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Abstract: 

ABP1 (Auxin Binding Protein1), who can bind auxin, is essential for the development of  

plants. It was proved to have the ability to bind auxin and transduce auxin signal into  

the cells. It is supposed to be localized and functions at the outer surface of plasma  

membrane through unknown component. 

    In my theiss, we tried to invesitgate the interaction between ABP1 and the candidate of  

the unknown component, CBP1 (From maize), which is GPI-acnhored and already identified 

as the binding ability to synthesized C-terminus peptide of ABP1 in 2006. 

    The orthologous of CBP1 in arabidopsis belongs to a gene family with 19 members, in 

which only three of them were prediceted to be GPI anchored. We did the functional  

characterisation of these three GPI-anchored members. Data suggested that GPI-anchored  

SKS proteins were involved in cell orientation, gametophyte and embryo development. 

 

 

Résumé: 

L’ABP1 (auxine Binding protein 1), qui peut se lier à l'auxine, est essentielle pour le 

développement des plantes. Il a été prouvé d'avoir la capacité de se lier signal d'auxine auxine 

et transduce en les cellules. Il est supposé être localisée et des fonctions à la surface extérieure 

du plasma membrane à travers composante inconnue. 

     Dans mes Theiss, nous avons essayé de invesitgate l'interaction entre ABP1 et le candidat 

de le composant inconnu, CBP1 (à partir de maïs), qui est GPI-acnhored et déjà identifiée 

comme étant la capacité de liaison de synthèse peptidique C-terminale du ABP1 en 2006. 

     L'orthologue de CBP1 chez Arabidopsis appartient à une famille de gènes avec 19 

membres, dont seulement trois d'entre eux ont été prediceted être ancré GPI. Nous avons fait 

le fonctionnel caractérisation de ces trois membres. Les données suggèrent que GPI 

Protéines SKS ont été impliqués dans l'orientation de la cellule, gamétophyte et le 

développement de l'embryon. 
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I-1 Auxin responses and signalling 

I-1-1 Auxin in plants.  

The word ‘Auxin’ was generated from a Greek word which means ‘to grow’. Its function was 

firstly described by Charles and Francis Darwin in ‘The Power of Movement in Plants’ in 

1880 (Darwin and Darwin, 1880). Long-term studies revealed that auxin is the most important 

plant hormone and functions as a key morphogen in regulating plant growth and development. 

    Several native auxins were found in plants. According to the chemical structures of native 

auxin, several chemicals were synthesized and functioned in plants (Simon and PetrÃ¡Å¡ek, 

2011). Some of the native and synthetic auxins were shown in Table I-1. 

 
Table I-1 Native and synthetic Auxins.  
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I-1-2 Auxin Biosynthesis and Storage 

Indole-3-acetic acid (IAA) is the main naturally occurring auxin in plants and the best studied.  

It is biosynthesized through two major routes, from Tryptophan (Trp) using various Trp-

dependent pathways and from an indolic Trp precursor via Trp-independent pathways 

(Woodward and Bartel, 2005; Korasick et al., 2013) (Figure I-1).  

 
 

After the synthesis, IAA is stored in the auxin pool, which includes free auxin, conjugated 

auxins to amino-acid residues or glucose, inactive auxin precursor IBA and the inactive 

methyl ester form of IAA, MeIAA; but only a small fraction of auxin exists as free active 

signalling molecule (Korasick et al., 2013) (Figure I-2).  

Figure I-1. Potential IAA 
biosynthetic pathways. 
Arrows in pathways for which 
enzymes have been identified 
are solid and arrows in 
pathways that have not been 
identified are dashed and can 
represent single or multiple 
steps. (Korasick et al., 2013) 
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I-1-3 Auxin transport  

