self-incompatibility, 
suggesting that the C-terminus of SRK contains critical structures or motifs for 
function. 

  



 

Figure 11: location of the tags introduced in fusion with SRK sequence. The above diagram 
represents the structural and functional domains of SRK. SP = signal peptide, TM = transmembrane 
segment, JM = juxtamembrane segment, CT = C-terminal tail. The location of the C-terminal tag is 
represented by a black triangle. Below is shown a schematic representation of the extracellular domain of 
SRK describing the different structural domains according to Naithani et al. (2007). The numbers 
represent the positions of the amino acids. DR-loop = deletable region loop. The three hypervariable 
regions involved in SCR binding are shown. The location of the different N-terminal tags are represented 
by black triangles. 
 
 
 

 
Figure 12: subcellular localization of SRK14-GFP in papillae. SRK14-GFP-expressing papillae were 
observed by confocal microscopy (left-hand image). A papilla expressing LTI6B-GFP is represented in the 
center image. GFP channel is displayed in green and chloroplast fluorescence is displayed in red, hence 
giving a yellow color by superposition of chloroplast fluorescence in green and red channels. 
C = chloroplasts. The plasma membrane is indicated by a large arrowhead, endosomes are indicated by 
small arrowheads. The right-hand image is the result of immunolocalization of SRK3 in Brassica oleracea 
(Ivanov and Gaude 2009). 
 

  



 

 

 

 

 

Figure 13: the self-incompatible phenotype of second generation transgenic plants expressing 
SRK14-FLAG/HA. Second generation transgenic plants that represent independent single transgene 
insertions were pollinated with incompatible pollen and the number of germinated pollen grains found on 
the stigma were counted. Untagged SRK14 is used as an incompatible control and wild-type Col-0 as a 
compatible control. The number n of stigmas examined is noted for each genotype. S.D. = standard 
deviation. The red line marks the upper boundary for a self-incompatible phenotype and the orange line 
marks the upper boundary for the partial self-incompatible phenotype. Above the orange line plants 
display a self-compatible phenotype. 
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7.3. Fluorescent proteins inserted in loops of the 
extracellular domain of SRK 

As a third approach, we created fusion proteins in which the fluorescent protein is 
located inside the extracellular domain of SRK14. We selected two locations inside 
the SRK14 sequence, designated loop1 and loop2 (figure 11), predicted to form 
loops in the 3D structure of the protein. The ProteinCCD server (Mooij et al. 
2009) was used to predict disordered regions which were then compared between 
different SRK alleles to look for amino acids insertions or deletions, an additional 
clue about the presence of a loop. Loop2 actually corresponds to the “deletable 
region”, which is identified as a region of varying length in sequence alignments of 
SRK variants. The deletable region forms a loop in the 3D structure of SRK 
determined by homology modeling (Naithani et al. 2007), validating our approach. 
We introduced a PstI restriction site by PCR-mediated mutagenesis at loop1 and 
loop2 to insert a fluorescent protein coding sequence flanked by the same 
restriction sites.  

 The fluorescence intensity of fluorescent proteins depends on pH and GFP 
fluorescence intensity drops below a pH of 5.9 (Chudakov et al. 2010). The pH of 
the cell wall is between 5 and 6 (Fasano et al. 2001). The pH of trans-Golgi 
networks and multivesicular bodies are 6.2 and 6.3 respectively (Shen et al. 2013). 
In loop1/2-SRK14 constructs, the GFP would be inserted in the extracellular 
domain, which is located either in the cell wall if the protein is at the plasma 
membrane, or in the lumen of endosomes if the protein is endocytosed, raising 
the possibility that GFP fluorescence would not be detected because of an acidic 
environment. Several fluorescent proteins retain substantial fluorescence at acidic 
pH (reviewed in Chudakov et al. 2010). TagBFP2 is a blue fluorescent protein with 
emission at 454 nm after excitation at 399 nm (Subach et al. 2011). It is the most 
pH-resistant fluorescent protein since its pKa (the pH at which fluorescence 
intensity is half of the maximum) is 2.7. It also benefits from a high brightness, a 
fast maturation rate and a high photostability. Citrine is a yellow fluorescent 
protein that emits at 529 nm when excited at 516 nm (Griesbeck et al. 2001). 
Furthermore, it is one of the brightest fluorescent proteins and has a pKa of 5.7. 
Finally, mCherry is a red fluorescent protein with emission at 610 nm and 
excitation at 587 nm (Shaner et al. 2004). It is highly photostable and has a pKa 
below 4.5. We generated fusion protein between SRK and TagBFP2, Citrine and 
mCherry, with fluorescent protein insertion at loop1 and loop2 sites.  

 We first investigated the subcellular localization of 
TagBFP2/Citrine/mCherry-loop1/2-SRK14 constructs (figure 14). Fluorescence 
above the background level is seen, indicating that our strategy to use pH-resistant 
fluorescent proteins is successful. Several intracellular distributions are seen for 
TagBFP2/Citrine/mCherry-loop1/2-SRK14 but the fluorescence seems to be 
mainly restricted to a thin zone delimiting the papillae. This is best seen in figures 
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14B, 14H and 14J and may represent a plasma membrane localization. Crosses 
with plants expressing plasma membrane markers are in progress to validate this 
hypothesis. In addition to a putative plasma membrane localization, a diffuse 
cytoplasmic localization is often seen, revealing the lobes of the vacuole (see 
figures 14F, 14G and 14K). This diffuse fluorescence sometimes has a reticulate 
pattern (figure 14C). Since SRK14 is likely a type I transmembrane protein, with 
its N-terminus facing the extracellular side of the plasma membrane or the lumen 
of secretory/endocytic organelles, it is unlikely that the diffuse labeling arises from 
cleavage of the fluorescent protein and release into the cytosol. The diffuse and 
sometimes reticulate distribution is rather consistent with a endoplasmic reticulum 
labeling. TagBFP2-loop1-SRK14 could sometimes be seen in intracellular 
compartments (figure 14D), reminiscent of the endosomal labeling seen in 
Brassica oleracea (Ivanov and Gaude 2009). 

 We then characterized the self-incompatible phenotype of first generation 
transgenic plants expressing TagBFP2/Citrine/mCherry-loop1/2-SRK14 and 
corresponding to independent insertions of the transgene (figures 15, 16, 17 and 
18). Out of 44 plants analyzed we obtained 17 self-compatible plants, 18 partially 
self-incompatible plants and 9 self-incompatible plants. We repeated the analysis 
on the following generation, on selected second generation transgenic plants that 
correspond to independent single insertions of the transgene (figure 19). 
Unexpectedly, some plants that were previously identified as self-incompatible 
displayed a self-compatible phenotype or partially self-incompatible phenotype, 
e.g. TagBFP2-loop1-SRK14 #2, Citrine-loop1-SRK14 #7 and #13, and mCherry-
loop1-SRK14 #17. This could arise from an unsufficient sampling number of 
stigmas for pollination assays in first generation transgenic plants, from silencing 
of the transgene in second generation transgenic plants, or from bad pollen 
quality that would impair the ability of pollen grains to germinate on the stigmas. 
Arabidopsis lyrata, the pollen donor in our assays, is difficult to grow in growth 
chambers and is frequently attacked by pests called thrips which feed on the 
pollen grains. Nonetheless, we could isolate two plant lines with a significant and 
repeatable self-incompatible phenotype: Citrine-loop1-SRK14 #1 and mCherry-
loop1-SRK14 #18. When investigating the subcellular localization of tagged SRK14 
in these lines, it appears that Citrine-loop1-SRK14 #1 (figure 14G) and mCherry-
loop1-SRK14 #18 (figure 14K) display an important diffuse cytoplasmic 
localization in comparison to partially self-incompatible lines, e.g. Citrine-loop2-
SRK14 #7 and mCherry-loop1-SRK14 #17, which display a more plasma 
membrane-restricted labeling (figures 14H and 14J). Thus, the plasma membrane 
labeling does not seem to correlate with the self-incompatible phenotype. 

  



 

 

 

 

Figure 14: subcellular localization of TagBFP2/Citrine/mCherry-loop1/2-SRK14 in papillae. The 
papillae were analyzed by confocal microscopy. The name of the construct expressed in papillae and the 
number of the plant line are shown in the upper left-hand corner of the image. In general the focal plane 
was adjusted to go through the middle of the papilla, except for images C and D where it passes in the 
thin cytoplasmic sheath between the vacuole and the plasma membrane.  
(A) to (D) Analysis of papillae expressing TagBFP2-loop1-SRK14. A is wild-type Col-0 papillae analyzed 
with TagBFP2 settings and provides a negative control for TagBFP2 fluorescence. 
(E) to (H) Analysis of papillae expressing Citrine-loop1/2-SRK. E is wild-type Col-0 papillae analyzed 
with Citrine settings and provides a negative control for Citrine fluorescence. 
(I) to (K) Analysis of papillae expressing mCherry-loop1-SRK. I is wild-type Col-0 papillae analyzed with 
mCherry settings and provides a negative control for mCherry fluorescence. 
  



 

 

 

 

Figure 15: the self-incompatible phenotype of first generation transgenic plants expressing 
TagBFP2-loop1-SRK14. First generation transgenic plants corresponding to independent transgene 
insertions were pollinated with incompatible pollen and the number of germinated pollen grains found on 
the stigma were counted after aniline blue staining. Untagged SRK14 is used as an incompatible control 
and wild-type Col-0 as a compatible control. The number n of stigmas examined is noted for each 
genotype. S.D. = standard deviation. The red line marks the upper boundary for a self-incompatible 
phenotype and the orange line marks the upper boundary for the partial self-incompatible phenotype. 
Above the orange line plants display a self-compatible phenotype. 
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Figure 16: the self-incompatible phenotype of first generation transgenic plants expressing 
Citrine-loop1-SRK14. First generation transgenic plants corresponding to independent transgene 
insertions were pollinated with incompatible pollen and the number of germinated pollen grains found on 
the stigma were counted after aniline blue staining. Untagged SRK14 is used as an incompatible control 
and wild-type Col-0 as a compatible control. The number n of stigmas examined is noted for each 
genotype. S.D. = standard deviation. The red line marks the upper boundary for a self-incompatible 
phenotype and the orange line marks the upper boundary for the partial self-incompatible phenotype. 
Above the orange line plants display a self-compatible phenotype. 
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Figure 17: the self-incompatible phenotype of first generation transgenic plants expressing 
Citrine-loop2-SRK14. First generation transgenic plants corresponding to independent transgene 
insertions were pollinated with incompatible pollen and the number of germinated pollen grains found on 
the stigma were counted after aniline blue staining. Untagged SRK14 is used as an incompatible control 
and wild-type Col-0 as a compatible control. The number n of stigmas examined is noted for each 
genotype. S.D. = standard deviation. The red line marks the upper boundary for a self-incompatible 
phenotype and the orange line marks the upper boundary for the partial self-incompatible phenotype. 
Above the orange line plants display a self-compatible phenotype. 
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Figure 18: the self-incompatible phenotype of first generation transgenic plants expressing 
mCherry-loop1-SRK14. First generation transgenic plants corresponding to independent transgene 
insertions were pollinated with incompatible pollen and the number of germinated pollen grains found on 
the stigma were counted after aniline blue staining. Untagged SRK14 is used as an incompatible control 
and wild-type Col-0 as a compatible control. The number n of stigmas examined is noted for each 
genotype. S.D. = standard deviation. The red line marks the upper boundary for a self-incompatible 
phenotype and the orange line marks the upper boundary for the partial self-incompatible phenotype. 
Above the orange line plants display a self-compatible phenotype. 
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Figure 19: the self-incompatible phenotype of selected second generation transgenic plants 
expressing TagBFP2-, Citrine- of mCherry-tagged loop1/2-SRK14. Second generation transgenic 
plants corresponding to independent single transgene insertions were pollinated with incompatible pollen 
and the number of germinated pollen grains found on the stigma were counted after aniline blue staining. 
Untagged SRK14 is used as an incompatible control and wild-type Col-0 as a compatible control. The 
number n of stigmas examined is noted for each genotype. S.D. = standard deviation. The red line marks 
the upper boundary for a self-incompatible phenotype and the orange line marks the upper boundary for 
the partial self-incompatible phenotype. Above the orange line plants display a self-compatible phenotype. 
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7.4. Fluorescent proteins inserted at the N-terminus of 
SRK14 

We generated fluorescent protein fusions in which TagBFP2, Citrine or mCherry 
were inserted at the N-terminus of SRK14, after the predicted signal peptide (see 
figure 11). We inserted a PstI restriction site after the putative signal sequence of 
SRK14 and inserted the coding sequence of TagBFP2, Citrine or mCherry flanked 
by PstI restriction sites. We added a linker at the C-terminus end of the 
fluorescent protein. We used either nine alanine residues (later designated 9A) or 
three repeats of the glycine-alanine dipeptide (later designated GS3). Such a linker 
provides flexibility in the fusion protein and can help folding and functioning of 
both proteins participating in the fusion (Snapp 2001). As for the other SRK14 
fusion proteins, TagBFP2/Citrine/mCherry-9A/GS3-SRK14 were expressed under 
the control of pSLR1. 

 We analyzed the subcellular localization of TagBFP2/mCherry-9A/GS3-
SRK14 in papillae by confocal microscopy (figure 20). We obtained results similar 
to the localization of loop1/loop2-SRK14 constructs, i.e. consistent with a plasma 
membrane localization, best seen in figures 20E, 20F and 20G. Again, a diffuse 
cytoplasmic fluorescence was seen, highlighting the vacuolar lobes (figure 20B), 
and sometimes displaying a reticulated pattern (figures 20C and 20D), 
reminiscent of an endoplasmic reticulum labeling. Occasionally, intracellular spots 
were seen with TagBFP2 constructs (figure 20H), as seen with TagBFP2-loop1/2 
constructs. This might indicate an endosomal localization. 

 We then analyzed the self-incompatible phenotype of first generation 
transformants expressing TagBFP2-9A/GS3-SRK14 and mCherry-9A-SRK14 and 
corresponding to independent insertions of the transgene (figures 21, 22 and 23). 
The generation of transgenic plants expressing constructs containing Citrine or 
mCherry-GS3 failed because of temporarily uncontrolled growth chamber 
conditions. New transgenic plants were generated for these constructs and are 
currently under investigation. However, Col-0 plants still categorize as self-
compatible. In comparison to protein fusions in which the fluorescent protein 
was inserted in loop1 or loop2, a higher frequency of first generation independent 
lines displayed a self-incompatible phenotype (19/45 versus 9/47). Indeed, the 
insertion of a fluorescent protein inside predicted loops of the tertiary structure of 
SRK14 is more likely to perturb the structure or function of SRK14 than an N-
terminal fusion. We repeated the analysis of the self-incompatible phenotype on 
second generation transgenic plants (figure 24). Line #5 expressing TagBFP2-9A-
SRK14 and line #16 expressing TagBFP2-GS3-SRK14 displayed a stronger self-
incompatible phenotype than during the first generation analysis, being 
categorized now as partially self-incompatible whereas they were self-compatible 
one generation earlier. Line #5 expressing mCherry-9A-SRK14, on the contrary, 
was self-incompatible during the first generation and displays a self-compatible 
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phenotype during the second generation. Despite this, we could obtain two lines 
that display a strong and repeatable self-incompatible phenotype, namely TagBFP2-
9A-SRK14 #6 and #16. 

  



 

 

 

 

 

 

Figure 20: subcellular localization of TagBFP2/mCherry-9A/GS3-SRK14 in papillae. The papillae 
of first generation transgenic plants corresponding to independent insertions of the transgene were 
imaged by confocal microscopy. The name of the construct expressed in papillae and number of the plant 
line are shown in upper left-hand corner. In general, the focal plane was adjusted to go through the middle 
of the papilla, except for images C and D, where it passes in the thin cytoplasmic sheath between the 
vacuole and the plasma membrane. 
(A) to (D) Analysis of papillae expressing mCherry-9A-SRK14. 
(E) to (F) Analysis of papillae expressing TagBFP2-GS3-SRK14. 
  



 
 

 

 

 

Figure 21: the self-incompatible phenotype of first generation transgenic plants expressing 
TagBFP2-9A-SRK14. First generation transgenic plants corresponding to independent transgene 
insertions were pollinated with incompatible pollen and the number of germinated pollen grains found on 
the stigma were counted after aniline blue staining. Untagged SRK14 is used as a self-incompatible control 
and wild-type Col-0 as a self-compatible control. The number n of stigmas examined is noted for each 
genotype. S.D. = standard deviation. The red line marks the upper boundary for a self-incompatible 
phenotype and the orange line marks the upper boundary for the partial self-incompatible phenotype. 
Above the orange line plants display a self-compatible phenotype. 
  

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

mean number of 
germinated pollen 
grains per stigma 

(+/- S.D.) 