IAA is weak acid with the pKa 4.85. In plants, the pH at the apoplast is approximately 5.5, 

where the IAA is 83% dissociated and 17% protonated. In the cytosol, the pH is 

approximately 7, where the almost entire IAA is shifted to dissociated form. Proton-

associated IAA molecule can enter the cell by lipophilic diffusion, but dissociated IAA anion 

cannot go across the plasma membrane (Robert et al., 2010). So the auxin carriers are 

necessary for the movement of auxin and are responsible for short distance oriented transport 

of auxin. In Arabidopsis, AUXIN1/LIKE-AUX1 (AUX1 and LAX) family of auxin 

transporters are major auxin influx carriers whereas PIN-FORMED (PIN) and P-

GLYCOPROTEIN (PGP) family members are major auxin efflux carriers (Ugartechea-

Chirino et al., 2012).  
    In Arabidopsis, AUX1 belongs to a small multigene family comprising four highly 

conserved genes, AUX1, LAX (LIKE AUX1)1, LAX2 and LAX3; they show well conserved 

gene structure. AUX1/LAX has 11 transmembrane segments with N-terminal residing inside 

the cell and C-terminal outside. All proteins they encoded display auxin uptake functions and 

Figure I-2. Potential IAA storage 
form pathways. 
Arrows at steps for which enzymes 
have been identified are solid and 
arrows in pathways that have not been 
identified are dashed and may be single 
or multiple steps. (Korasick et al., 
2013) 
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bind IAA with PH dependence; the maximal binding takes place between pH5 and 6 (Peret et 

al., 2012; Swarup and Peret, 2012).  

    In Arabidopsis, eight PIN genes were identified to encode PIN proteins with a similar 

structure; they all have amino- and carboxy-terminal hydrophobic membrane-spanning 

domains separated by a central hydrophilic domain (Krecek et al., 2009). They mainly differ 

by the hydrophilic loop, in terms of sequence and length.  PIN-FORMED 1 (PIN1) gene, 

named as naked and pin-like inflorescences with its mutation, was found as the first member 

of the PIN gene family (Okada et al., 1991).  

    PIN-LIKE genes(PILs), identified on the basis of their similarity with a subclass of PIN 

genes, encode proteins containing auxin carrier domain; evidence showed that they were 

involved in auxin transports but possibly in the endoplasmic reticulum (Barbez et al., 2012) 

    Auxin transport could be blocked by various chemicals. Auxin transport inhibitor N-1-

naphthylphthalamic acid (NPA) was identified as a compound able to inhibit polar auxin 

transport and at the cell level was shown to block auxin efflux. NPA treatment  arrests lateral 

root development by blocking primordium initiation ; the initiation could be recovered by 

additional NAA treatment (Casimiro et al., 2001). At a later stage of development application 

of NPA to the plant can mimick the phenotype of the pin1 mutant. 

I-1-4 Auxin signalling pathway for transcriptional regulation  

TIR1 was first identified from the tir1 mutant that exhibited a weak resistance to the auxin 

inhibitor NPA. Later on, TIR1 identified as an auxin receptor (Dharmasiri et al., 2005; 

Kepinski and Leyser, 2005), the mechanism by which it works is much clearer than for ABP1 

(Figure I-3).  

    Auxin response factors (ARF) are transcription factors that regulate the expression of auxin 

response genes and Aux/IAAs are transcriptional repressors. With the binding of Aux/IAAs 

and other co-repressors as TOPLESS (TPL) to ARF, the transcription is repressed (Guilfoyle 

and Hagen, 2007; Causier et al., 2012).  

    TIR1 and the related auxin F-box (AFBs) genes encode F-box proteins that are part of E3 

ubiquitine ligase complexes names SCFTIR1/AFBs.  Auxin promotes the interaction between 

TIR1/AFBs and Aux/IAAs , acting as a molecular glue (Tan et al., 2007). TIR1/AFBs and 

Aux/IAA form auxin co-receptors. Aux/IAAs are polyubiquitinated by SCFTIR1/AFBs 

complexes and then enter the ubiquitin-proteasome degradation pathway (Santner and Estelle, 

2011). After the removal of Aux/IAA repressors, ARFs promote the transcription of auxin 

response genes. 
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Figure I-3. SCFTIR1 and related SCF complexes bind auxin and target Aux/IAA proteins for degradation. (a) 
At low cellular levels of auxin, transcription of auxin response genes is repressed by the Aux/IAAs. (b) When 
auxin cellular levels increase, auxin binds to TIR1and Aux/IAAs, and promotes their ubiquitination and 
subsequent degradation, thus permitting the ARF proteins to promote transcription. (Santner et al., 2009) 
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I-2 The role of ABP1 in auxin signalling 

I-2-1 ABP1 identification 

AUXIN BINDING PROTEIN 1 (ABP1)  was identified on its auxin binding activity nearly 

30  years ago (Lobler and Klambt, 1985). Although the binding activity was confirmed by 

biochemical methods or co-crystallization with auxin (Jones and Venis, 1989; Woo et al., 

2002), the mechanism of how it work was still largely unclear.   

I-2-2 ABP1 functions 

A lot of efforts were made to perform functional analyses of ABP1. The importance of ABP1 

is generally revealed. Exogenous ABP1 protein and synthesized C-terminus peptide of ABP1 

were shown to induce an hyperpolarization response of tobacco protoplasts (Leblanc et al., 

1999b; Leblanc et al., 1999a). ABP1 was involved in auxin-induced protoplast swelling, the 

antibody to ABP1 and C-terminus peptide could prevent the auxin-induced swelling (Steffens 

et al., 2001), ABP1 is also essential for the control of the cell cycle; with inactivation of 

ABP1 by conditional immunomodulation, the cell cycle was arrested in BY2 cells in culture 

(David et al., 2007).  

   ABP1 is essential for embryogenesis and null mutation of abp1-2 causes embryo lethality 

(Chen et al., 2007). ABP1 functional inactivation  was obtained and studied using conditional 

immunomodulation of ABP1 function in Arabidopsis generated by the controlled production 

(ethanol induction) of recombinant antibodies blocking the protein (Braun et al., 2008). By 

this tool, ABP1 was found to be essential at all stages of post-embryonic development. 

Knockdown for ABP1 results in severe alterations of leaf initiation and growth, as well as 

inhibition of primary root growth (Braun et al., 2008; Tromas et al., 2009). These defects 

result from default in cell division and cell expansion. Recently was protein was also shown 

to control clathrin dependent endocytosis and to alter recycling of plasma membrane proteins, 

including PIN efflux carriers (Robert et al., 2010; Chen et al., 2012). Whereas the recycling of 

PIN is potentially affected by ABP1 inactivation, no significant effect was reported onthe 

polar localisation of PIN or on the auxin gradient formed at the root apex  (Tromas et al., 

2009)  

I-2-3 ABP1 localization and potential ABP1 docking protein 

The localization of ABP1 is an interesting aspect. ABP1 genes in different plants species 

encode soluble proteins with N-terminal signal peptides allowing synthesis to the ER. In 

flowering plants, a KDEL ER-retention signal is also found at the  C-terminus suggesting that 
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the protein could be retained within the lumen of the ER (Tromas et al., 2010). This KDEL 

sequence seems however to be recent as it is not present in non-flowering plants (Panigrahi et 

al., 2009). Despite the absence of hydrophobic domain or post-translational modification 

allowing interaction with membrane fractions, ABP1 is always found to be associated with 

membranes. In addition, all functional evidences point out a localization of ABP1 at the 

plasma membrane (Tromas et al., 2010). The hypothesis that ABP1 might interact with a 

membrane protein or a protein complex was proposed (Schiebl et al., 1997)(Figure I-4).  

  
    To identify the putative “docking protein”, a photoaffinity crosslinking study was 

performed using a synthetic peptide corresponging to the C-terminus of the maize ABP1. 

GPI-anchored protein C-TERMINAL PEPTIDE BINDING PROTEIN 1 (CBP1) was 

identified as exhibiting the capacity to bind the synthetic C-terminus peptide of ABP1 

(Shimomura, 2006). 

    Interestingly, GPI-anchor is a structure which can associate protein to the outer face of the 

plasma membrane. However, no more evidence confirmed the direct interaction between 

ABP1 and CBP1.   