 

 

 

 

 
Figure 22: the self-incompatible phenotype of first generation transgenic plants expressing 
TagBFP2-GS3-SRK14. First generation transgenic plants corresponding to independent transgene 
insertions were pollinated with incompatible pollen and the number of germinated pollen grains found on 
the stigma were counted after aniline blue staining. Untagged SRK14 is used as a self-incompatible control 
and wild-type Col-0 as a self-compatible control. The number n of stigmas examined is noted for each 
genotype. S.D. = standard deviation. The red line marks the upper boundary for a self-incompatible 
phenotype and the orange line marks the upper boundary for the partial self-incompatible phenotype. 
Above the orange line plants display a self-compatible phenotype. 
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Figure 23: the self-incompatible phenotype of first generation transgenic plants expressing 
mCherry9A-SRK14. First generation transgenic plants corresponding to independent transgene insertions 
were pollinated with incompatible pollen and the number of germinated pollen grains found on the stigma 
were counted after aniline blue staining. Untagged SRK14 is used as a self-incompatible control and wild-
type Col-0 as a self-compatible control. The number n of stigmas examined is noted for each genotype. 
S.D. = standard deviation. The red line marks the upper boundary for a self-incompatible phenotype and 
the orange line marks the upper boundary for the partial self-incompatible phenotype. Above the orange 
line plants display a self-compatible phenotype. 
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Figure 24: the self-incompatible phenotype of second generation transgenic plants expressing 
TagBFP2- or mCherry-tagged SRK. Second generation transgenic plants corresponding to independent 
single transgene insertions were pollinated with incompatible pollen and the number of germinated pollen 
grains found on the stigma were counted after aniline blue staining. Untagged SRK is used as a self-
incompatible control and wild-type Col-0 as a self-compatible control. The number n of stigmas examined 
is noted for each genotype. S.D. = standard deviation. The red line marks the upper boundary for a self-
incompatible phenotype and the orange line marks the upper boundary for the partial self-incompatible 
phenotype. Above the orange line plants display a self-compatible phenotype. 
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8. Manuscript in submission 
The subcellular localization of Brassica olerace SRK3 was investigated using anti-
SRK3 antibodies targeted to either the first nine N-terminal amino acids or to part 
of the C-terminal segment of SRK (Delorme et al. 1995, Gaude et al. 1993, Ivanov 
and Gaude 2009). We first undertook the same approach to develop antibodies 
that bind Arabidopsis lyrata SRK14, by using SRK14 peptides, unfortunately without 
success. We also expressed the extracellular domain of SRK14 in tobacco cells with 
the aim of developing antibodies against the whole domain, but we could not 
obtain sufficient amounts of protein to immunize animals. Expression of the 
extracellular domain of SRK14 in bacteria was not investigated because this 
domain is highly glycosylated, so antibodies targeted to the unglycosylated protein 
may not recognize SRK14 in planta. We did not generate antibodies against the 
intracellular domain of SRK14 because the kinase domain is a well-conserved 
domain among protein kinases, so we were concerned about cross-reactivity of 
antibodies. The following article describes the strategy that allowed us to 
characterize the subcellular distribution of SRK14 in Arabidopsis thaliana. We also 
included in the article the most significant results from our investigation of the 
hypothesized endosomal signaling by SRK. 
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Loss of function of DYNAMIN-RELATED PROTEIN1A 
indicates a positive role of endocytosis in S-LOCUS 

RECEPTOR KINASE signaling 
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Abstract 
Endocytosis downregulates signaling by removing active receptors from the 
plasma membrane and leading to their degradation but also brings active receptors 
in signaling endosomes where sustained and sometimes specific signaling can 
occur. Given its intriguing predominant localization in endosomal compartments 
in Brassica oleracea, we hypothesized that the female determinant of self-
incompatibility S-LOCUS RECEPTOR KINASE (SRK) could be signaling from 
endosomes. First, we confirmed the subcellular localization of SRK in Arabidopsis 
thaliana papillae by immunolocalization. Then, we investigated the hypothesis of 
SRK endosomal signaling by perturbing endocytosis in Arabidopsis thaliana through 
a genetic approach. We expressed dominant negative or positive variants of the 
RAB GTPase ARA7, and used a loss-of-function mutant of DYNAMIN-RELATED 

PROTEIN (DRP1A). While ARA7 variants partially impaired endocytosis and did not 
affect self-incompatibility, loss of function of DRP1A led to abolition of self-
incompatibility. Our results indicate that endocytosis plays a positive role in self-
incompatibility, and suggest that SRK could be signaling from endosomes. 

Introduction 
Multicellular organisms sense their environment and then elaborate appropriate 
responses through receptors which translate environmental stresses into cellular 
signaling. In Angiosperms, plant receptor kinases (PRK) represents the largest 
family of receptors, with more than 400 members in Arabidopsis thaliana around 
twice as much in rice (Shiu et al. 2004). Regulation of PRK signaling is crucial to 
ensure the success of processes as diverse as reproduction, development and 
immunity. Intracellular trafficking of active and inactive receptors has long been 
documented to regulate PRK signaling (Sorkin and von Zastrow 2009). Upon 
ligand binding at the plasma membrane, many PRK undergo endocytosis and are 
routed to the lytic compartment for degradation and termination of signaling. In 
addition, studies in animal models demonstrated that receptor kinases can remain 
active in endosomes and sustain signaling there. Up to now, endosomal signaling 
in plants has remained elusive. BRI1, a receptor of plant hormones 
brassinosteroids, was proposed to signal from endosomes (Geldner et al. 2007) 
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though this hypothesis has been challenged by recent findings (Irani et al. 2012, 
Rubbo et al. 2013). 

 Self-incompatibility is a genetic barrier by which a plant recognizes and 
rejects its own pollen while allowing pollen from more distantly related plants to 
germinate. In the Brassicacea family, it is controlled by a highly polymorphic locus 
called the S-locus, which contains the male and female determinants of self-
incompatibility (Ivanov et al. 2010). The female determinant is S-LOCUS RECEPTOR 

KINASE (SRK), a PRK expressed in the stigma. The male determinant is S-LOCUS 

CYSTEINE RICH (SCR)/S-LOCUS PROTEIN11 (SP11) and is present at the pollen 
surface. During pollination, SCR is transported to the plasma membrane of 
papillae. If SRK and SCR are from the same haplotype of the S-locus, their 
interaction triggers activation of SRK and a downstream signaling cascade leading 
to self-pollen rejection. If SRK and SCR are from different haplotypes, SRK is not 
activated and pollen germination can follow, leading to fertilization of the ovules. 

 To determine the role played by intracellular trafficking of SRK, its 
subcellular localization was investigated in Brassica oleracea S3 stigmatic papillae 
using anti-SRK3 antibodies (Ivanov and Gaude 2009). The results were 
remarkable, with most of SRK3 being localized to intracellular compartments and 
to a lesser extent at the plasma membrane. Although ligand stimulation increased 
SRK3 turnover, this subcellular distribution was constitutive, as it remained 
unchanged in the presence or absence of ligand. Several PRK and other receptors 
can be present in endosomal compartments in a constitutive (as seen for the PRK 
BRASSINOSTEROID INSENSITIVE1 or BRI1, Geldner et al. 2007) or ligand-dependent 
manner (as seen for the PRK FLAGELLIN SENSING2 or FLS2, Robatzek et al. 2006 
and the receptor-like protein LeEIX2, Bar and Avni 2009). However, the plasma 
membrane localization is usually predominant, which makes the case of SRK 

unique. In addition, anti-SRK3 antibodies can activate SRK3 and thus substitute for 
the ligand. These antibodies bind SRK3 at the plasma membrane and are then 
endocytosed and colocalize with SRK3 in endosomes, raising the possibility that 
SRK3 remains active in endosomes. It has also been shown that SRK3 colocalizes 
in endosomes with THL1 (Ivanov and Gaude 2009), a negative regulator of self-
incompatibility (Cabrillac et al. 2001). Moreover, SRK3 is internalized and degraded 
after ligand engagement (Ivanov and Gaude 2009), indicating that endocytosis of 
SRK3 downregulates signaling by silencing in endosomes through THL1 and by 
degradation of SRK3. However, given the prevalent localization of SRK3 in 
endosomal compartments in comparison to the plasma membrane, we 
hypothesized that SRK3 could be signaling from endosomal compartments before 
being ultimately silenced. 

 In this study, we aimed at determining the role of the endosomal 
localization of SRK in self-incompatibility in Arabidopsis thaliana through a genetic 
approach. Since this species is self-compatible because it expresses non-functional 
SRK and SCR proteins, we generated transgenic self-incompatible Arabidopsis 
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thaliana that express a functional SRK protein from a related and self-incompatible 
species called Arabidopsis lyrata. We then determined the subcellular localization of 
SRK by immunolocalization with anti-SRK antibodies and found a localization 
similar to Brassica oleracea. Finally, we aimed at perturbing endocytosis with a loss 
of function mutant of DYNAMIN-RELATED PROTEIN1A (DRP1A) and dominant-
negative/positive mutants of RAB-F2b/ARA7, two proteins involved in endocytic 
trafficking. Our results indicate that endocytosis plays a positive role in self-
incompatibility, suggesting that SRK could signal from endosomal compartments. 

Material and methods 

Plant material and growth conditions 
Wild-type Arabidopsis thaliana Col-0 and C24 accessions were obtained from the 
Notthingham arabidopsis stock centre (university of Notthingham, 
http://arabidopsis.info/). Transgenic Arabidopsis thaliana whose transgene was 
segregating were sowed on Petri dishes containing Murashige-Skoog medium 
(Duchefa), 8 g/L Plant Agar (Duchefa), pH 5.7 and appropriate antibiotics 
depending on the transgene. After sowing seeds, plates were kept for two days at 
4 °C to synchronize seed hydration and then place in growth chambers set at 
22 °C with 18 h light/6 h dark photoperiod. After 7-10 days, seedlings were 
transplanted into a soil medium (Argile 10, Favorit) and placed in culture rooms 
set at 22 °C with 18 h light/6 h dark photoperiod. Transgenic plants homozygous 
for the transgene and non-transgenic plants were sowed directly in a soil medium. 

The Arabidopsis thaliana mutant line with a T-DNA insertion in DRP1A is 
SALK_069077 from the SALK mutant collection 
(http://signal.salk.edu/tabout.html). 

Wave line 2Y expressing YFP-ARA7 was described by Geldner et al. (2009). 

 We used Arabidopsis lyrata ssp petraea expressing the S14 haplotype and 
originating from Czech Republic (seeds generously provided by Dr Pierre 
Saumitou-Laprade, Université de Lille F59655 Villeneuve d’Ascq cedex, France). 
Arabidopsis lyrata was maintained in culture rooms with the same conditions as 
Arabidopsis thaliana but cultivated in 1L pots containing a mixture of 60 % peat-
based compost (Klassman BP substrat 2), 20 % sand and 20 % Pouzzolane (a 
volcanic rock). 

Generation of plasmid vectors 
We used Gateway® entry vectors (Life Technologies) and destination vectors 
described by Karimi et al. (2007). The 1569 bp DNA fragment upstream of ATG 
encoding the Arabidopsis thaliana Col-0 pseudo-SRK promoter (pSRK) was 
amplified using forward primer 5’-
GGGGACAACTTTGTATAGAAAAGTTGTAGGTTCCTTCATTTTAAGGT

http://signal.salk.edu/tabout.html�
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G-3’ and reverse primer 5’-
GGGGACTGCTTTTTTGTACAAACTTGTCTCTCGATCTCTCTCCACCA-
3’ which contain attB4 and attB1 recombination sites, respectively. The PCR 
product was subsequently inserted by BP recombination into the pENTR- P4-
P1R plasmid. The DNA fragment encoding the Brassica oleracea SLR1 promoter 
(pSLR1, 1.5 kbp upstream of SLR1 start codon, Trick et al. 1990, Fobis-Loisy et al. 
2007) was amplified using attB4-containing primer 5’-
CCCCACAACTTTGTATAGAAAAGTTGTAGCTCTAGAACTAGTGGATC
CC-3’ and attB1-containg primer 5’-
CCCCACTGCTTTTTTGTACAAACTTGTCTCTCTTCACCACTTTAATTTT
C-3’. The PCR product was subsequently inserted by BP recombination into the 
pENTR-P4-P1R plasmid.  

 Arabidopsis lyrata SRK14 cDNA was isolated by 5' and 3' Rapid amplification 
of cDNA ends (RACE) PCR using a primer in the adaptor and a specific primer 
within the published S domain (Charlesworth et al. 2003, Castric et al. 2008). To 
obtain a consensus sequence, the complete cDNA was amplified with specific 
primers on ATG and stop codons (forward primer 5’-
GGAAAAATCTGAAATCGATGTGTTAG-3’ and  reverse primer 5’-
GCATCATCGTTAGCCATTGAGAATTG-3’). SRK14 genomic sequence was 
amplified with the same primers using genomic DNA from Arabidopsis lyrata S14 
as a template and then inserted by BP recombination into the pDONR-207. We 
modified the N-terminal protein sequence of Arabidopsis lyrata SRK14 to match 
the sequence of Brassica oleracea SRK3 by PCR-mediated mutagenesis with forward 
primer 5’-TCGATATATGTCAATACTTTGTCTTCTACAGAATC-3’ and 
reverse primer 5’-GATTCTGTAGAAGACAAAGTATTGACATATATCGA-3’ 
and the SRK14/pDONR-207 plasmid as a template. The SLR1 or pSRK 
sequences were then inserted together with either the genomic sequence of 
SRK14 or SRK3:14 by LR recombination in the pK7m24GW,3 or pB7m24GW,3 
destination vectors. 

 RFP-ARA7/pDONR-207 was described by Jaillais et al. 2008. We 
generated the ARA7S24N sequence by PCR-mediated mutagenesis with forward 
primer 5’-GTTGGTGCTGGAAAAAACAGTCTTGTGTTACGG-3’ and 
reverse primer 5’-CCGTAACACAAGACTGTTTTTTCCAGCACCAAC-3’. We 
generated the ARA7Q69L sequence with forward primer 5’-
GGGATACAGCGGGTCTGGAACGGTACCATAG -3’ and reverse primer 5’-
CTATGGTACCGTTCCAGACCCGCTGTATCCC-3’. The SLR1 promoter 
sequence was then inserted together with the sequence of either RFP-ARA7,  
RFP-ARA7S24N or RFP-ARA7Q69L by LR recombination in the pH7m24GW,3. 

 The cDNA encoding LTI6B (At3g05890, Nylander et al. 2001) was 
amplified using forward primer 5’-ATGAGTACAGCCACTTTCGTAG-3’ and 
reverse primer 5’-TCAGATGATATAAAGAGCGTAAAG-3’ and inserted in 
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pDONR-207 plasmid. The sequence of pSLR1, LTI6B and GFPS65C were 
inserted together by LR recombination in the destination vector pB7m34GW,3. 

 The cDNA encoding DRP1A was amplified using forward primer 5’-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAACAATGGAAAATCTG
ATCTCTCTGG-3’ containing the attB1 recombination site and reverse primer 
5’-
GGGGACCACTTTGTACAAGAAAGCTGGGTGCTTGGACCAAGCAACA
GCATG-3’ containing the attB2 recombination site. The PCR fragment was 
inserted by BP recombination in pDONR-Zeo. The sequence of pSLR1, DRP1A 
and GFPS65C (Fobis-Loisy et al. 2007) were inserted together by LR 
recombination in the destination vector pB7m34GW,3. 

PCR-mediated mutagenesis 
We followed the protocol described by Fisher and Pei 1997. 

Plant transformation 
Transgenic plants were generated using Agrobacterium tumefaciens-mediated 
transformation according to Logemann et al. (2006), a variation of the flower dip 
method (Clough and Bent 1998). We used the Agrobacterium tumefaciens strain 
C58PMP90 which is resistant to rifampicin and gentamicin (Hellens et al. 2000). 

Reverse transcription and real-time quantitative PCR 
Thirty stigmas were dissected from buds just before stage 13 (staging according to 
Smyth et al. 1990) and total RNA were extracted with the Arcturus® PicoPure® 
RNA isolation kit (Life Technologies). 265 ng of total RNA were reverse-
transcribed with random hexanucleotides and RevertAid (200 U/µL ; Thermo 
scientific) and subjected to quantitative real-time PCR with SRK14 or ACTIN8 
specific primers. Because Arabidopsis lyrata and two different accessions of 
Arabidopsis thaliana were compared, we designed primers that amplify a region of 
the ACTIN8 cDNA conserved between each species (forward primer 5’-
CGACGGACAAGTGATCACGATC-3’ and reverse primer 5’-
CATAGTTGTACCACCACTGAGCAC-3’). Amplification of SRK14 was 
performed with two primers located within the first exon (forward primer 5’-
GCCGCCAGACACATCCGGGGC-3’ and reverse primer 5’-
CAACCCTTCCCACCATCTTGG-3’) Absence of contaminating genomic DNA 
was controlled with primers located within a non coding region close to the 
ACTIN8 gene (forward primer 5’-GGCTGTGACAATGCGAAGCCCC-3’ and 
reverse primer 5’-CCCCATTTTGGTATCTAGGG-3’). We performed three 
biological replicates and two technical replicates. Quantitative analysis of real-time 
PCR results was performed using the 2-ΔΔCt method (Schmittgen and Livak 2008). 

  



EXPERIMENTAL RESULTS 

62 
 

Immunolocalization 
The immunolocalization was performed as described (Ivanov and Gaude 2009), 
with the exception that we used the following blocking solution : 3 % BSA 
(Sigma) in D-PBS (Gibco). As primary antibodies, we used anti-SRK3-N-ter 
(mAb85-36-71, Ivanov and Gaude 2009) at 1:500 dilution. As secondary 
antibodies, we used Alexa 488 donkey anti-mouse (Molecular Probes ref. 
A21202). 

Image acquisition 
Pistils were cut at the level of the style and mounted in water for live cell imaging 
using Zeiss 710 confocal microscope, unless otherwise specified. 
Immunolocalization were analyzed using a Zeiss 710 confocal microscope. Gain 
and offset were adjusted for near dark background (outside cells) and maximum 
signal intensity without saturation. 

Drug treatments 
Brefeldin A (Sigma) was used at 100 µM in water for 30 min from a 50 mM in 
ethanol:DMSO 1:1 stock solution. Wortmannin (Sigma) was used at 33 µM in 
water for 60 min from a 30 mM in DMSO stock solution. 

Quantification of internalized LTI6B-GFP 
The number of LTI6B-GFP-labeled endosomes was manually determined with 
the cell counter plug-in of ImageJ and was normalized with the area used to 
compute the mean gray value. The mean gray value of LTI6B-GFP fluorescence 
was determined in ImageJ by manually selecting a region of interest that 
surrounds the cytoplasm of papillae, excluding the plasma membrane. Both 
quantities were averaged over the number of cells analyzed. 

Pollination assays 
Arabidopsis thaliana flower buds were emasculated just before anthesis (stage 13, 
Smyth et al. 1990) to avoid pollen contamination and pollinated with pollen from 
Arabidopsis lyrata S14. Pollinated stigmas were harvested 6 h after pollination and 
placed in FAA (4 % formaldehyde, 5 % acetic acid, 50 % alcohol in water) 
overnight at 4 °C for fixation. Stigmas were then washed three times with water 
before being placed in 4 N NaOH for 30 min at room temperature to soften the 
tissues. Stigmas were then washed three times with water and placed in aniline 
blue (discolored in 3 % K3PO4 in water) overnight at 4 °C to stain pollen grains 
and tubes. Stigmas were then mounted between plate and coverslip in discolored 
aniline blue for observation in a Nikon e600 with DAPI filter set. Germinated 
pollen grains were manually counted and the mean number of germinated pollen 
grain per stigma was computed for each genotype analyzed. Experiments were 
replicated at least three times. We distinguish three categories of the degree of 
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self-incompatibility. Plants are categorized as self-incompatible when they display 
less than 5 germinated pollen grains per stigma, on the average. Plants are 
categorized as partially self-incompatible when they display more than 5 but less 
than 30 germinated pollen grains per stigma. Finally, plants with more than 30 
germinated pollen grains per stigma fit in the self-compatible category (Kitashiba 
et al. 2011). 