Figure I-4. Rapid auxin responses mediated by ABP1. 
 Auxin is perceived at the outer face of the plasma membrane (Plm) by ABP1 which interacts with an 
unknown membrane-associated protein or protein complex (docking protein). Binding of auxin to ABP1 
activates a cascade of events including activations of the Plm proton pump ATPase and of potassium 
inward rectifying channels. The activation of the H+ ATPase induces hyperpolarization of the Plm and 
acidification of the extracellular space which contributes to cell wall loosening. The increase of 
intracellular K+ contributes to the uptake of water which is essential for cell expansion. It is not known 
whether these early events are part of a signaling cascade controlling downstream ABP1-mediated 
cellular responses (Tromas et al., 2010). 
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I-3 GPI-Anchored Proteins 

I-3-1 GPI and GPI-anchored proteins  

Proteins following the secretory pathway can be associated to the plasma membrane by 

various mechanisms. Proteins exhibiting hydrophobic transmembrane domains can be 

integrated in the plasma membrane bilayer. Proteins without transmembrane region can be 

attached to the membrane through post-translational lipid modifications occurring in the 

lumen of the endoplasmic reticulum. One of the best characterized process is the attachment 

of  glycosylphosphatidylinositol (GPI) anchor that allows tethering the modified protein to the 

to external surface of the plasma membrane (Ferguson et al., 1988b, 1988a). This glycolipid 

modification includes a fatty acid tail anchored in the inner membrane leaflet of the 

endoplasmic reticulum (lumen side) then within the outer leaflet of the plasma membrane 

bilayer after secretion of the modified protein (Figure.I-5A). GPI moiety from different 

species exhibit conserved core structure. Mannose residues are linked to the carboxyl-

terminus of the protein through an amide bond with ethanolamine phosphate group (Holder 

and Cross, 1981; Holder, 1983). Glucosamine and phosphatidylinositol make the junction 

between sugar residues and the fatty acid that can be diacylglycerol or ceramide (Ferguson et 

al., 1988a) (Figure.I-5B). GPI modification is present among lower and higher eukaryotes, 

about 0.5% of total proteins are predicted to be GPI anchored proteins (GAPs) (Eisenhaber et 

al., 2001). 
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I-3-2 GPI biosynthesis  

The GPI anchor biosynthesis is decided by the special amino acid sequence of the precursors 

of non-mature GPI-anchored proteins. All the GAPs are encoded with a cleavable 

hydrophobic signal peptides at N-terminus and hydrophobic GPI-anchoring signal at carboxy-

terminus (Figure I-6) (Caras et al., 1987; Caras and Weddell, 1989; Mayor and Riezman, 

2004).  The N-terminal hydrophobic signal lead the precursors enter the ER lumen and the 

carboxy-terminal hydrophobic GPI-anchoring signal forms the transmembrane region when 

the precursor synthesized passing through the ribosome into the lumen of ER. The signal 

peptidase recognize and cleave the N-terminal signal peptide and GPI protein transamidase 

A 

B 

Figure I-5. GAP and Core structure of GPI moiety (from Mayor and Riezman, 2004).  
A | GPI-anchored proteins are embedded in the extracellular or lumenal leaflet of membranes through their 
glycolipid moieties and are not directly accessible from the cytosolic face of the membrane. B | The GPI 
core structure is shown. The conserved core consists of ethanolamine phosphate in an amide linkage to the 
carboxyl terminus of the protein, three mannose residues (orange), glucosamine (blue) and 
phosphatidylinositol (purple). It can be modified and is subject to various remodelling reactions of the lipid 
moiety. Variations can occur by addition of extra sugars or ethanolamine phosphates to the mannose 
residues; acylation of the inositol ring; changes in the fatty acids (length, saturation, hydroxylation), or their 
types of linkage to the glycerol backbone (acyl to alkyl); or remodelling of the entire diacylglycerol to 
ceramide.  
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recognizes and cleaves this region at ω-site, and then link the free –COOH of the mature 

protein to the synthesized GPI moiety (Mayor and Riezman, 2004).  

 

 
When GPI protein transamidase recognizes the precursors, the biosynthesis of GPI moiety 

begins. The diacyl-PI of lipid bilayer, which is present at the cytoplasmic side of the ER 

membrane, would flip into the luminal side of the endoplasmic reticulum membrane, where 

later biosynthesis and linkage to the protein occur (step 1-11 in Figure. I-7); a series of 

enzymes were identified for their contribution to the different steps of this complex progress 

in various species (Fujita and Kinoshita, 2010). Table I-2 summarizes identified enzymes in 

mammals, Saccharomyces cerevisiae and Arabidopsis.  

 
 

Figure I-7. Biosynthesis 
and remodeling of 
mammalian GAPs.  
(Fujita and Kinoshita, 
2010) 
Steps 1–11, TA, ID, GR, 
FR1, and FR2 correspond 
to those shown in Table1.  
TA, transamidation; ID, 
inositol deacylation; GR, 
glycan remodeling; FR, 
fatty acid remodeling; Dol-
P-Man, dolichol-
phosphate-mannose; PE, 
phosphatidylethanolamine. 

Figure I-6 Structure of GPI-anchor-protein precursor (Mayor and Riezman, 2004).  
GPI-anchored proteins are synthesized as precursors with a cleavable, hydrophobic amino-terminal signal 
sequence that targets the protein to the lumen of the endoplasmic reticulum (ER) and a cleavable, 
carboxy-terminal signal sequence that directs GPI anchoring. The GPI-anchoring signal consists of a 
hydrophobic region separated from the GPI-attachment site (ω-site) by a hydrophilic spacer region. 
Amino-acid residues with small side chains are highly preferred for the two amino acids that 
follow the ω-site. 
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Step  Donor substrate Mammals S. cerevisiae Arabidopsis
PIG-A GPI3 SETH1 
PIG-C GPI2 SETH2 
PIG-H GPI15 AT4G35530

PIG-P GPI19 AT1G61280
AT2G39445

PIG-Q GPI1 – 
PIG-Y ERI1 – 

1 GPI-GlcNAc transferase (GPI-GnT) UDP-GlcNAc 

DPM2 – – 
2 GlcNAc-PI de-N-acetylase  PIG-L GPI12 – 
3 Flippase  Not identified ARV1? – 

4 Inositol acyltransferase Palmitoyl-CoA PIG-W GWT1 – 

5 PI remodeling enzyme ? Not identified – – 

PIG-M GPI14 

PNT1 
PNT2 
PNT3 
PNT4 

6 α1-4mannosyltransferase I (GPI-MT I) Dol-P-Man 

PIG-X PBN1 AT5G46850
PIG-V GPI18 AT1G118807 α1-6mannosyltransferase II (GPI-MT II) Dol-P-Man 
– PGA1 – 

8 EtNP transferase I (GPI-ET I) PE PIG-N MCD4 – 
9 α1-2mannosyltransferase III (GPI-MT III) Dol-P-Man PIG-B GPI10 – 
M4 α1-2mannosyltransferase IV (GPI-MT IV) Dol-P-Man PIG-Z (SMP3) SMP3 – 

PIG-O GPI13 – 10 EtNP transferase III (GPI-ET III) PE 
PIG-F GPI11 AT1G16040
PIG-G (GPI7) GPI7 – 11 EtNP transferase II (GPI-ET II) PE 
PIG-F GPI11 AT1G16040

 PIG-K GPI8 – 
 GAA1 GAA1 AT5G19130
 PIG-S GPI17 AT3G07180
 PIG-T GPI16 – TA GPI transamidase 

 PIG-U GAB1 AT1G12730
AT1G63110

ID Inositol deacylase  PGAP1 BST1 
AT2G44970
AT3G27325
AT3G52570

GR 2nd EtNP phosphoesterase  PGAP5 CDC1 
TED1 – 

 – FR1 GPI-phospholipase A2 
 

PGAP3 PER1 
– 

PGAP2 CWH43-N? – FR2 Lyso-GPI acyltransferase I Stearyl-CoA 
Not identified GUP1 – 