Scanning electron microscopy 
Experiments were performed on a Hirox SH-3000 scanning electron microscope. 
Hydrated samples were mounted on the platform cooled at –10 °C and 
subsequently cooled at –50 °C for observation. 

Results 

Molecular cloning of Arabidopsis lyrata SRK14 
To obtain the complete cDNA of SRK14, we isolated total mRNA from Arabidopsis 
lyrata S14 stigmas and performed 5’ and 3’ RACE PCR with primers annealing 
within the published sequence encoding the S domain (Charlesworth et al. 2003, 
Castric et al. 2008). We generated primers located on the ATG and stop codons to 
amplify SRK14 from total genomic DNA and then sequenced the fragment we 
amplified. Database searches showed that this fragment shares sequence identity 
with Arabidopsis lyrata and Brassica sp. SRK alleles, exhibiting the highest sequence 
identity with Arabidopsis lyrata SRK13-14 (figure 1A). Only 6 nucleotides over the 
930 that constitute the highly divergent extracellular domain are different between 
both sequences. This divergence is compatible with the extent of polymorphism 
seen in SRK sequences that belong to a single S-haplotype (Castric et al. 2010). 
Moreover, amino acid sequence alignment with known SRK shows that the 
fragment we isolated exhibits characteristic features of receptor kinases belonging 
to the S-gene family: a signal sequence, a predicted extracellular S-domain 
containing 12 conserved cysteine residues, a transmembrane domain, and a kinase 
domain with conserved residues involved in serine/threonine kinase activity 
(supplemental figure 1). Taken together, our data strongly suggest that the 
sequence we isolated encodes SRK14, which belongs to the B class of SRK alleles 
(Prigoda et al. 2005, Castric et al. 2008). 

Generation of a self-incompatible Arabidopsis thaliana by 
expression of a functional SRK14 from Arabidopsis lyrata 
SRK belongs to the S-gene family which includes members unrelated to the S-
locus neither to pollen-stigma interaction (Dwyer et al. 1994, Pastuglia et al. 2002). 
Thus, a definitive proof that our putative SRK14 encodes the female self-
incompatibility determinant is to complement a natural mutant for self-
incompatibility: Arabidospis thaliana. Indeed, Arabidopsis thaliana is self-fertile due to 
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the inactivation of S-locus recognition genes. However, other components of the 
SRK-mediated signaling cascade are maintained in this species, as self-
incompatibility can be restored by the expression of SRK and SCR isolated from its 
close self-incompatible relatives Arabidopsis lyrata or Capsella grandiflora (Nasrallah et 
al. 2002, Boggs et al. 2009). Furthermore, it has been observed that different 
accessions of Arabidopsis thaliana exhibited significant differences relative to both 
the strength of self-incompatibility and the persistence of this response through 
floral development. For example, self-incompatibility exhibited by C24 
transformants is identical to the self-incompatibility observed in naturally self-
incompatible Brassicaceae species: immature stigmas (corresponding to stage 12 in 
Arabidopsis thaliana, Smyth et al. 1990) are self-compatible whereas stigmas from 
flowers just before opening (stage 13) are fully self-incompatible and this 
phenotype is maintained throughout stigma development (Nasrallah et al. 2002, 
2004, Boggs et al. 2009). In contrast, stigmas of Col-0 transformants display a 
transient self-incompatibility meaning that a robust self-incompatibility is 
observed only during a narrow window of stigma development (stage 13 and early 
stage 14), with subsequent breakdown of self-incompatibility in mature flower 
stigmas (stage 14L, Nasrallah et al. 2002, Liu et al. 2007, Rea et al. 2010). 
Quantitative PCR data indicated that in some Arabidopsis thaliana accessions, 
breakdown of self-incompatibility is due to reduced SRK mRNA accumulation, 
causing suboptimal levels of SRK protein at the latest stages of stigma 
development (Liu et al. 2007, Strickler et al. 2013). Furthermore, it was 
demonstrated that this regulation occurs at the transcriptional level, targeting the 
promoter of SRK (Strickler et al. 2013).  

 To avoid transcriptional regulation affecting SRK expression in Arabidopsis 
thaliana, we expressed SRK14 under the control of the SLR1 promoter from 
Brassica oleracea (pSLR1, Hackett et al. 1996, Fobis-loisy et al. 2007). SLR1 gene is a 
member of the self-incompatibility multigene family of Brassica sp. and is 
expressed in stigma coordinately with SRK (Lalonde et al. 1989). A DNA fragment 
of approximately 1500 base pairs upstream of SLR1 drives in Arabidospsis thaliana a 
high GFP accumulation reaching maximum at flower anthesis (Fobis-Loisy et al. 
2007). We selected two independent transgenic Arabidopsis thaliana Col-0 lines 
(#10 and #18) and one C24 line (#14) that contain a single transgene insertion. 
The self-incompatibility phenotype of these lines was characterized (figure 1B). 
Stigmas were emasculated and pollinated at indicated stages of floral development 
with incompatible pollen from Arabidopsis lyrata S14. Col-0 line #10 displayed a 
strong self-incompatible phenotype from stage 12 to late stage 14 (14L), as did 
C24 line #14. Indeed, both transgenic lines rejected Arabidopsis lyrata S14 pollen 
whereas wild-type Col-0 displayed numerous pollen tubes upon pollination with 
Arabidopsis lyrata S14 pollen.  

 The self-incompatibility phenotype was maintained throughout stigma 
development and started even earlier than what has been previously reported in a 



 

 

Figure 1: expression of Arabidopsis lyrata SRK14 restores self-incompatibility in 
Arabidopsis thaliana.  
(A) Nucleotide sequence identity of the S-domain of variants of SRK, AlSRK sequences are from 
Arabidopsis lyrata, BoSRK sequences are from Brassica oleracea. AlSRK13-14, Charlesworth et al. 2003. 
AlSRK14, this work. AlSRK13 and AlSRK20, Kusaba et al. 2001. BoSRK3, Giranton et al. 2000. BoSRK6, 
Naithani et al. 2007. 
(B) The self-incompatible phenotype of Arabidopsis thaliana expressing SRK14 from Arabidopsis lyrata 
depends on the developmental stage of flowers. SRK14 was expressed in Arabidopsis thaliana Col-0 or C24 
under the control of the Brassica oleracea SLR1 promoter. Stigmas at development stages 12 or just before 
anthesis (stage 13), were emasculated and pollinated with pollen from Arabidopsis lyrata S14. For stage 14L 
(14 late), stigmas were emasculated just before anthesis (stage 13) and pollinated 24 hours later. 6 h after 
pollination, stigmas were harvested, stained with aniline blue and germinated pollen grains with growing 
pollen tube in the stigma were counted. Numbers on the graph correspond to the number of pollinated 
stigmas per development stage. S.D. = standard deviation. 
(C) Expression level of SRK14 in stigmas harvested just before stage 13 was quantified by reverse-
transcription quantitative PCR. SRK14 expression measured relative to ACTIN8 (ACT8) expression. 



Figure 2: expression of AlSRK3:14 in Arabidopsis thaliana papillae. 
(A) Alignment of the protein sequence of Arabidopsis lyrata SRK14 (AlSRK14) and Brassica oleracea SRK3 
(BoSRK3) that shows the conservation of the N-terminal peptide (boxed region) where amino acids of 
AlSRK14 different from BoSRK3 are shown in red. These amino acids were mutated in AlSRK14 
sequence to match BoSRK3 and give the protein called SRK3:14. 
(B) Immunoblot with anti-SRK3 antibodies on stigma extracts from transgenic Arabidopsis thaliana 
expressing SRK3:14. The construct expressed in stigmas is indicated on the bottom, under the number of 
the plant line. The negative control (– control) is an Arabidopsis thaliana line expressing pSLR1>>SRK14 
and displaying a self-incompatible phenotype. The positive control (+ control) is Brassica oleracea S3. The 
molecular mass of the proteins is indicated on the left (1 kDa = 1000 daltons). 
(C) Characterization of the self-incompatible phenotype of plants expressing SRK3:14. Stigmas were 
pollinated with incompatible pollen from Arabidopsis lyrata S14, stained with aniline blue, and the number 
of germinated pollen grains found on the stigma were counted. SRK3:14 was expressed either under the 
control of Brassica oleracea SLR1 promoter (pSLR1) or under the control of Col-0 pseudo-SRK promoter 
(pSRK). Promoter and SRK14 sequences were inserted in a plasmid containing either a kanamycin 
resistance gene (pK7) or the Basta® resistance gene (pB7), for plant selection. Wild-type Col-0 was used 
as a self-compatible control. The number n of stigmas examined is noted for each genotype. S.D. = 
standard deviation. The red line marks the upper boundary for a self-incompatible phenotype and the 
orange line marks the upper boundary for the partial self-incompatible phenotype. Above the orange line 
plants display a self-compatible phenotype. 
(D) to (I) Analysis by confocal microscopy of immunolocalization of SRK3:14 on stigma sections of 
Arabidopsis thaliana. The name of the plant line analyzed is indicated in the upper left part of the image. 
The Arabidopsis thaliana line pSLR1>>SRK14 #10 was used as a negative control. Putative plasma 
membrane and endosomes are indicated by open arrowheads and arrowheads, respectively. Vac = 
vacuole. 
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C24 background (Nasrallah et al. 2002, Liu et al. 2007, Rea et al. 2010). Brassica 
oleracea SLR1 is abundant in papillae cells and SLR1 mRNA are detected in early 
stages of stigma development (Lalonde et al. 1989). This might explain why SRK14 
could accumulate above the threshold required for self-incompatibility in stage 12 
stigmas in C24 as well as in Col-0. A second transgenic line in Col-0 background 
was also analyzed. Line #18 displayed a similar self-incompatible phenotype than 
Col-0 lines #10 and C24 line #14, although it accepted a higher number of 
incompatible pollen grains at stage 12. 

 We quantified relative SRK14 expression in lines #10, #14 and #18 by 
reverse-transcription followed by real-time quantitative (figure 1C). In Col-0 lines 
#10 and #18, SRK14 expression was comparable to the expression measured in 
Arabidopsis lyrata S14. In C24 line #14, SRK14 expression was five to six times 
lower than in Arabidopsis lyrata S14 or than in Col-0 lines #10 or #18 but these 
expression levels were sufficient for the plants to display a self-incompatible 
phenotype. 

Immunolocalization of SRK3:14 in Arabidopsis thaliana 
papillae 
The subcellular localization of  Brassica olerace SRK3 was previously investigated 
using anti-SRK3 antibodies targeted to either the first nine N-terminal amino acids 
or to part of the C-terminal segment of SRK (Ivanov and Gaude 2009). We 
noticed that among the first nine amino acids of SRK14 following the signal 
peptide, only two were not shared with Brassica oleracea SRK3 (figure 2A). We 
mutated these two amino acids by PCR-mediated mutagenesis so that SRK14 first 
nine amino acids match the homologous sequence of SRK3. This mutated SRK14 
protein with the same N-terminus as SRK3 is called SRK3:14. This protein was 
expressed in Col-0 either under the control of the Col-0 pseudo-SRK promoter 
(pSRK), or under the control of pSLR1.  

 To verify that anti-SRK3 antibodies bind to SRK3:14, stigma proteins were 
extracted from second generation transgenic plants containing independent single 
transgene insertions, and separated by SDS-PAGE before we performed 
immunoblots (figure 2B). SRK is expressed as a full-length protein and alternative 
splicing variants comprising the extracellular domain of SRK (eSRK). eSRK has two 
major glycosylation forms (Ivanov and Gaude 2009). The positive control (figure 
2B, “+ control” lane) shows that anti-SRK3 antibodies detect the full-length 
Brassica oleracea SRK3 (around 122kDa) and the two major eSRK3 glycosylation 
forms (around 64 and 61kDa). We used the Arabidopsis thaliana line 
pSLR1>>SRK14 #10 (see figure 1) as a negative control (figure 2B, “– control” 
lane). Since this protein does not contain the SRK3 N-terminal epitope, it should 
not be recognized by anti-SRK3 antibodies. As expected, no protein was detected 
in the negative control. We analyzed 5 independent plant lines that express 
SRK3:14 under the control of pSLR1 (pSLR1>>SRK3:14) and 5 other independent 
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lines that express SRK3:14 under the control of pSRK (pSRK>>SRK3:14). Anti-SRK3 
antibodies bound to SRK3:14 expressed in Arabidopsis thaliana, confirming our 
strategy. Both the full-length protein (around 117kDa) and the two major 
glycosylation forms of eSRK3:14 (around 61 and 58kDa) were detected. 

 The self-incompatible phenotype of these plant lines was analyzed (figure 
2C). Ten out of 10 plants expressing pSLR1>>SRK3:14 are self-incompatible. Four 
out of 10 plants expressing pSRK>>SRK3:14 were self-incompatible, 4/10 were 
partially self-incompatible and 2/10 were self-compatible. 

 We then performed immunolocalizations with anti-SRK3 antibodies on 
stigma sections (figures 2D to 2I). We used the Arabidopsis thaliana line 
pSLR1>>SRK14 #10 (see figure 1) as a negative control—as expected, only a faint 
background noise was detected (figures 2D and 2E). To investigate the 
subcellular localization of SRK3:14, we selected the line pSLR1>>SRK3:14-pB7 #7, 
which is self-incompatible (figure 2C) and expresses a high level of SRK3:14 
(figure 2B). SRK3:14 was concentrated at the periphery of the papillae along a 
thin line, consistent with a plasma membrane localization (open arrowheads, 
figures 2F and 2G). SRK3:14 was also seen in intracellular spots that may 
correspond to endosomes(arrowheads figures 2H and 2I), as previously seen in 
Brassica oleracea (Ivanov and Gaude 2009). 

Overexpression of ARA7S24N or ARA7Q69L partially reduces 
endocytic trafficking 
ARA7 is an Arabidopsis thaliana RAB GTPase that controls endosomal trafficking by 
cycling between a GTP-bound active state and a GDP-bound inactive state (Nielsen 
et al. 2008). A single amino acid substitution can lock ARA7 in one of these 
nucleotide-bound forms: ARA7S24N is predicted to have impaired GDP exchange 
and is thus locked in the inactive state, ARA7Q69L putatively has abolished GTPase 
activity and is thus locked in the active state (Dhonukshe et al. 2006). ARA7S24N 

over-expression was shown to impair endocytosis of FM4-64 and several plasma 
membrane proteins (Dhonukshe et al. 2006, 2008, Irani et al. 2012). In addition, 
ARA7S24N over-expression perturbs trafficking of vacuolar cargos, leading to their 
secretion (Kotzer et al. 2004). ARA7Q69L over-expression induces homotypic fusion 
of multivesicular bodies, leading to their enlargement (Kotzer et al. 2004, Jia et al. 
2013). 

 We expressed pSLR1>>RFP-ARA7S24N or pSLR1>>RFP-ARA7Q69L in a plant 
line that expresses pSRK>>SRK14. This plant line is self-incompatible, since less 
than 5 pollen grains on average are accepted (data not shown). We used pSRK 

instead of pSLR1 to drive expression of SRK14 because of possible co-suppression 
between SRK14 and RFP-ARA7. We characterized the expression and subcellular 
localization of RFP-ARA7S24N and RFP-ARA7Q69L in papillae (figure 3). The 
localization of wild-type ARA7 fused to YFP (waveline 2Y, Geldner et al. 2009) is 
also shown. In papillae, YFP-ARA7 displays a dual spotty and diffuse intracellular 



 

Figure 3: subcellular localization of ARA7 variants in Arabidopsis thaliana papillae. 
Papillae were analyzed by confocal microscopy. The transgene expressed and the number of the plant 
lines are indicated on upper left-corner of the images, the eventual drug treatment is indicated in the upper 
right-hand corner. WM = wortmannin, BFA = brefeldin A. Stars on images C, H, J and M indicate BFA 
bodies, arrowheads on images K and L indicate swollen intracellular compartments following wortmannin 
treatment. 
(A) to (C) YFP-ARA7 (waveline 2Y, Geldner et al. 2009) localization and drug sensitivity. YFP 
fluorescence is shown in green and chloroplasts are shown in red.  
(D) to (G) Localization of RFP-ARA7S24N and RFP-ARA7Q69L. RFP fluorescent is shown in red and 
chloroplast fluorescence is shown in blue. The arrow on image D indicates the putative tonoplast. 
(H) to (M) Drug sensitivity of RFP-ARA7S24N and RFP-ARA7Q69L. RFP fluorescent is shown in red and 
chloroplast fluorescence is shown in blue. (L) is a magnification of (I) and (M) is a magnification of (J). 
(N) to (P) Co-expression of the multivesicular bodies (MVB) marker SNX1-YFP with RFP-ARA7Q69L. 
YFP fluorescence is shown in green, RFP fluorescence is shown in red and chloroplasts are shown in 
blue. 
  



 

Figure 4: perturbation of endocytosis with RFP-ARA7S24N or RFP-ARA7Q69L over-expression. 
(A) to (H) Papillae expressing the LTI6B-GFP, RFP-ARA7 variants, or both constructs were analyzed by 
confocal microscopy. Confocal planes go approximately through the middle of the papillae except on 
images B, C, D and E where the confocal plane goes through the thin cytosolic sheath of the papilla. 
(A) and (B) Papillae expressing either LTI6B-GFP alone (GFP fluorescence is shown is green and 
chloroplast fluorescence in red).  
(C) to (E) Papillae co-expressing LTI6B-GFP and RFP-ARA7S24N (GFP fluorescence is shown in green, 
RFP fluorescence is shown in red and chloroplast fluorescence is shown in blue). 
(F) to (H) Papillae co-expressing LTI6B-GFP and RFP-ARA7Q69L (same display settings as RFP-
ARA7S24N). 
(I) and (J) The number of LTI6B-GFP-positive endosomes was quantified manually and averaged for the 
n cells analyzed using ImageJ. The asterisks indicate statistically significant difference compared to LTI6B-
GFP alone (Student’s test, p-value < 0.01). 
(K) and (L) The mean intracellular LTI6B-GFP fluorescence intensity was quantified manually and 
averaged for the n cells analyzed using ImageJ. The asterisks indicate statistically significant difference 
compared to LTI6B-GFP alone (Student’s test, p-value < 0.01). 
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distribution, suggesting it partitions between the cytosol and an intracellular 
compartment (figure 3A). This is expected since RAB proteins cycle between 
inactive and cytosolic and active membrane-bound states and accumulates in 
multivesicular bodies at steady state (Nielsen et al. 2008). We characterized the 
sensitivity of the YFP-ARA7-positive intracellular compartment to wortmannin and 
brefeldin A (BFA), two drugs that perturb trafficking (Jaillais et al. 2008). 
Wortmannin is an inhibitor of the PI3-kinase and specifically targets 
multivesicular bodies, which swell upon wortmannin treatment, leaving other 
organelles not affected. BFA is an inhibitor of ARF-GEF proteins, and leads to 
aggregation of endosomal compartments in so called “BFA-bodies”, surrounded 
by Golgi apparatuses. In papillae, YFP-ARA7-labeled compartments were not 
clearly sensitive to wortmannin, showing a slight enlargement with no 
vacuolarization visible (figure 3B). BFA treatment clearly aggregated most of YFP-
ARA7 into BFA-bodies (figure 3C, stars). 

 We selected one single insertion transgenic plant line (#8) homozygous for 
RFP-ARA7S24N and SRK14 which displays high levels of RFP-ARA7S24N fluorescence. 
ARA7S24N displayed a cytosolic and punctate distribution (figures 3D and 3E), 
suggesting that ARA7S24N is recruited to the membrane of an organelle. A similar 
distribution was reported for ARA7S24N in tobacco epidermal cells and the authors 
identified the organelles as the Golgi apparatus, based on colocalization with the 
Golgi marker sialyl-transferase-YFP (Kotzer et al. 2004). We then assayed the 
sensitivity of RFP-ARA7S24N-positive organelles to wortmannin and BFA. The 
organelles stained by RFP-ARA7S24N were visibly aggregated upon BFA treatment 
(figures 3H, stars), but RFP-ARA7S24N also filled the BFA-bodies, suggesting RFP-
ARA7S24N may be located not only at the Golgi, but also at endosomes. 
Wortmannin treatment perturbed the distribution of RFP-ARA7S24N-positive 
organelles, which appeared less homogeneously distributed in the cytoplasm 
(figure 3I). Wortmannin also led to enlargement of some RFP-ARA7S24N-positive 
organelles (figure 3L, arrowheads), indicating that part of them are multivesicular 
bodies. To sum up, the drug sensitivity of RFP-ARA7S24N-stained organelles does 
not unambiguously point towards a Golgi localization but instead suggests an 
endosomal localization. A population of these endosomes are multivesicular 
bodies. 

 We selected one single insertion transgenic plant line (#8) homozygous for 
RFP-ARA7Q69L and SRK14 and which displays high levels of RFP-ARA7Q69L 
fluorescence. RFP-ARA7Q69L was localized at the periphery of circular organelles 
with a diameter of approximately 1–2µm (figure 3F) and was found to delineate 
the vacuole, likely representing a tonoplast localization (figure 3G, arrow). This 
localization is similar to what was previously reported in tobacco epidermal cells 
(Kotzer et al. 2004) and Arabidopsis thaliana protoplasts (Jia et al 2013), where RFP-
ARA7Q69L induced formation of enlarged multivesicular bodies and also 
accumulated to the tonoplast. We investigated the sensitivity of RFP-ARA7Q69L-
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stained organelles to BFA and wortmannin. BFA seemed to aggregate RFP-
ARA7Q69L-positive compartments into weakly fluorescent large structures (figure 
3J and 3M, stars) while most of RFP-ARA7Q69L-positive compartments retained 
their individuality, in line with the fact that multivesicular bodies are weakly 
sensitive to BFA (Geldner et al. 2009, Jaillais et al. 2008). Wortmannin treatment 
dramatically enhanced the diameter of RFP-ARA7Q69L-positive organelles (figure 
3K, arrowheads), consistent with their identity as being multivesicular bodies. 
Finally, we co-expressed RFP-ARA7Q69L with SNX1-YFP, a marker of multivesicular 
bodies (Jaillais 2006, 2008). The two proteins were colocalized to intracellular 
compartments (figures 3N to 3P). Taken together, these results confirm that 
ARA7Q69L localization is consistent with published data, i.e. to multivesicular bodies 
and to the tonoplast. 

 To verify that ARA7S24N and ARA7Q69L effectively perturbed endocytic 
trafficking in papillae, we co-expressed these proteins with LTI6B-GFP. LTI6B-GFP 
labels the plasma membrane and is present in intracellular compartments that are 
aggregated by BFA (Grebe et al. 2003). Moreover, abolition of endocytosis 
suppressed LTI6B-GFP presence in BFA-bodies and blockage of protein synthesis 
with cycloheximide did not suppress LTI6B-GFP presence in BFA-bodies 
(Dhonukshe et al. 2007). Altogether, these data indicate that LTI6B-GFP-positive 
organelles are endosomes. In papillae, LTI6B-GFP was found at the plasma 
membrane and in putative endosomes (figures 4A and 4B). When RFP-ARA7S24N 
was co-expressed with LTI6B-GFP, they labeled spatially close but distinct 
populations of intracellular compartments (figures 4C to 4E). We also noticed 
that the number of LTI6B-GFP-positive intracellular spots decreased, which was 
confirmed by quantitative analysis: RFP-ARA7S24N-expressing cells contained 27 % 
less LTI6B-GFP-positive endosomes than cells not expressing RFP-ARA7S24N (figure 
4I). However, a decrease in the number of endosomes does not necessarily mean 
a decrease in the amount of endocytosed material, since the endosomes could 
contain more material. We therefore quantified the intracellular LTI6B-GFP 
fluorescence intensity in plants expressing either LTI6B-GFP alone or co-expressing 
LTI6B-GFP with RFP-ARA7S24N (figure 4K). The results indicate that LTI6B-GFP 
accumulates 22 % less inside cells expressing RFP-ARA7S24N, compared to cells that 
do not express RFP-ARA7S24N. RFP-ARA7Q69L was colocalized with LTI6B-GFP 

(figures 4F to 4H). Plants expressing RFP-ARA7Q69L displayed a 69 % increase in 
the number of LTI6B-GFP-positive endosomes (figure 4J) and a 47 % increase in 
the amount of internalized LTI6B-GFP (figure 4L). The data indicate that ARA7 
mutants partially perturb endocytosis and have opposite effects: ARA7S24N reduces 
endocytosis while ARA7Q69L increases endocytosis. 

 We then analyzed the self-incompatible phenotype of the plants co-
expressing either ARA7S24N or ARA7Q69L with SRK14. None of the plants expressing 
ARA7S24N or ARA7Q69L displayed an altered self-incompatible response (data not 
shown), thereby suggesting that a partial perturbation of endocytosis does not 



 



 

Figure 5: perturbation of endocytosis and self-incompatibility with a DRP1A null mutant. 
(A) to (D) Subcellular localization of DRP1A-GFP in papillae. White arrowheads indicate putative trans-
Golgi networks, open arrowheads indicate putative endocytic sites. 
(E) and (F) Scanning electron microscopy of stage 13 stigmas expressing SRK14 in either wild-type (E) 
or loss-of-function mutant (F) DRP1A background. 
(G) Characterization of the self-incompatible phenotype of plants expressing SRK14 in wild-type or loss-
of-function mutant DRP1A background. Stigmas were pollinated with incompatible pollen  from 
Arabidopsis lyrata S14 and the number of germinated pollen grains found on the stigma were counted after 
aniline blue staining. The number n of stigmas examined is noted for each genotype. S.D. = standard 
deviation. The red line marks the upper boundary for a self-incompatible phenotype and the orange line 
marks the upper boundary for the partial self-incompatible phenotype. Above the orange line plants 
display a self-compatible phenotype. 
(H) Expression levels of SRK14 were quantified by reverse-transcription quantitative PCR in stigmas of 
plants either wild-type or null mutant for DRP1A. SRK14 expression is represented relative to ACTIN8 
(ACT8) expression. 
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affect self-incompatibility, at least not with the amplitude that is realized with RFP-
ARA7S24N or RFP-ARA7Q69L. 

DRP1A loss of function abolishes self-incompatibility 
DRP1A is a GTPase involved in clathrin-mediated endocytosis (Fujimoto and Ueda 
2012). It is thought to detach clathrin-coated vesicles from the plasma membrane 
by conformational changes following GTP hydrolysis. Loss of function of DRP1A 
impairs endocytosis, as seen by a dramatic reduction of FM4-64 endocytosis 
(Collings et al. 2008). Moreover, DRP1A is highly expressed in papillae and loss of 
function of DRP1A leads to defective elongation of papillae and accumulation of 
excess plasma membrane that forms many indentations, consistent with defective 
endocytosis (Kang et al. 2003). 

 We selected transgenic plants that express pSLR1>>DRP1A-GFP and 
analyzed the expression and localization of DRP1A-GFP in papillae by confocal 
microscopy (figures 5A to 5D). DRP1A-GFP was localized to small punctate 
structures at the periphery of the cell (figures 5B and 5D, open arrowheads) and 
to larger intracellular spots (figures 5B and 5D, white arrowheads) in all first 
generation transgenic plants analyzed. This distribution is similar to what was 
previously published : punctate structures at the cell cortex that colocalize with 
clathrin light chain and may represent endocytic sites (Fujimoto et al. 2010, 
Konopka and Bednarek 2008) and intracellular compartments that colocalize with 
a trans-Golgi network marker (Sawa et al. 2005). We thus hypothesize that the 
small punctate structures seen at the periphery represent endocytic sites, and that 
the larger intracellular structures are trans-Golgi networks.  

 We crossed the Col-0 line pSLR1>>SRK14 #10 with a T-DNA insertion 
mutant knockout for DRP1A. This mutant has a T-DNA insertion in intron 6 of 
DRP1A. We selected drp1a-/-/SRK+ plants that contained the SRK14 transgene (based 
on amplification of SRK from genomic DNA, data not shown) and homozygous 
for drp1a based on the defective elongation phenotype of papillae, as reported by 
Kang et al. (2003) (figures 5E and 5F). When pollinated with incompatible pollen 
from Arabidopsis lyrata, drp1a-/-/SRK+ plants were compatible (figure 5G), 
indicating that DRP1A function is required for self-incompatibility. To verify that 
the self-compatible phenotype of drp1a-/- plants was not the result of 
downregulation of SRK14 expression, we quantified SRK14 mRNA levels by reverse 
transcription followed by quantitative real-time PCR (figure 5H). SRK14 mRNA 
levels are identical in drp1a-/-/SRK+ and DRP1A wild-type plants, indicating that 
drp1a-/-/SRK+ plants express sufficient quantities of SRK14 to mount a self-
incompatible response. 
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Discussion 
Endocytic trafficking plays both positive and negative roles in the regulation of 
receptor kinase signaling (Sorkin and von Zastrow 2009). Silencing of activated 
receptors is realized by endocytosis and degradation of receptors in the lytic 
compartment. During intracellular trafficking through endosomal compartments, 
the ligand-receptor interaction can be maintained, enabling sustained and 
sometimes specific signaling from endosomal compartments. The subcellular 
localization of SRK3 in Brassica oleracea revealed that most of SRK3 is localized to 
endosomes, where it is routed after activation, raising the possibility that SRK 
could be signaling from endosomal compartments (Ivanov and Gaude 2009). In 
this work, we reintroduced self-incompatibility in Arabidopsis thaliana by 
expression of the functional SRK14 from Arabidopsis lyrata and then studied the 
relationship between SRK14 endocytic trafficking and self-incompatibility. 

 When self-incompatibility is reintroduced in Arabidopsis thaliana, the 
expression of self-incompatibility depends on the ecotype (Nasrallah et al. 2004). 
Indeed, only C24 was found to display a strong and robust self-incompatibility 
that peaked at stage 13 of flower development and last until late stage 14, as in 
Arabidopsis lyrata. Col-0 displayed a strong self-incompatible phenotype at stage 13 
but a subsequent breakdown of the phenotype (Nasrallah et al. 2002, 2004). This 
breakdown was linked to polymorphism in at least three modifier loci: PUB8 (Liu 
et al. 2007), NRDP1A (Strickler et al. 2013) and an unkown gene (Boggs et al. 2009). 
It was shown that PUB8 and NRDP1A affect SRK expression levels (Liu et al. 2007, 
Strickler et al. 2013). In the present article, we demonstrate that the expression of 
self-incompatibility in Col-0 can be as robust as in Arabidopsis lyrata, contrary to 
what was previously reported. This may be due to the use of the strong SLR1 
promoter to control the expression of SRK instead of Arabidopsis lyrata SRK14 
endogenous promoter. The SLR1 promoter could allow SRK14 expression to be 
above the threshold required for self-incompatibility throughout stigma 
development. 

 Performing immunolocalization on papillae expressing SRK3:14, we found 
SRK3:14 in intracellular compartments that could represent endosomes but we 
also found a significant amount of SRK3:14 at the plasma membrane. In Brassica 
oleracea, SRK3 was almost uniquely found in endosomes, with few patches at the 
plasma membrane (Ivanov and Gaude 2009). This contrasts with 
immunolocalization of SRK3:14 in Arabidopsis thaliana, where significant amounts 
of SRK apparently localize to the plasma membrane. It was proposed that the 
constitutive and predominant localization of Brassica oleracea SRK3 in endosomes 
served the purpose of regulating the amount of SRK that is available for ligand 
binding at the plasma membrane (Ivanov and Gaude 2009), which is a paradigm 
for mammalian RTK function (Sorkin and von Zastrow 2009). Indeed, a single 
papilla can distinguish between a compatible pollen grain and an incompatible 
pollen grain at the same time and mount a self-incompatible response against the 



EXPERIMENTAL RESULTS 

71 
 

latter while allowing the former to germinate (Sarker et al. 1988). Since SRK can 
trans-phosphorylate (Giranton et al. 2000), this dual competence of papillae implies 
that some mechanisms must prevent SRK signaling from spreading along the 
plasma membrane when it is activated. Such a mechanism could be a high 
endocytosis/recycling ratio that concentrates SRK in endosomes and leaves only a 
few amounts at the plasma membrane (Ivanov and Gaude 2009). However, it is 
currently unknown if this dual competence of papillae is conserved in Arabidopsis 
thaliana. Since Arabidopsis thaliana is naturally self-compatible, compatible and 
incompatible pollen grains do not compete at the stigma surface. As a result, 
evolutionary pressure to maintain this dual competence may be released, allowing 
SRK to accumulate at the plasma membrane in Arabidopsis thaliana. 

 We aimed at perturbing endocytosis by over-expression of the dominant 
negative mutant ARA7S24N, a strategy that was previously reported to reduce 
endocytosis in Arabidopsis thaliana roots (Dhonukshe et al. 2006, 2008, Irani et al. 
2012). We also investigated the effect of the dominant positive mutant ARA7Q69L. 
We first characterized the subcellular localization of wild-type ARA7 and the two 
ARA7 mutants. Wild-type ARA7 was reported to be localized at the multivesicular 
bodies (Haas et al. 2007, Kotzer et al. 2004, Lee et al. 2004). In papillae, wild-type 
ARA7-labeled compartments were poorly sensitive to wortmannin and highly 
sensitive to BFA. However, these results were unexpected because ARA7-labeled 
multivesicular bodies are strongly sensitive to wortmannin A and weakly to BFA in 
root cells (Geldner et al. 2009, Jaillais et al. 2008). Instead, our results are more 
consistent with YFP-ARA7 being localized to a population of endosomes that is 
earlier on the endocytic pathway than multivesicular bodies—perhaps trans-Golgi 
networks which are not sensitive to wortmannin and moderately sensitive to BFA. 
When comparing different cell types, it is not uncommon to see differences of 
trafficking that translate in differences in the compartments that are labeled by a 
particular protein at steady state (Robinson et al. 2008, Jaillais et al. 2008). Trans-
Golgi networks are believed to progressively mature to form multivesicular bodies 
(Scheuring et al. 2011). It is possible that the unique properties of papillae 
regarding trafficking lead to accumulation of YFP-ARA7 in a population of 
endosomes that is between trans-Golgi networks and multivesicular bodies, which 
would explain the atypical drug sensitivity of ARA7-labeled compartments seen in 
papillae.  

 We confirmed that targeting ARA7 function indeed perturbed endocytosis, 
as monitored by quantitative imaging of LTI6B-GFP. Our data indicate that RFP-
ARA7S24N and RFP-ARA7Q69L partially perturb endocytosis in papillae and have 
opposite effects: RFP-ARA7S24N decreases endocytosis while RFP-ARA7Q69L increases 
it, in line with the fact that these proteins are dominant-negative and dominant 
positive mutants of ARA7, respectively. However, over-expression of ARA7 
mutants in papillae does not perturb self-incompatibility. We also aimed at 
perturbing endocytosis with a loss-of-function mutant of DRP1A. Plants 
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expressing SRK14 and homozygotes for DRP1A loss-of-function were self-
compatible, contrary to plants expressing SRK14 in a DRP1A wild-type background. 
This confirms the link between endocytosis and self-incompatibility. The partial 
perturbation of endocytosis realized with ARA7 mutants may leave SRK signaling 
unaffected. Our next goal is to determine the subcellular localization of SRK3:14 in 
a DRP1A loss-of-function background, in which we expect to see a reduction in 
the amount of internalized SRK3:14. 

 Taken together, our data indicate that endosomal signaling of SRK might 
happen and raises important questions. In what type of endosomes is SRK 
signaling? Is SRK endosomal signaling a sustained process initiated at the plasma 
membrane, or are there specific signaling proteins recruited to endosomes? 
Transgenic self-incompatible Arabidopsis thaliana lines are powerful tools to study 
pollen-stigma interactions through genetic approaches and allowed to uncover the 
specificities of SRK signaling in Arabidopsis (Kitashiba et al. 2011, Yamamoto and 
Nasrallah 2013). We demonstrate here that they are also amenable to investigation 
of the subcellular events that govern self-incompatibility, and believe that they will 
help to answer the questions raised by the unique properties of SRK signaling. 
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Supplemental figure 1: alignment of the predicted AlSRK14. 
Arabidopsis lyrata SRK: AlSRK14, this work; AlSRK13 and AlSRK20, Kusaba et al. 2001. Brassica sp. SRK: 
BoSRK3, Delorme et al. 1995; BoSRK6, Naithani et al. 2007. The putative peptide sequences are 
underlined. The black stars indicate the 12 cysteines that are conserved in the S-domains of genes in the S-
gene family. The red boxes indicate amino acid involved in phospho-transfer. The lysine residue in red 
corresponds to the catalytic lysine. The black boxes indicate residues in the kinase domain that are 
conserved in serine/threonine protein kinases. 
 
         1                                                   50 
AlSRK14  MRGVIPKYHQ SHNFFFFVFV VSTLFLPALS IYANTLLSTE SLTIASNQTI 
AlSRK13  MRVVVPNCHH FY....IFFV VLILIRSVFS SYVHTLSSTE SLTISSKQTI 
AlSRK20  .....PNKHH YYSFSFVFLF FFLILFPDFS ISTNTLSATE SLTISSNKTI 
 BoSRK3  MQGVRYIYHH SYT..LLVFV VMILFRPALS IYVNTLSSTE YLTISNNKTL 
 BoSRK6  MKGARNIYHH SYMSFLLVFV VMILIHPALS IYINTLSSTE SLTISSNKTL 
 
         51                                                 100 
AlSRK14  VSLGDDFELG FFKPAASLRD GDRWYLGIWY KTISIRTYVW VANRDHPLYS 
AlSRK13  VSPGEVFELG FFNPAATSRD GDRWYLGIWF KTNLERTYVW VANRDNPLYN 
AlSRK20  VSLGDVFELG FFT.....IL GDSWYLGIWY KKIPEKTYVW VANRDNPIST 
 BoSRK3  VSPGDVFELG FFKTTS.... SSRWYLGIWY KTLSDRTYVW IANRDNPISN 
 BoSRK6  VSPGSIFEVG FFRTN..... .SRWYLGMWY KKVSDRTYVW VANRDNPLSN 
 
         101                                                150 
AlSRK14  SAGTLKISGI NLVLLNQSNI AVWSTNLT.G AVRSPPVAEL LPNGNFVLRY 
AlSRK13  STGTLKISDT NLVLLDQFDT LVWSTNLT.G VLRSPVVAEL LSNGNLVLKD 
AlSRK20  STGILKISNA NLVLLNHFDT PVWSTNLT.A EVKSPVVAEL LDNGNFVLRD 
 BoSRK3  STGTLKISGN NLVLLGDSNK PVWSTNLTRR SERSPVVAEL LANGNFVMRD 
 BoSRK6  AIGTLKISGN NLVLLDHSNK PVWWTNLTRG NERSPVVAEL LANGNFVMRD 
 
         151                                                200 
AlSRK14  SKTNGQDILL WQSFDYPTDT LLPHMKLGLD LKTGNNRLLT SWKNSFDPSS 
AlSRK13  SKTNDKDGIL WQSFDYPTDT LLPQMKMGWD VKKGLNRFLR SWKSQYDPSS 
AlSRK20  SKTNGSDEFL WQSFDFPTDT LLPQMKLGLD HKKRLNKFLR SWKSSFDMSS 
 BoSRK3  SNNNDASQFL WQSFDYPTDT LLPDMKLGYD LKTGLDRFLT SWRSLDDPSS 
 BoSRK6  SSNNDASEYL WQSFDYPTDT LLPEMKLGYN LKTGLNRFLT SWRSSDDPSS 
 
         201                                                250 
AlSRK14  GYISYKLETL GLPEFFMWRN EVPIFRSGPW DGTRLSGIPE MQRWKDINIS 
AlSRK13  GDFSYKLETR GFPEFFLLWR NSRVFRSGPW DGLRFSGIPE MQQWEYM..V 
AlSRK20  GDYLFKIETL GLPEFFIWMS DFRVFRSGPW NGIRFSGMLE MQKWDDI..I 
 BoSRK3  GNFSYRLETR KFPEFYLRSG IFRVHRSGPW NGIRFSGIPD DQKLSYM..V 
 BoSRK6  GNFSYKLETQ SLPEFYLSRE NFPMHRSGPW NGIRFSGIPE DQKLSYM..V 
 
         251                                                300 
AlSRK14  YNFTENKEEV AFTFRVTTPN VYSRLIMNSE GFLQLSRWNP TLSEWNVFWR 
AlSRK13  SNFTENREEV AYTFQITNHN IYSRFTMSST GALKRFRWIS SSEEWNQLWN 
AlSRK20  YNLTENKEEV AFTFRPTDHN LYSRLTINYA GLLQQFTWDP IYKEWNMLWS 
 BoSRK3  YNFTDNSEEV AYTFRMTNNS IYSRLTVSFL GHFERQTWNP SLGMWNAFWS 
 BoSRK6  YNFIENNEEV AYTFRMTNNS FYSRLTLISE GYFQRLTWYP SIRIWNRFWS 
 
         301                                                350 
AlSRK14  S.STSDCNGY QSCTPYSYCD TNTTPNCNCI KGFAPQNPQE GALDNTNTEC 
AlSRK13  K.PNDHCDMY KRCGPYSYCD MNTSPICNCI GGFKPRNLHE WTLRNGSIGC 
AlSRK20  TSTDNACETY NPCGPYAYCD MSTSPMCNCV EGFKPRNPQE WALGDVRGRC 
 BoSRK3  FILDSQCDIY KMCGPYAYCD VNTSPICNCI QGFNPSDVEQ WDRRSWAGGC 
 BoSRK6  SPVDPQCDTY IMCGPYAYCD VNTSPVCNCI QGFNPRNIQQ WDQRVWAGGC 



 
         351                                                400 
AlSRK14  VRKTQLSCDG DGFFWLRNMK PPDTSGAIVD KRIGLKECEE RCIKECNCTA 
AlSRK13  VRKTRLNCGG DGFLCLRKMK LPDSSAAIVD RTIDLGECKK RCLNDCNCTA 
AlSRK20  QRTTPLNCGR DGFTQLRKIK LPDTTAAILD KRIGFKDCKE RCAKTCNCTA 
 BoSRK3  IRRTRLSCSG DGFTRMKNMK LPETTMAIVD RSIGVKECEK KCLSDCNCTA 
 BoSRK6  IRRTQLSCSG DGFTRMKKMK LPETTMATVD RSIGVKECKK RCISDCNCTA 
 
         401                                                450 
AlSRK14  FSNMNIQDGG KGCVIWTKEL ADIRRYADG. ..GQDLYVRL AAVDLVTEKA 
AlSRK13  YASTDIQNGG LGCVIWIEEL LDIRNYASG. ..GQDLYVRL ADVDIGDERN 
AlSRK20  FANTDIRNGG SGCVIWIGRF VDIRNYAAD. ..GQDLYVRV AAANIGDRKH 
 BoSRK3  FSNADIRNGG MGCVIWTGRL DDMRNYAAD. ..GQDLYFRL AAVDLVKKRN 
 BoSRK6  FANADIRNGG SGCVIWTERL EDIRNYATDA IDGQDLYVRL AAADIAKKRN 
 
         451                                                500 
AlSRK14  NNNSGKTRTI IGLSVGAIAL IFLSFTIFFL WRRHKKAREI AQYTECGQRV 
AlSRK13  .....IRGKI IGLAVGASVI LFLSSIMFCV WRRKQKLLRA TEAPIVYPTI 
AlSRK20  .....ISGQI IGLIVGVSLL LLVSFIMYWF WKKKQKQARA TAAPNVYRER 
 BoSRK3  .....ANWKI ISLTVGVTVL LLL..IMFCL WKRKQKRAKA NATSIVNRQR 
 BoSRK6  .....ASGKI ISLTVGVSVL LLL..IMFCL WKRKQKRAKA SAISIANTQR 
 
         501                                                550 
AlSRK14  GR........ .....QNLLE TDEDDLKLPL MEYDVVAMAT DDFAITNKLG 
AlSRK13  NQGLLMNRLE ISSGRHLSED NQTEDLELPL VEFEAVVMAT ENFSNSNKLG 
AlSRK20  TQ.HLTNGVV ISSGRHLFGE NKTEELELPL TEFEAVVMAT DNFSDSNILG 
 BoSRK3  NQNLPMNGMV LSSKTEFSEE NKIEELELPL IDLETVVKAT ENFSNCNKLG 
 BoSRK6  NQNLPMNEMV LSSKREFSGE YKFEELELPL IEMETVVKAT ENFSSCNKLG 
 
         551                                                600 
AlSRK14  EGGFGTVYKG RLIDGEEIAV KKLSDVSTQG TNEFRTEMIL IAKLQHINLV 
AlSRK13  EGGFGVVYKG RLLDGQEIAV KRLSTTSIQG ICEFRNEVKL ISKLQHINLV 
AlSRK20  QGGFGVVYMG RLPDGQEIAV KRLSMVSLQG VNEFKNEVKL IARLQHINLV 
 BoSRK3  QGGFGIVYKG RLLDGKEIAV KRLSKTSVQG TDEFMNEVTL IARLQHINLV 
 BoSRK6  QGGFGIVYKG RLLDGKEIAV KRLSKTSVQG TDEFMNEVTL IARLQHINLV 
 
         601                                                650 
AlSRK14  RLLGCFADAD DKILVYEYLE NLSLDYYIFD ETKSSDLNWQ TRFNIINGIA 
AlSRK13  RLFGCCVDEN EKMLIYEYLE NLSLDSHLFN KSLSCKLNWQ MRFDITNGIA 
AlSRK20  RLFSCCIYAD EKILIYEYLE NGSLDSHLFK KVQSSKLNWQ KRFNIINGIA 
 BoSRK3  QIIGCCIEAD EKMLIYEYLE NLSLDSFLFG KTRRSKLNWK ERFDITNGVA 
 BoSRK6  QVLGCCIEGD EKMLIYEYLE NLSLDSYLFG KTRRSKLNWN ERFDITNGVA 
 
 
 
 
 
         651                                                700 
AlSRK14  RGLLYLHKDS RCKVIHRDLK TSNILLDKDM IPKISDFGLA RIFARDEEEA 
AlSRK13  RGLLYLHQDS RFRIIHRDLK ASNVLLDKDM TPKISDFGMA RIFGRDETEA 
AlSRK20  RGLLYLHQDS RFKIIHRDLK ASNVLLDKDM TPKISDFGMA RIFEREETEA 
 BoSRK3  RGLLYLHQDS RFRIIHRDLK VSNILLDKNM IPKISDFGMA RMFAREETEA 
 BoSRK6  RGLLYLHQDS RFRIIHRDLK VSNILLDKNM IPKISDFGMA RIFERDETEA 
 
         701                                                750 
AlSRK14  TTRRIVGTYG YMAPEYAMDG VYSEKSDVFS FGVVILEIVT GKKNRGFTSS 
AlSRK13  NTRKVVGTYG YMSPEYAMDG IFSVKSDVFS FGVLVLEIVS GKKNRGFYNS 
AlSRK20  STKKVVGTYG YMSPEYAMDG IFSVKSDVFS FGVLVLEIVS GKRNRGFYNS 



 BoSRK3  STMKVVGTYG YMSPEYAMHG IFSEKSDVFS FGVIVLEIVT GKRNSGFNNL 
 BoSRK6  NTMKVVGTYG YMSPEYAMYG IFSEKSDVFS FGVIVLEIVS GKKNRGFYNL 
 
         751                                                800 
AlSRK14  DLDTNLLSYV WRNMEEGTGY KLLDPNMMDS SSQ...AFKL DEILRCITIG 
AlSRK13  NQDNNLLGYA WRNWKEGKGL EILDPFIVDS SSS.PSAFRP HEVLRCIQIG 
AlSRK20  NQDNNLLSYT WDHWKEGKWL EIADPIIVGT SSS.SSTFRP HEVLRCLQIG 
 BoSRK3  NYEDHLLNYA WSHWKEGKAL EIVDPVTVDS L...PSTFQK QEVLKCIQIG 
 BoSRK6  DYENDLLSYV WSRWKEGRAL EIVDPVIVDS LSSQPSIFQP QEVLKCIQIG 
 
         801                                                850 
AlSRK14  LTCVQEYAED RPMMSWVVSM LGSN.TDIPK PKPPGYCLAI S....SDP.. 
AlSRK13  LLCVQERAED RPVMSSVVVM LRSETETIPQ PKPPGYCVGR SPFETDSSTH 
AlSRK20  LLCVQERAED RPKMSSVVFM LGNEKGEIPQ PKPPGYCIGR SFLETDSSSS 
 BoSRK3  LLCVQELAEN RPTMSSVVWM LGSEATEIPQ PKPPGYCIRR SPYELDPSSS 
 BoSRK6  LLCVQELAEH RPAMSSVVWM FGSEATEIPQ PKPPGYCVRR SPYELDPSSS 
 
         851                     873 
AlSRK14  ......WTST TIEYTTTEVE PR. 
AlSRK13  EQRD..ESCT VNQITISAID PR. 
AlSRK20  TQRN..ESST INQFTVSVIN AR. 
 BoSRK3  RQYD.NDEWT VNQYTCSFID AR. 
 BoSRK6  WQCDENESWT VNQY...... ... 
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9. Effects of perturbing endocytic trafficking on self-
incompatibility 

9.1. Perturbation of clathrin activity with the clathrin-
hub 

As discussed in the introduction, clathrin-mediated endocytosis is a major 
internalization route. Over-expression of the C-terminal part of clathrin heavy 
chain, called the clathrin-hub, impairs clathrin-mediated endocytosis in a 
dominant-negative manner (Liu et al. 1998). In Arabidopsis thaliana, clathrin-hub 
was shown to impair endocytosis of FM4-64, PIN proteins and H+ plasma 
membrane ATPase (Dhonukshe et al. 2007, Kitakura et al. 2011), and ligand-bound 
BRI1 (Irani et al. 2012). Although the clathrin-hub may inhibit clathrin-mediated 
bud of vesicles at the trans-Golgi networks, it was reported that secretion of 
plasma membrane proteins is not inhibited by the clathrin-hub (Dhonukshe et al. 
2007). 

 We generated a construct in which the pSLR1 drives the expression of a 
GFP-clathrin-hub protein fusion, with GFP at the N-terminal side of the hub (GFP-
hub). This construct was expressed in self-incompatible plants that express 
Arabidopsis lyrata SRK14 under the control of pSRK. The expression of GFP-hub in 
papillae was monitored by confocal microscopy in second generation transgenic 
plants (figure 25). Most of the GFP-hub displayed an intracellular spotty 
distribution and to a smaller extent a cytosolic localization (figures 25A, 25B and 
25C, large arrowheads), indicating that the clathrin-hub is likely recruited to 
intracellular membranes. These membranes may be trans-Golgi networks, since 
clathrin-coated vesicles bud from this compartment (Sauer et al. 2013). This 
localization seems to contrast with the published localization of the clathrin-hub. 
Indeed, the clathrin-hub is mainly cytosolic in animal cultured cells (Liu et al. 
1998) and in plant protoplasts (Dhonukshe et al. 2007), although membrane-
associated hubs are visible after cytosol removal (Liu et al. 1998), and a spotty 
pattern is also detected in Arabidopsis thaliana roots cells expressing RFP-hub 
(Kitakura et al. 2011). Moreover, the clathrin-hub is sometimes incorporated in 
structures formed by wild-type membrane-associated clathrin heavy chains, 
although the function of these structures is perturbed (Liu et al. 1998). These data 
indicate that our finding that GFP-hub may associate with intracellular membranes 
in papillae is not surprising. We also noticed a population of smaller spots that 
were more numerous than the bigger ones (which likely are trans-Golgi networks), 
often seen when the confocal plan was tangential to the periphery of the papillae 
(figure 25C, small arrowheads). This dual localization is similar to what is 
obtained for clathrin light chain (Konopka et al. 2008): part of clathrin is localized 
to the plasma membrane at endocytic sites (the small spots) and part is localized 
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to the trans-Golgi networks (the big spots). The small spots seen in papillae might 
thus represent clathrin structures at the plasma membrane. 

 We plan to verify whether endocytosis is indeed perturbed in papillae by 
expression of the clathrin-hub or not. To do so, we will investigate if GFP-hub 
expression reduces endocytosis of LTI6B-GFP, as performed for ARA7 mutants (see 
part 8). 

 We then investigated whether expression of GFP-hub perturbs the self-
incompatibility phenotype (figure 26). Out of 5 independent lines that co-express 
GFP-hub and SRK14, three lines were self-incompatible and two were partially self-
incompatible (lines #10 and #11). However, the high standard deviation of the 
mean of lines #10 and #11 indicates these results are likely not significant. 
Collectively, our data indicate that the clathrin-hub over-expression in papillae 
does not impair self-incompatibility. 

9.2. Perturbation of endocytosis with dominant 
negative mutants of DYNAMIN RELATED PROTEIN 1A 

DYNAMIN-RELATED PROTEIN 1A (DRP1A) is a GTPase involved in clathrin-
mediated endocytosis. It is thought to detach clathrin-coated vesicles from the 
plasma membrane by conformational changes following GTP hydrolysis. DRP1A is 
highly expressed in papillae and loss of function of DRP1A leads to defective 
elongation of papillae and accumulation of excess plasma membrane that forms 
many indentations, consistent with defective endocytosis (Kang et al. 2003). In 
animals, mutation of lysine 44 involved in GTPase activity was used to study the 
function of Dynamin1. The mutant Dynamin1K44A has 90% reduced GTPase 
activity and its over-expression leads to abolished endocytosis of transferrin and 
EGF receptor in a dominant negative manner (Bliek et al. 1993, Herskovits et al. 
1993, Damke et al. 1994). In plant cells, over-expression of the homologous 
mutant of DRP1A, DRP1AK47M, perturbed transport of Golgi-derived vesicles to the 
cell plate (Hong et al. 2003). Other dominant-negative mutants of animal 
Dynamin1 were studied. Dynamin1T68A has null GTPase activity and its over-
expression blocks endocytosis of transferrin (Marks et al. 2001). We mutated 
DRP1A to obtain DRP1AK47M and DRP1AT68A, the latter being a mutation 
homologous to the one studied by Marks et al. (2001). Wild-type DRP1A or DRP1A 
mutants fused to GFP or mCherry were expressed under the control of pSLR1 in 
papillae that express SRK14 under the control of pSRK. 

 We analyzed the expression and localization of fluorescently-tagged DRP1A 
wild-type and variants in papillae of first generation transgenic plants 
corresponding to independent transgene insertions (figure 27). Wild-type DRP1A-
GFP (figures 27A to 27D) was localized to small punctate structures at the 
periphery of the cell (figures 27B and 27D, open arrowheads) and to larger 
intracellular spots (figures 27B and 27D, arrowheads). This distribution is similar 



 

Figure 25: expression and subcellular localization of GFP-hub in papillae. GFP-hub was expressed 
under the control of the SLR1 promoter in plants expressing SRK14 under the control of Col-0 pseudo-
SRK promoter. GFP-hub fluorescence and subcellular localization was analyzed by confocal microscopy. 
The number of the plant line is indicated on the upper left-hand corner. Large arrowheads indicate 
putative trans-Golgi networks, small arrowheads indicate putative endocytic sites at the plasma membrane. 
 
 

 

Figure 26: the self-incompatible phenotype of second generation transgenic plants co-expressing 
GFP-hub and SRK14. Second generation transgenic plants corresponding to independent single 
transgene insertions were pollinated with incompatible pollen and the number of germinated pollen grains 
found on the stigma were counted after aniline blue staining.  GFP-hub was expressed under the control of 
Brassica oleracea SLR1 promoter (pSLR1) and SRK14 was expressed under the control of Col-0 pseudo-SRK 
promoter (pSRK). Wild-type C24 was used as a self-compatible control and a transgenic line expressing 
SRK14 only was used as a self-incompatible control. The number n of stigmas examined is noted for each 
genotype. S.D. = standard deviation. The red line marks the upper boundary for a self-incompatible 
phenotype and the orange line marks the upper boundary for the partial self-incompatible phenotype. 
Above the orange line plants display a self-compatible phenotype. 
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Figure 27: subcellular localization of DRP1A, DRP1AK47M and DRP1AT68A fused to either GFP or 
mCherry. The name of the construct expressed by papillae is indicated in the upper left-hand corner, 
together with the number of the plant line. Papillae were analyzed by confocal microscopy. White 
arrowheads point at putative trans-Golgi networks, open arrowheads point at putative endocytic sites. The 
confocal plane went through the middle of the cell, except on images C, D, G, H, K and L where the 
confocal plane is tangential to the periphery of the cell. 
(A) to (D) Papillae co-expressing Arabidopsis lyrata SRK14 and wild-type DRP1A-GFP. GFP fluorescence 
is shown in green, chloroplast fluroescence is shown in red.  
(E) to (H) Papillae co-expressing Arabidopsis lyrata SRK14 and DRP1AK47M-mCherry. mCherry 
fluorescence is shown in red, chloroplast fluorescence is shown in blue.  
(I) to (L) Papillae co-expressing Arabidopsis lyrata SRK14 and DRP1AT68A-GFP. GFP fluorescence is 
shown in green, chloroplast fluroescence is shown in red. 
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to what was previously published: punctate structures at the cell cortex that 
colocalize with clathrin light chain and may represent endocytic sites (Fujimoto et 
al. 2010, Konopka and Bednarek 2008) and intracellular compartments that 
colocalize with a trans-Golgi network marker (Sawa et al. 2005). We thus 
hypothesize that the small punctate structures seen at the periphery represent 
endocytic sites, and that the larger intracellular structure are trans-Golgi networks. 
DRP1AK47M-mCherry (figures 27E to 27H) and DRP1AT68A-GFP (figures 27I to 
27L) displayed a distribution similar to DRP1A-GFP, as expected. Indeed, these two 
DRP1A mutants are mutated at residues required for GTP hydrolysis, but their 
membrane binding and protein-protein interaction domains are not affected. 
Consequently, they are expected to be recruited to their site of activity and impair 
the function of their interacting partners, hence the dominant-negative property. 
Whether DRP1A proteins were tagged with GFP or mCherry did not affect the 
distribution of DRP1A variants in papillae. 

 We selected several first generation transgenic plant lines corresponding to 
independent transgene insertions. We selected plant lines that displayed high 
expression of DRP1A transgenes, based on levels of GFP or mCherry fluorescence, 
and determined the self-incompatibility phenotype of these plants (figure 28). 
Over-expression of wild-type DRP1A-GFP did not affect self-incompatibility, as the 
plants were self-incompatible (only line #3 is represented, this line was used as a 
self-incompatible control). Over-expression of DRP1AK47M-GFP/mCherry or 
DRP1AT68A-GFP/mCherry did not affect self-incompatibility, as the plants displayed 
pollen rejection similar to plants expressing wild-type DRP1A. Only line 
DRP1AK47M-mCherry #2 and line DRP1AT68A-GFP #1 had slightly more germinated 
incompatible pollen grains in comparison to the other lines. However, the fact 
that this phenotype is seen in only two lines over nine analyzed and the size of the 
standard deviation compared to the mean make us believe that this result likely 
not significant. Altogether, our results indicate that over-expression of DRP1A 
dominant-negative mutants does not perturb self-incompatibility. 

 We are currently verifying that DRP1A mutants effectively perturb endocytic 
trafficking by crossing them with plants expressing LTI6B-GFP and monitor the 
changes in the amount of internalized LTI6B-GFP. 
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9.3. Perturbation of SRK endocytic trafficking by 
mutation of a conserved tyrosine-based motif of SRK 

The sequence of the intracellular region of SRK14 contains several motifs 
putatively involved in endocytosis, among them three YXXΦ motifs, where Y is a 
tyrosine, X is any amino acid, and Φ is a hydrophobic residue. This motif is 
involved in clathrin-mediated endocytosis by binding to the μ subunit of the AP-2 
complex, which bridges cargo and clathrin molecules (Kurten 2003). The YDVV 
motif starting at tyrosine 525 is located in the juxtamembrane segment of SRK14, 
the YYIF motif (tyrosine 618) is located inside the kinase domain, as the YEYL 
motif (tyrosine 608). The YEYL motif is very well conserved among many PRK and 
was proposed to be a common endocytic motif for PRK endocytosis (Geldner and 
Robatzek 2008). The tyrosine of this motif is actually the gatekeeper residue. 
Among the kinase domains encoded by the human genome, 20 % have a 
threonine and 60 % have a methionine as a gatekeeper. The presence of a tyrosine 
at this position is specific for the IRAK family of kinases (Wang et al. 2006), which 
is homologous to the family composed by the kinase domains of PRK (Shiu and 
Bleecker 2001b). When the atomic structure of IRAK4 was solved, it was 
determined that the gatekeeper tyrosine interacts with a conserved residue in the 
N-terminal lobe of the kinase domain and stabilizes the active conformation of 
the kinase (Wang et al. 2006). PRK, being phylogenetically related to the IRAK 
family, have a tyrosine as a gatekeeper. Mutation of the gatekeeper of Arabidopsis 
thaliana BRI1 (tyrosine 956, Oh et al. 2009), of  Medicago truncatula LYK3 (tyrosine 
390, Klaus-Heisen et al. 2011) and of Arabidopsis thaliana SYMRK (tyrosine 970, 
Samaddar et al. 2013) results in a severely impaired kinase activity, consistent with 
the role of the gatekeeper in stabilizing the active conformation of PRK kinase 
domains. 

 We investigated the role of the YEYL motif by mutating the first tyrosine 
(tyrosine 608) into alanine. We selected 7 second generation transgenic plant lines 
expressing SRK14Y608A and corresponding to independent single insertions of the 
transgene. All the lines displayed a self-compatible phenotype, in contrast to 
plants expressing a wild-type SRK14 (figure 29A). We verified by reverse 
transcription quantitative PCR that the compatible phenotype of SRK14Y608-
expressing plants was not the result of low expression levels of SRK14 (figure 
29B). Only plant line #15 is represented, as all plant lines displayed similar 
expression levels. 

 As tyrosine 608 is the probable gatekeeper residue of SRK14, we investigated 
the effect of this mutation on the kinase activity of SRK14. We fused the 
cytoplasmic domain of SRK14 (SRK14cd), from amino acids 487 to 851 
(comprising the juxtamembrane segment, the kinase domain and the C-terminal 
tail) with an N-terminal HA epitope and inserted the construct in a plasmid for in 
vitro transcription and translation. We expressed wild-type SRK14cd, SRK14Y608Acd, 



 

 

 

 

 

Figure 28: the self-incompatible phenotype of plants co-expressing either DRP1AK47M-
GFP/mCherry or DRP1AT86A-GFP/mCherry with SRK14. First generation transgenic plants 
corresponding to independent transgene insertions were pollinated with incompatible pollen and the 
number of germinated pollen grains found on the stigma were counted after aniline blue staining.  
DRP1AK47M-GFP/mCherry or DRP1AT68A-GFP/mCherry were expressed under the control of Brassica 
oleracea SLR1 promoter (pSLR1) and SRK14 was expressed under the control of Col-0 pseudo-SRK 
promoter (pSRK). Wild-type Col-0 was used as a self-compatible control and a transgenic line co-
expressing wild-type DRP1A-GFP and SRK14 only was used as a self-incompatible control. The number 
n of stigmas examined is noted for each genotype. S.D. = standard deviation. The red line marks the 
upper boundary for a self-incompatible phenotype and the orange line marks the upper boundary for the 
partial self-incompatible phenotype. Above the orange line plants display a self-compatible phenotype. 
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Figure 29: effect of mutation of the gatekeeper tyrosine of SRK14 on self-incompatibility.  
(A) Characterization of the self-incompatible phenotype plants expressing SRK14Y608A. Second generation 
transgenic plants corresponding to independent single transgene insertions were pollinated with 
incompatible pollen and the number of germinated pollen grains found on the stigma were counted after 
aniline blue staining. The red line marks the upper boundary for a self-incompatible phenotype and the 
orange line marks the upper boundary for the partial self-incompatible phenotype. Above the orange line 
plants display a self-compatible phenotype.  
(B) Reverse transcription quantitative PCR was performed to quantify SRK14Y608 mRNA levels on plant 
line #15. All plant lines displayed similar expression levels. 
 

 

Figure 30: monitoring of trans-phosphorylation of SRK kinase domain in the Y608A mutant. The 
cytoplasmic domain (containing the kinase domain) of wild-type SRK14, SRK14Y608A, SRK14K563A and 
SRK14K563A, K564A, were fused to the hemagglutinin epitope (HA) expressed in vitro and proteins were 
subjected to immunoblotting with anti-HA antibodies (upper panel). The same proteins expressed in vitro 
were subjected to immunoblotting with anti-phospho-threonine antibodies (anti-pThr) (lower panel). 
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SRK14K563Acd and SRK14K563A, K564Acd. Lysine 563 of SRK14 is the putative catalytic 
lysine. As lysine 563 is immediately followed by another lysine, we also generated 
an SRK14cd in which both lysines were mutated (SRK14K563A, K564Acd) in case lysine 
564 could be involved in the phosphotransfer reaction. 

 We expressed all the SRK14cd variants in a cell-free wheat germ extract and 
analyzed the expression products by Western-blot with anti-HA antibodies (figure 
30, upper panel). All constructs gave a strong and sharp band at the expected size 
(45 kDa), indicating they were well expressed. We also performed a Western blot 
with anti-phosphothreonine (anti-pThr) antibodies (figure 30, lower panel). As 
expected, wild-type SRK14 (wt lane) showed a band of approximately 45 kDa 
while the kinase-dead variants did not (K563A and K563A, K564A lanes). This 
result indicates that wild-type SRK14cd can trans-phosphorylate in the in vitro 
reaction mixture to produce an SRK14cd protein phosphorylated on threonines, 
while the kinase-dead variants cannot. Unfortunately, we did not detect 
phosphorylated SRK14Y608Acd, indicating that this mutant as an abolished kinase 
activity. We thus conclude that the self-compatible phenotype of the plants 
expressing SRK14Y608A most likely arises from the abolition of the kinase activity of 
SRK14, and not from a mis-localization of the receptor at the subcellular level 
because of impaired endocytosis. 
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10. Subcellular localization of SRK14 

10.1. Summary of the approaches implemented 

Managing to detect SRK at the subcellular level in Arabidopsis thaliana stigmatic 
papillae proved to be a much more challenging task than expected. Many PRK can 
bear the insertion of a fluorescent protein at their C-terminus and retain 
functionality (BRI1, Friedrichsen et al. 2000; BAK1, Li et al. 2002; FLS2, Robatzek et 
al. 2006; CLV1, Nimchuk et al. 2011; ACR4, Gifford et al. 2003; NFP, Lefebvre et al. 
2012; Xa21, Chen et al. 2010a). SRK14, however, lost functionality when either 
GFP (27 kDa) or smaller tags like hemagglutinin or FLAG epitopes (10 Da) were 
inserted at its C-terminus. We overcame this difficulty by inserting fluorescent 
protein within the N-terminus of SRK14, in regions predicted to be loops in the 
3D structure of the extracellular domain, and succeeded in generating functional 
fusions. Experimental evidence shows that the extracellular space has a pH in the 
5–6 range (Fasano et al. 2001) and the lumen of endosomes has a pH of 6.2 to 6.3 
(Shen et al. 2010). SRK is predicted to be a type I transmembrane protein (Stein et 
al. 1990), so the N-terminal domain is located either in the extracellular space if 
SRK is at the plasma membrane, or in the lumen of endosomes if SRK is 
endocytosed. In other words, the fluorescent proteins inserted in the extracellular 
domain of SRK are in an acidic environment. To address this issue, we took 
advantage of pH-resistant fluorescent proteins, namely TagBFP2 (Subach et al. 
2011), Citrine (Griesbeck et al. 2001) and mCherry (Shaner et al. 2004). These N-
terminal fusions between fluorescent proteins and SRK14 allowed subcellular 
localization in live papillae. As a final approach, we mutated two amino acids at 
the N-terminus of SRK14 to take advantage of antibodies targeted at the first nine 
amino acids of Brassica oleracea SRK3. These anti- SRK3 antibodies allowed us to 
visualize the subcellular localization of SRK14 on stigma sections using secondary 
antibodies coupled to fluorochromes. 

10.2. SRK14 may localize to the plasma membrane and to 
endosomes in Arabidopsis thaliana 

SRK14 tagged at the N-terminus with fluorescent proteins displayed a diffuse 
cytoplasmic localization, a reticulate pattern that could correspond to an 
endoplasmic reticulum labeling and a putative plasma membrane localization. 
Performing immunolocalization on papillae expressing SRK3:14, we found 
SRK3:14 in intracellular compartments that could represent endosomes but we 
also found a significant amount of SRK3:14 at the plasma membrane. These 
localizations will be confirmed by colocalization with characterized markers of 
intracellular compartments. We have Arabidopsis thaliana plant lines expressing 
fluorescently-tagged markers of all major compartments, including the Wave lines 
(Geldner et al. 2009) and several additional lines that we developed. We already 
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crossed these marker-lines with plants expressing tagged SRK14 and the progeny 
of these crosses will be analyzed soon. In addition, we plan to use drugs that 
perturb trafficking to verify that the intracellular compartments labeled by 
SRK3:14 are endosomes. We will treat papillae with tyrphostin A23, or BFA in 
conjunction with cycloheximide, or wortmannin prior to immunolocalization. If 
these intracellular compartments are endosomes, and if SRK14 endocytosis 
depends on one or several YXXΦ motifs, tyrphostin A23 should decrease the 
number and/or the intensity of the intracellular spots. In addition, BFA plus 
cycloheximide treatment should lead to aggregation of these structures into BFA-
bodies. However, the compartments may be endosomes weakly sensitive to BFA, 
such as multivesicular bodies. In this case, wortmannin treatment should alter the 
structure of these compartments. 

 The significance of the localization of SRK14 tagged at loop1/2 or at the N-
terminus with fluorescent proteins is unclear. Indeed, the endoplasmic reticulum 
is not likely to be relevant for SRK14 signaling and may represent defects during 
SRK14 biosynthesis. The presence of the fluorescent protein at loop1/2 or at the 
N-terminus of SRK may perturb folding of SRK into the native structure and 
activate endoplasmic reticulum quality control mechanisms, which could lead to 
mis-folded tagged-SRK retention in the endoplasmic reticulum by binding to 
chaperones (Gidalevitz et al. 2013). 

 The relevance of the putative plasma membrane localization of 
fluorescently-tagged SRK14 is also enigmatic, since its correlation with self-
incompatibility is not clear. The plant lines in which the plasma membrane 
localization of SRK14 is most evident are not the lines that display the strongest 
self-incompatible phenotype. Conversely, the plant lines that display the strongest 
self-incompatible phenotype show a diffuse cytoplasmic localization of the 
fluorescent protein. Such a diffuse fluorescence may not reflect the localization of 
functional fusions, but rather the localization of cytosolic fluorescent protein 
fusions after failure of protein addressing to the endoplasmic reticulum. In the 
case of the N-terminal fusions, the presence of an ectopic fluorescent protein 
close to the signal peptide could perturb signal peptide recognition by the signal 
recognition particle (SRP), blocking addressing of tagged-SRK14 to the 
endoplasmic reticulum (Snapp et al. 2001). It is unlikely that the fluorescent 
protein is cleaved from SRK14, since we did not see labeling of the nucleus, which 
occurs when a fluorescent protein is expressed alone. In addition, diffuse 
cytoplasmic localization displayed by tagged-SRK could arise from high levels of 
SRK14 expression. Indeed, this may lead to problems of secretion and release of 
tagged-SRK14 in the cytosol but allow enough protein to reach the 
compartment(s) that is (are) relevant for SRK14 signaling, explaining both the 
diffuse localization and the strong self-incompatible phenotype. 

 By performing immunolocalization with anti-SRK3 antibodies we found 
SRK3:14 in intracellular compartments that could represent endosomes but we 



DISCUSSION 

87 
 

also found a significant amount of SRK3:14 at the periphery of papillae, probably 
representing a plasma membrane localization. However, live cell imaging of SRK14 
tagged with fluorescent proteins rarely showed intracellular compartments, 
contrasting with the immunolocalization data. We favor the results obtained with 
immunolocalization of SRK3:14 for two reasons: first, they are more consistent 
with results obtained in Brassica oleracea than live cell imaging of SRK tagged at 
loop1/2 or at the N-terminus with fluorescent proteins; second, SRK3:14 contains 
no additional tag and is different from SRK14 by only two amino acid 
substitutions at locations not involved in ligand binding, receptor activation or 
kinase activity. This should minimally perturb the function/localization of SRK14 
and is attested by the higher frequency of self-incompatible phenotype of the 
plants expressing SRK3:14 in comparison to plants expressing tagged SRK.  

10.3. Why is SRK localization different between Brassica 
oleracea and Arabidopsis thaliana? 

In Brassica oleracea, SRK3 was almost uniquely found in endosomes, with few 
patches at the plasma membrane (Ivanov and Gaude 2009). This contrasts with 
immunolocalization of SRK3:14 in Arabidopsis thaliana, where significant amounts 
of SRK apparently localize to the plasma membrane. It has been stated that the 
constitutive and predominant localization of Brassica oleracea SRK3 in endosomes 
served the purpose of regulating the amount of SRK that is available for ligand 
binding at the plasma membrane (Ivanov and Gaude 2009), which is a paradigm 
for mammalian RTK function (Sorkin and von Zastrow 2009). Indeed, a single 
papilla can distinguish between a compatible pollen grain and an incompatible 
pollen grain at the same time and mount a self-incompatible response against the 
latter while allowing the former to germinate (Sarker et al. 1988). Since SRK can 
trans-phosphorylate (Giranton et al. 2000), this dual competence of papillae implies 
that some mechanisms must prevent SRK signaling from spreading along the 
plasma membrane. Such a mechanism could be a high endocytosis/recycling ratio 
that concentrates SRK in endosomes and leaves only little amounts at the plasma 
membrane (Ivanov and Gaude 2009). However, it is currently unknown if this 
dual competence of papillae is conserved in Arabidopsis thaliana. Since Arabidopsis 
thaliana is naturally self-compatible, compatible pollen grains do not compete with 
incompatible pollen grains at the stigma surface, so evolutionary pressure to 
maintain this dual competence may be released, allowing SRK to accumulate at the 
plasma membrane in Arabidopsis thaliana. 
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11. Perturbation of endocytic trafficking 

11.1. Endocytosis is required for self-incompatibility 

At the beginning of this work we noted that SRK-GFP was mainly localized at the 
plasma membrane and was not functional. Interestingly enough, SRK3:14—a 
functional protein—is localized to endosomal compartments, in addition to being 
localized at the plasma membrane. This is consistent with the hypothesis that SRK 
requires to be in endosomal compartments to activate its signaling pathway. 

 We used several approaches to perturb endocytic trafficking and monitor 
the effect on self-incompatibility. We targeted clathrin function by over-
expression of the clathrin-hub, which is composed of the C-terminal region of 
clathrin heavy chain and impairs clathrin-mediated endocytosis in a dominant-
negative manner (Dhonukshe et al. 2007, Liu et al. 1998, 1995). However, the 
clathrin-hub did not impair self-incompatibility. We plan to verify that clathrin-
hub indeed perturbed endocytosis in papillae by quantitative imaging of 
internalized LTI6B-GFP. 

 We also investigated the role of the RAB GTPase ARA7 by over-expression of 
either dominant-negative or dominant-positive variants, which were reported to 
perturb endocytosis and trafficking to the vacuole (Dhonukshe et al. 2006, Kotzer 
et al. 2004). We could confirm that targeting ARA7 function indeed perturbed 
endocytosis, as monitored by localization of LTI6B-GFP to intracellular 
compartments. On the one hand, over-expression of the dominant-negative 
ARAS24N led to a partial reduction of the number of LTI6B-GFP-labeled intracellular 
compartments and the amount of intracellular LTI6B-GFP. On the other hand, 
over-expression of the dominant-positive ARAQ69L led to a partial increase of the 
same parameters. The contrasting effects of ARAS24N and ARAQ69L on endocytosis 
are consistent with the dominant-negative and dominant-positive properties, 
respectively, of these proteins. Over-expression of ARA7 variants did not affect 
self-incompatibility, suggesting that a partial perturbation of endocytosis leaves 
SRK function unaffected. Conversely, SRK may follow a trafficking pathway that is 
independent of ARA7 function. If SRK signals from endosomes, it could be 
expected that over-expression of ARAQ69L leads to an amplification of self-
incompatibility, since ARAQ69L over-expression increases endocytosis. We plan to 
verify if over-expression of ARAQ69L can turn a partial self-incompatible phenotype 
into a full self-incompatible phenotype. To do so, we will take advantage of lines 
that express SRK under the control of pSRK, as some of these lines display a partial 
self-incompatible phenotype. 

 We then targeted dynamin function with GTPase-defective variants and a 
loss-of-function mutant of DRP1A, a protein involved in clathrin-coated vesicle 
budding from the plasma membrane (Collings et al. 2008, Fujimoto et al. 2010). 
While GTPase-defective variants did not affect self-incompatibility, loss of 
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function of DRP1A abolished it. It is surprising that expression of dominant-
negative variants of DRP1A does not have the same effect as a loss-of-function 
mutant. A similar result was reported for Rab7 in cultured mammalian cells. 
Indeed, siRNA-mediated knockdown of Rab7 blocks EGFR recycling in absence of 
ligand, blocking EGFR in aberrant endosomes (Rush and Ceresa 2013) while 
Rab7N125I (a dominant negative mutant) does not alter the distribution of EGFR 
(Ceresa and Bahr 2006). The origin of these differences is not clear. It is possible 
that endogenous wild-type proteins are in sufficient amounts to prevent dominant 
negative effects of mutant proteins, or that inhibition of endocytosis is only 
partial. We plan to perform quantitative imaging of LTI6B-GFP internalization to 
verify these hypotheses. We also introgressed SRK14 in ARA7 or clathrin heavy 
chain mutant lines, in order to verify if we can obtain a stronger phenotype than 
with dominant negative mutants.  

 Overall, our findings support a model in which endocytosis is required for 
self-incompatibility, perhaps by leading to SRK signaling from endosomes. It was 
demonstrated that upon activation, SRK is endocytosed and colocalizes with THL1, 
a negative regulator of self-incompatibility, before being degraded in the vacuole 
(Ivanov and Gaude 2009). Endocytosis thus seems to play a dual role in self-
incompatibility by regulating both positively and negatively SRK signaling. SRK 
may sustain signaling from an early population endosomes, before being silenced 
by contacting THL1 and being routed to the vacuole for degradation. Further 
investigation will determine if SRK signaling is an endosomal-specific process or if 
it starts at the plasma membrane and sustains in endosomes. 

11.2. SRK could undergo clathrin-independent 
endocytosis 

Targeting DRP1A function links endocytosis to SRK signaling, but targeting clathrin 
function with over-expression of clathrin-hub does not perturb self-
incompatibility, although the two proteins are believed to function together to 
mediate endocytosis (Chen et al. 2011). Clathrin-independent endocytosis 
probably occurs in plant cells (Bandmann and Homann 2012, Li et al. 2012, 
Moscatelli et al. 2007, Onelli et al. 2008) and may depend on dynamin-related 
proteins. Indeed, several clathrin-independent endocytosis routes characterized in 
animal cells require the function of dynamin. Flotillin-mediated endocytosis is 
clathrin-independent, dynamin-dependent (at least for some cargos) and is 
involved in internalization of cell surface proteoglycans, interleukin2-receptor β 
and IgE (Doherty and McMahon 2009). In addition, flotillin localizes to a 
population of lipid rafts, which are enriched in sterols, sphingolipids and saturated 
fatty acids (Parton and Simon 2007). Flotillin-dependent endocytosis was studied 
in plant cells and is sensitive to cholesterol depletion (Li et al. 2012). To investigate 
if SRK endocytosis and signaling are dependent on clathrin-independent pathways, 
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we could investigate the effect of cholesterol depletion (by using methyl-β-
cyclodextrin) on self-incompatibility. We crossed Arabidopsis thaliana lines 
expressing SRK14 with fad2 and fad3 mutants, which are impaired in saturated fatty 
acid biosynthesis (Hugly and Somerville 1992), and planned to test the self-
incompatible phenotype of these mutants. Third, we could investigate the 
association of SRK with detergent insoluble membranes, which are the 
biochemical counterparts of in vivo lipid rafts. This is performed by extraction of 
stigma proteins with a mild detergent (e.g. Triton X100) and centrifugation of the 
protein extract. Co-sedimentation of SRK with a lipid raft marker such as remorin 
(Simon-Plas et al. 2011) would suggest association of SRK with lipid rafts in vivo. 
Results obtained with this biochemical approach should be confirmed by in planta 
imaging of SRK association with cholesterol- and saturated fatty acid-dependent 
microdomains. Although such microdomains can been seen by confocal 
microscopy (Raffaele et al. 2009), they are 30–70nm wide so their investigation 
requires techniques such as super-resolution microscopy (Owen et al. 2012) and 
immunolocalization by freeze-fracture electron microscopy (Raffaele et al. 2009). 

11.3. Investigating the function of linear motifs of SRK 

We sought to perturb the endocytic trafficking of SRK 14 in a specific manner by 
mutating the YEYL motif located in the kinase domain of SRK. This motif was 
suggested to be a conserved motif among PRK involved in interaction with the 
adaptor protein complex AP2 which bridges clathrin and endocytosed cargo 
(Geldner and Robatzek 2008). However, this motif turned out to contain the 
gatekeeper tyrosine, an amino acid involved in stabilizing the 3D structure of the 
kinase domain (Wang et al. 2006). Mutation of this motif impairs the kinase 
activity and function of Arabidopsis thaliana BRI1 (Oh et al. 2009) and SYMRK 
(Samaddar et al. 2013), as well as the kinase activity of Medicago truncatula LYK3 
while leaving its biological function intact (Klaus-Heisen et al. 2011). We analyzed 
five independent lines of plants expressing SRK14Y608A and all were self-compatible 
although they expressed high levels of SRK14. However, the kinase activity of 
SRK14Y608A was abolished, suggesting that the self-incompatible phenotype of 
these plants arises from a lack of kinase activity of SRK14, and not from a mis-
localization of SRK14Y608A because of defective endocytosis. This confirms 
published results showing that the kinase activity of SRK910 is required for self-
incompatibility in Brassica napus (Stahl et al. 1998). 

 In comparison with the use of drugs and mutants to perturb endocytosis, 
targeting specific motifs in the endocytic cargo has the advantage of specifically 
altering trafficking of the cargo while preserving the global physiology of the 
plant. Analysis of the primary sequence of SRK14 with an online prediction 
software called Eukaryotic linear motif resource (Dinkel et al. 2012) revealed 
several other linear motifs putatively involved in endocytosis and regulation of 
signaling. It would be interesting to characterize the effect of substitution or 



 
 
 
 
 
 
 

 
Figure 31: conservation of linear motifs in different SRK variants. The sequence of Brassica oleracea 
SRK29 (BoSRK29, Genbank accession number Z30211.1), SRK23 (BoSRK23, Genbank accession 
number BAA34233.1), SRK3 (BoSRK3, EMBL Data Library accession number X79432), SRK5 
(BoSRK5, Genbank accession number CAB41878.1), Brassica rapa SRK12 (BrSRK12, Genbank accession 
number BAA07577.2), Arabidopsis lyrata SRK14 (AlSRK14, cf. supplemental figure 1 of part 8) and SRK6 
(AlSRK6, Genbank accession number ACU29642.1) were aligned using ClustalW (Combet et al. 2000). 
The upper alignment shows the end of the transmembrane segment (TM) followed by the juxtamembrane 
segment. The lower alignment shows the C-terminal segment (C-ter). 
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deletion of these motifs on self-incompatibility, on the subcellular localization of 
SRK3:14 in papillae, and on the interaction of SRK3:14 with candidate proteins. 
Several of these motifs may play a role in clathrin-dependent endocytosis. 
Although I proposed in the previous paragraph that SRK could be internalized 
through clathrin-independent endocytosis, a clathrin-dependent endocytic 
pathway cannot be ruled out yet. Furthermore, SRK trafficking may involve both 
clathrin-dependent and clathrin-independent pathways. The engagement of a 
specific endocytic pathway could depend on SRK activation, as seen for EGFR and 
FLS2. Indeed, FLS2 is constitutively endocytosed and recycles through a BFA-
sensitive pathway, while activated receptors traffic via ARA7- and ARA6-positive 
endosomes (Beck et al. 2012). EGFR is endocytosed through a clathrin-dependent 
pathway and then recycled when activated with a low ligand concentration while it 
follows an additional clathrin-independent route that promotes receptor 
degradation when subjected to high ligand concentration (Sigismund et al. 2008). 

 To begin with, a YDVV motif is found in the juxtamembrane segment of 
SRK14 (figure 31, purple). This motif is a tyrosine-based motif putatively involved 
in clathrin-mediated endocytosis through interaction with the µ subunit of the AP2 
complex. It would be possible to investigate the function of this motif in self-
pollen rejection and SRK3:14 subcellular localization by mutating the first tyrosine 
into alanine. Moreover, we could also test the involvement of this motif in 
interaction with AP2-µ by co-immunoprecipitation. 

 The C-terminal tail of SRK14 contains a DPW motif (figure 31, yellow). This 
motif is present in adaptor proteins like epsin and is involved in clathrin 
recruitment by endocytic cargos through interaction with the α and β subunits of 
AP-2 (Owen 2004). We could mutate the DPW motif of SRK14 and test the 
outcome on self-pollen rejection and SRK14 subcellular localization. Plants that 
express a tagged AP2-α protein were recently described and used to purify the 
whole AP2 complex by tandem affinity purification (Rubbo et al. 2013). Similarly, 
we could perform co-immunoprecipitation of SRK3:14 and AP2-α. As a 
complementary approach, we can characterize the effect of loss-of-function of 
AP2 subunits on self-incompatibility. Several AP2 mutants were recently described 
and display impaired endocytosis of FM4-64 and BRI1 (Rubbo et al. 2013). 

 The C-terminal tail of SRK14 also contains a PPGY motif that is well 
conserved among SRK sequences from different Brassicaceae species (figure 31, 
green). PPXY motifs are ligands for group I WW domains, which are involved in 
protein-protein interactions (Kay 2000). We plan to investigate if mutation of the 
PPGY motif perturbs self-incompatibility. If so, this motif could be used as a bait 
in co-immunoprecipitation experiments to identify binding partners. 

 Finally, the juxtamembrane segment of SRK14 contains two forkhead-
associated (FHA) motifs (figure 31, gray). FHA motifs interact with phospho-
threonines and phospho-serines and are found in a variety of proteins, among 



DISCUSSION 

92 
 

them KAPP (Stone 1994). KAPP is a cytosol-oriented, membrane-anchored type 2C 
phosphatase that interacts with the kinase domain of several PRK, including KIK1 
of maize (Braun et al. 1997), HAESA (Stone et al. 1994), CLV1 (Williams et al. 1997), 
SERK1 (Shah et al. 2002), SERK1 (Ding et al. 2007), FLS2 (Gomez-Gomez et al. 
2001) and Brassica oleracea SRK29 (Vanoosthuyse et al. 2003). It has been 
demonstrated that KAPP is phosphorylated by CLV1 and SRK29 and 
dephosphorylates them in vitro. Moreover, KAPP negatively regulates CLV1, BRI1 
and FLS2 signalling (Ding et al. 2007, Williams et al. 1997, Gomez-Gomez et al. 
2001, Vanoosthuyse et al. 2003), suggesting that KAPP has a general role in 
receptor kinase downregulation through its phosphatase activity. KAPP has affinity 
for the sequence [YAF]-A-[YF]-pT-[VQELI]-X-[SA] (where amino acids between 
brackets allow any of the indicated amino acids to be present at this position, pT 
represents a phosphorylated tyrosine and X represents any amino acid, Durocher 
et al. 2000). Far Western experiments demonstrated that KAPP binds BAK1 to the 
LLATQSS sequence (Ding et al. 2007), which differs from the canonical KAPP 
binding sequence by 3 amino acids (favored amino acids at +1 and +3). This 
sequence is found with mismatches in the juxtamembrane segment of SRK14: 
AQYTECG (2 mismatches, favored amino acids at -3, -1 and +1) and FAITNKL (3 
mismatches, favored amino acids at -3 and -2). To characterize the function of 
KAPP in self-incompatibility, we can investigate the effect of either KAPP loss of 
function or KAPP over-expression. Since KAPP is likely involved in downregulation 
of SRK signaling, a KAPP loss of function mutant would increase the strength of 
the self-incompatible phenotype, in other words, turn a partial self-incompatible 
phenotype into a self-incompatible phenotype. More specifically, we can cross 
Arabidopsis thaliana that expresses SRK14 and displays a partial self-incompatible 
phenotype with the rag1-2 mutant, which is a T-DNA insertion null mutant for 
KAPP (SAIL_1255_D05, Manabe et al. 2008). Conversely, KAPP over-expression 
would decrease the strength of the self-incompatible phenotype, e.g. turn a self-
incompatible phenotype into a partial self-incompatible phenotype or self-
compatible phenotype. To verify this hypothesis, we can overexpress KAPP in 
stigmatic papillae using the Brassica oleracea SLR1 promoter. KAPP was reported to 
be localized at the plasma membrane in Arabidopsis thaliana protoplasts, and to 
induce accumulation of the PRK SERK1 in intracellular compartments (Shah  et al. 
2002). It would be interesting to investigate the localization of KAPP in stigmatic 
papillae, and the effect of KAPP over-expression on SRK14 localization in papillae. 
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12. Miscellaneous perspectives 

12.1. SRK dimerization and activation at the plasma 
membrane 

SRK displays an oligomeric state at the plasma membrane in absence of ligand 
(Giranton et al. 2000). Over-expression of SRK in a heterologous system leads to 
auto-activation in absence of ligand (Giranton et al. 2000), and this auto-activation 
can be silenced by the addition of THL1 (Cabrillac et al. 2001). THL1 is an inhibitor 
of self-incompatibility which colocalizes with SRK in endosomes but which is 
absent from the plasma membrane (Ivanov and Gaude 2009). This raises a series 
of important questions. How are SRK dimers stabilized in absence of ligand? What 
are the mechanisms that prevent trans-phosphorylation by the kinase domain of 
SRK in the oligomer at the plasma membrane? How are these mechanisms relieved 
to activate SRK upon ligand binding? 

 Several RTK form oligomers that exist even in the absence of ligand, a 
property linked with dimerization motifs. Indeed, RTK encode in their 
transmembrane helix a propensity to form dimers (Finger et al. 2009), thanks to 
motifs such as the Steinberg-Gullick motif, also referred to as the GG4-like motif 
(Cymer and Schneider 2010). This motif is composed of two small residues 
(alanine, serine, threonine or glycine) separated by three residues and provides a 
groove for close contact between transmembrane helices in the receptor dimer. 
RTK from the EGFR family generally possess two GG4-like motifs in their 
transmembrane segments. It was proposed that interaction between the C-
terminal GG4-like motifs stabilizes the inactive dimer. Ligand binding to the 
receptor induces structural rearrangements in the extracellular domain that allow 
to occur the more energetically favored interaction between the N-terminal GG4-
like motif, thereby stabilizing the active dimer (Cymer and Schneider 2010). 
Moreover, substitution of the glycines of this motif by larger hydrophobic 
residues like valine or isoleucine reduces ligand-induced endocytosis and 
degradation of EGFR, and leads to sustained signaling (Heukers et al. 2013). The 
GG4-like motif can thus play a role in signal transduction and endocytic 
trafficking by receptor kinases.  

 The extracellular part of SRK (eSRK) was demonstrated to contain a 
dimerization determinant, namely the PAN domain (Naithani et al. 2007). 
However, eSRK was found mainly monomeric in planta while SRK was dimeric 
(Giranton et al. 2000). In addition, eSRK does not bind SCR while artificial eSRK 
dimerization with a helix-loop-helix zipper induces SCR binding with affinity 
similar to SRK (Shimosato et al. 2007), highlighting the lack of a dimerization 
determinant in eSRK compared to SRK. The transmembrane segment of SRK14 
contains a GLSGV motif that is well conserved among SRK from different 
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Brassicaceae species. The functional significance of this motif is currently unknown 
and could be responsible for efficient SRK dimerization in vivo. 

 EGFR activation is uncharacteristic, as the activation loop of EGFR is in an 
active conformation even when unphosphorylated. EGFR is thus primed and 
ready for activation before ligand binding. Because of this, mechanisms to control 
auto-activation of EGFR in the absence of ligand were acquired by cells during 
evolution. One such mechanism is proposed in the “electrostatic engine model” 
(McLaughlin et al. 2005). According to this model, EGFR is maintained inactive at 
the plasma membrane thanks to binding of both the juxtamembrane segment and 
the kinase domain to positively charged lipids (such as phosphoinositides) 
through positively charged amino acid residues (arginine, lysine, histidine). A fast 
calcium influx at the early stage of EGFR activation triggers calmodulin binding to 
the juxtamembrane segment of EGFR, which shields the negative charges and 
repels both the juxtamembrane segment and the kinase domain from the plasma 
membrane, allowing full activation of EGFR. EGFR over-expression leads to its 
auto-activation, a phenomenon that can reach the same levels as ligand-induced 
EGFR activation, maybe by titration of phospholipids by the over-expressed 
receptor (Endres et al. 2013). 

 Interestingly enough, activation of SRK shares many features with EGFR 
activation. First of all, SRK is in an oligomeric state at the plasma membrane in 
absence of ligand and over-expression of SRK in a heterologous system leads to 
auto-activation in absence of ligand (Giranton et al. 2000). Secondly, SRK was 
proposed to be in a ready-to-be-activated state at the plasma membrane, since SRK 
is present at the plasma membrane as patches devoid of the negative regulator 
THL1, which is specifically localized in endosomes (Ivanov and Gaude 2009). 
Thirdly, the juxtamembrane segment of SRK14 contains 6 adjacent positively 
charged residues (RRHKKAR), which are well-conserved among different SRK 
sequences (figure 31, blue). Finally, a calcium influx is seen in papillae upon self-
pollen addition (Iwano et al. 2004) and calmodulin interacts with the kinase 
domain of SRK29 (Vanoosthuyse et al. 2003). Calmodulin was shown to interact 
with an amphipathic helix of SRK29 kinase domain, which does not appear as rich 
in positively charged residues in SRK14. However, binding to the juxtamembrane 
may occur anyway. Taken as a whole, these data indicate that some mechanisms 
are likely to prevent SRK auto-activation at the plasma membrane, and that these 
mechanisms could share similarities with those discussed for EGFR.  

 To verify these hypotheses, a first approach could be to substitute the 
positively charged amino acids of the juxtamembrane of SRK14 by alanine 
residues. We expect to monitor a stronger self-incompatible phenotype compared 
to wild-type SRK14, i.e. a shift from a partial self-incompatible phenotype to a self-
incompatible phenotype. A second approach could be to manipulate the levels of 
phosphoinositides at the plasma membrane of papillae by expression of enzymes 
involved in the metabolism of such lipids. An increase of phosphoinositides 
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should lead to a weaker self-incompatible phenotype, while a decrease of 
phosphoinositides should make the self-incompatible phenotype stronger. The 
manipulation of calmodulin function may be difficult. Indeed, the calmodulin 
family in Arabidopsis thaliana contains many members and a single mutant might 
not give a measurable phenotype. Over-expression of the identified calmodulin-
binding peptide of SRK (Vanoosthuyse et al. 2003) in papillae could saturate 
calmodulin and prevent the putative calmodulin-induced SRK activation. 

12.2. Phosphorylated amino acids of SRK 

Studies in Brassica sp. demonstrated that SRK is phosphorylated on serine and 
threonines upon activation (Giranton et al. 2000, Cabrillac et al. 2001). This occurs 
through trans-phosphorylation between SRK molecules (Giranton et al. 2000) and 
between MLPK and SRK molecules (Kakita et al. 2007b). Phosphorylated residues 
then probably serve as binding sites for proteins of the signaling pathway, such as 
ARC1 (Gu et al. 1998). Although the C-terminal segment of SRK contains 
phosphorylated residues (Giranton et al. 2000), the exact identity of these amino 
acids remains unknown. The C-terminal segment of SRK14 contains several serine 
and threonine residues that are conserved between different SRK alleles. A simple 
experiment would be to generate a truncated SRK14 without the C-terminal 
segment, and to test the self-incompatibility phenotype of plants expressing this 
truncated receptor. The function of putatively phosphorylated residues in self-
incompatibility and partner binding could be further investigated by replacing 
them with either alanine (a loss-of-phosphorylation mutation) or aspartate (a gain-
of-phosphorylation mutation). 
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13. Conclusion 
In this study, we investigated the role of endocytic trafficking in regulation of self-
incompatibility. We first generated transgenic self-incompatible Arabidopsis thaliana 
that express a functional S-LOCUS RECEPTOR KINASE (SRK) protein from a related 
and self-incompatible species called Arabidopsis lyrata. We then determined the 
subcellular localization of SRK by immunolocalization with anti-SRK antibodies 
and found a localization similar to Brassica oleracea. Indeed, significant amounts of 
SRK are seen in putative endosomes, suggesting that endosomes play an important 
role in SRK signaling. We then implemented genetic approaches to perturb 
endocytic trafficking. Among the various strategies we undertook, loss of function 
of DYNAMIN-RELATED PROTEIN1A resulted in abolished self-incompatibility, 
indicating that endocytic trafficking positively regulates self-incompatibility. This 
contrasts with the negative role that has been previously attributed to endocytosis 
in regulation of self-incompatibility and suggests that control of SRK signaling is 
complex and relies on antagonistic pathways. We also validated Arabidopsis thaliana 
as a model to study the subcellular events that govern self-incompatibility. 
Stigmatic papillae of Arabidopsis thaliana are amenable to expression of fluorescent 
protein fusions and quantitative confocal imaging. This species will certainly be a 
useful model to explore the complex relationships between intracellular trafficking 
and self-incompatibility, and help to verify the hypotheses that were formulated 
through the realization of this study. 
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Materials and methods related to experimental results presented in the article in submission 
(part 8) are included in the article itself. Methods that are used in the article are not 
described again in this section. 

14. Plant material and growth conditions 
Wild-type Arabidopsis thaliana Col-0 and C24 accessions were obtained from the 
Notthingham arabidopsis stock centre (university of Notthingham, UK, 
http://arabidopsis.info/). Transgenic Arabidopsis thaliana whose transgene was segregating 
were sowed on Petri dishes containing Murashige-Skoog medium (Duchefa), 8 g/L Plant 
Agar (Duchefa), pH 5.7 and appropriate antibiotics depending on the transgene. After 
sowing seeds, plates were kept for two days at 4 °C to synchronize seed hydration and then 
place in growth chambers set at 22 °C with 18 h light/6 h dark photoperiod. After 7-10 
days, seedling were transplanted on earth medium (Argile 10, Favorit) and placed in culture 
rooms set at 22 °C with 18 h light/6 h dark photoperiod. Transgenic plants homozygous 
for the transgene and non-transgenic plants were sowed directly on earth medium. 

 Arabidopsis lyrata ssp petraea expressing the S14 haplotype originates from the Czech 
Republic (seeds generously provided by Dr Pierre Saumitou-Laprade, Université de Lille 
F59655 Villeneuve d’Ascq cedex, France). Arabidopsis lyrata was maintained in culture 
rooms with the same conditions as Arabidopsis thaliana but cultivated in 1L pots containing 
a mixture of 60 % peat-based compost (Klassman BP substrat 2), 20 % sand and 20 % 
Pouzzolane (a volcanic rock). 

15. Arabidopsis thaliana transformation 
Transgenic plants were generated using Agrobacterium tumefaciens-mediated transformation 
according to Logemann et al. 2006. This is a variation of the flower dip method (Clough 
and Bent 1998) that is less labor-intensive and that uses Agrobacterium tumefaciens culture on 
Petri dishes containing a rich medium instead of liquid culture. We used the Agrobacterium 
tumefaciens strain C58PMP90 which is resistant to rifampicin and gentamicin (Hellens et al. 
2000). Briefly, Agrobacterium tumefaciens that contain the transgene of interest plus the 
resistance marker are cultured on Petri dishes and put into suspension. Arabidopsis thaliana 
flowers are dipped into the bacterial suspension, enabling the bacteria to penetrate the 
developing female organs. The bacteria then infect the ovules and inject the transgene of 
interest and the resistance marker which are stably inserted into the genome of Arabidopsis 
thaliana. 

 The batch of seeds obtained after transgenesis is sowed on a selective medium and 
gives birth to first generation transgenic plants, which carry one (sometimes more) 
transgene insertion that is independent between each plant. First generation transgenic 
plants are all heterozygous for the transgene. A “transgenic plant line” is defined as a group 
of plants with a genealogical relationship and contain an independent transgene insertion. 
The seeds obtained from first generation transgenic plants are sowed on a selective 
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medium and plants that contain a single transgene insertion are identified based on 
segregation of the resistance phenotype: 25 % sensitive plants and 75 % resistant plants). 
The second generation transgenic plants contain a mixture of heterozygous and 
homozygous plants in a 2:1 ratio. Finally, the seeds obtained from second generation 
transgenic plants are sowed on a selective medium and plants that were homozygous for 
the transgene during the second generation are identified because all of their progeny is 
resistant to selection. 

16. PCR-mediated mutagenesis 
The protocol for PCR-mediated mutagenesis has been previously described (Fisher and Pei 
1997).  

17. Generation of plasmid vectors 
We used Gateway® entry plasmid vectors (Life Technologies) and destination vectors 
described by Karimi et al. 2007. 

 GFPS65C/pDONR-207 has been described (Fobis-loisy et al. 2007). 

 For the SRK14-GFP construct, the sequence of pSLR1, SRK14 and GFPS65C were 
inserted together by LR recombination in the destination vector pK7m34GW,3. 

 For the SRK-HA/FLAG construct, the sequence of pSLR1, SRK14 and HA or 
FLAG were inserted together by LR recombination in the destination vector 
pK7m34GW,3. 

 A PstI restriction site was inserted at loop1 and loop2 by PCR-mediated mutagenesis. 
For loop1, we used primers 5’-CTTCAAACCGGCTGCAGGTCTTCGAGACG-3’ and 
5’-CGTCTCGAAGACCTGCAGCCGGTTTGAAG-3’. For loop2, we used primers 5’-
CTCCAAAACCAATCTGCAGGATATATTATTGTGGC-3’ and 5’-
GCCACAATAATATATCCTGGAGATTGGTTTTGGAG-3’. We amplified the cDNA 
of TagBFP2, Citrine and mCherry with primers containing a PstI site to generate a DNA 
fragment encoding the fluorescent protein flanked with PstI sites. This fragment was 
digested with PstI and ligated with an entry plasmid containing PstI-loop1/2-SRK14 
previously digested with PstI and dephosphorylated. The sequence of pSLR1 and 
TagBFP2/Citrine/mCherry-loop1/2-SRK14 were inserted together by LR recombination in 
the destination vector pK7m24GW. 

 A PstI restriction site was inserted at the mature N-terminus (after the predicted 
signal sequence) of SRK14 by PCR-mediated mutagenesis with primers 5’-
CTCTCGATATATCTGCAGACTTTGTTGTCTAC-3’ and 5’-
GTAGACAACAAAGTCTGCAGATATATCGAGAG-3’. We amplified the cDNA of 
TagBFP2, Citrine and mCherry with primers containing an amino acid linker (9A or GS3) 
coding sequence and a PstI site to generate a DNA fragment encoding the fluorescent 
protein flanked with PstI sites. This fragment was digested with PstI and ligated with an 
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entry plasmid containing PstI-Nter-SRK14 previously digested with PstI and 
dephosphorylated. The sequence of pSLR1 and TagBFP2/Citrine/mCherry-9A/GS3-SRK14 
were inserted together by LR recombination in the destination vector pK7m24GW. 

 For the GFP-clathrin-hub construct, a 1860 bp DNA fragment corresponding from 
CLATHRIN HEAVY CHAIN 1 (At3g11130) encoding the C-terminal region of the 
protein was amplified with attB1-containing primer 5’- 
GGGGACAGCTTCTTGTACAAAGTGGTAAAGAAGTTTAACTTAAATGTTCA-3’ 
and attB3-containing primer 5’-
GGGGACAACTTTGTATAATAAAGTTGTTAGTAGCCGCCCATCGGTGG-3’. The 
PCR product was then inserted by BP recombination into the entry plasmid pDONR-P2R-
P3. The sequence of pSLR1, GFPS65C and Hub1were inserted together by LR 
recombination in the destination vector pH7m34GW,3. 

 DRP1A variants were generated by PCR-mediated mutagenesis with plasmids 
containing the cDNA sequence of DRP1A as a template. We generated the DRP1AK47M 
sequence with the forward primer 5’-
GGTCAGAGCTCAGGGATGTCTTCAGTCCTGG-3’ and reverse primer 5’-
CCAGGACTGAAGACATCCCTGAGCTCTGACC-3’. We generated the DRP1AT68A 
sequence with the forward primer 5’-
GGATCTGGCATTGTTGCTCGAAGGCCCCTTGTC-3’ and the reverse primer 5’-
GACAAGGGGCCTTCGAGCAACAATGCCAGATC-3’. 

18. Pollination assays 
We pollinated stage 13 (according to Smyth et al. 1990) Arabidopsis thaliana stigmas with 
pollen from Arabidopsis lyrata S14. Pollinated stigmas were harvested 6 h after pollination 
and placed in FAA (4 % formaldehyde, 5 % acetic acid, 50 % alcohol in water) overnight at 
4 °C for fixation. Stigmas were then washed three times with water before being placed in 
4 N NaOH for 30 min at room temperature to soften the tissues. Stigmas were then 
washed three times with water and placed in aniline blue (discolored in 3 % K3PO4 in 
water) overnight at 4 °C to stain pollen grains and tubes. Stigmas were then mounted 
between plate and coverslip in discolored aniline blue for observation in a Nikon e600 with 
DAPI filter set. Germinated pollen grains were manually counted and the mean number of 
germinated pollen grain per stigma was computed for each genotype analyzed. We 
distinguish three categories of the self-incompatibility degree. Plants are categorized as self-
incompatible when they display less than 5 germinated pollen grains per stigma, on the 
average. Plants are categorized as partially self-incompatible when they display more than 5 
but less than 30 germinated pollen grains per stigma. Finally, plants with more than 30 
germinated pollen grains per stigma fit in the self-compatible category (Kitashiba et al. 
2011). 
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19. Reverse transcription and real-time quantitative PCR 
Thirty stigmas were dissected from buds just before stage 13 (staging according to Smyth et 
al. 1990) and total RNA were extracted with the Arcturus® PicoPure® RNA isolation kit 
(Life Technologies). 265 ng of total RNA were reverse-transcribed with random 
hexanucleotides and RevertAid (200 U/µL ; Thermo scientific) and subjected to 
quantitative real-time PCR with SRK14 or ACTIN8 specific primers. Because Arabidopsis 
lyrata and two different accessions of Arabidopsis thaliana were compared, we designed 
primers that amplify a region of the ACTIN8 cDNA conserved between each species 
(forward primer 5’-CGACGGACAAGTGATCACGATC-3’ and reverse primer 5’-
CATAGTTGTACCACCACTGAGCAC-3’). Amplification of SRK14 was performed with 
two primers located within the first exon (forward primer 5’-
GCCGCCAGACACATCCGGGGC-3’ and reverse primer 5’-
CAACCCTTCCCACCATCTTGG-3’) Absence of contaminating genomic DNA was 
controlled with primers located within a non coding region close to the ACTIN8 gene 
(forward primer 5’-GGCTGTGACAATGCGAAGCCCC-3’ and reverse primer 5’-
CCCCATTTTGGTATCTAGGG-3’). Quantitative analysis of real-time PCR results was 
performed using the 2-ΔΔCt method (Schmittgen and Livak 2008). 

20. Image acquisition 
Stigmas were cut and mounted in water for live cell imaging using a Zeiss 710 confocal 
microscope, unless otherwise specified. Gain and offset were adjusted for near dark 
background (outside cells) and maximum signal intensity without saturation. 

21. SDS-PAGE and protein gels blots 
Total proteins from 50 stigmas were extracted in SDS-PAGE loading buffer (62.5 mM 
Tris, pH 6.8, 10 % vol/vol glycerol, 3 % mass/vol SDS, 2.5 % mass/vol dithiothreitol) as 
described (Giranton et al. 2000). Proteins were titrated (Lowry et al. 1951) and 15 µg of total 
proteins were loaded for SDS-PAGE. Antibodies were diluted as follows: mouse anti-
SRK3 (mAb85-36-71, Ivanov and Gaude 2009) 1:1000, goat anti-mouse HRP (Promega) 
1:7000, rabbit anti-phospho-threonine (Cell Signaling ref. 9381S) 1:1000, anti-rabbit AP 
(Promega ref. S373B) 1:5000. Protein gel blots using AP were revealed with NBT/BCIP 
ready-to-use tablets (Roche), HRP was revealed with Amersham ECL protein gel blotting 
detection reagents (GE Healthcare). 

22.  In vitro expression 
In vitro expression was performed with the TnT® SP6 high yield wheat germ protein 
expression system (Promega) with 4 µg of plasmid. 
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