CR Ceramide remodelase Ceramide?  CWH43 – 
FR3 GPI phospholipase A1  – – – 
FR4 Lyso-GPI acyltransferase II  – – – 
Table I-2. Genes required for biosynthesis and remodeling of GPI anchor (Fujita and Kinoshita, 2010).  
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I-3-3 Transport and localization of GAPs 

After the GAPs were synthesized inside the ER, they will be packaged into ER-derived 

vesicles, which are distinct from the other secreted proteins, and exit endoplasmic reticulum 

through the Golgi to the surface of plasma membrane (Muniz et al., 2001). In animal cells, 

GAPs are present at the plasma membrane surface as monomers and a smaller fraction were 

reported to be associated to nanoscale cholesterol-sensitive clusters (Sharma et al., 2004).  

 
 

 

Figure I-8. Trafficking and dynamics of GPI-APs on the membrane in mammalian cells. 
(extracted from(Fujita and Kinoshita, 2012)). (1) From the TGN to the plasma membrane. 
GPI-APs are sorted and clustered into lipid-mediated carriers at the TGN. Sorting of raft-
associated proteins, such as palmitoylated proteins and lipids, including glycosphingolipid and 
cholesterol, and exclusion of non-raft components,would occur. Oligomer formation of GPI-
APs would be required for apical targeting. Luminal lectins, may help this sorting. (2) At the 
plasma membrane. The plasma 
membrane appears to be compartmentalized by a cortical actin cytoskeleton. GPI-APs exist as 
monomers and as lipid assembled nanoclusters (5–10 nm) that are small and dynamic. In 
response to external signals, they can be actively induced to form large-scale rafts (40–300 
nm). Signaling molecules are then recruited to the domains. The plasma membrane also 
appears as a mosaic of membrane domains, including caveolae and transient confinement 
zones. (3) Endocytosis. At steady state, GPI-APs are internalized as clathrin-independent 
carriers (CLICs) that seem to be regulated by Arf1, Cdc42, actin, and GRAF1. They are then 
incorporated into GEECs (GPI-APs enriched early endosomal compartment) . GPI-APs are 
subsequently transported to the recycling endosomes (RE), followed by recycling back to the 
plasma membrane, which is regulated by sphingolipids and cholesterol. Alternatively, GEECs 
are trafficked to the late endosomes (LE). 
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Interestingly, the transport efficiency of GAP is dependent on the presence of GPI anchor; 

without GPI-anchoring signal, the precursor of GAPs display the normal secretory protein 

pathway, for protein also having a signal peptide at the N-terminus and being targeted to the 

outer face of the plasma membrane; the absence of the GPI anchor reduces the secretion of 

the GAPs from the ER to the outer surface. (McDowell et al., 1998)  

    Although GPI-anchor is supposed to localize protein at the plasma membrane, actually it is 

not strictly true. In animal cells, the GPI-anchor of plasma membrane located GAPs can be 

cleaved by PI-specific phospholipase thus releasing the protein as a soluble protein in the 

medium of mammal cells in culture (McDowell et al., 1998). In yeast, only few GAPs reside 

permanently at the plasma membrane, a majority of them gets further processed and 

integrated into the cell wall by a covalent attachment to cell wall glucans (Pittet and 

Conzelmann, 2007). Several annotations of Arabidopsis genes suggest that PI-specific 

phospholipase exist also in plants. There is however no functional characterization of these 

genes confirming their putative role in the cleavage of GPI anchors in vivo. Plant GAPs were 

detected at the plasma membrane and also at the cell wall, however mis-localization of 

reporter proteins cannot be ruled out (Roudier et al., 2005).  

    GPI anchor is not only important for the localization but also the functions of GAPs. 

The GPI anchor cleavage by GPI-PLC could change the antigenicity of Variant Surface 

Glycoprotein (VSG), which suggests that GPI lipid moiety affect the major conformation of 

VSG (Butikofer et al., 2001). And when the GPI anchor is replaced by a transmembrane (TM) 

region, the lymphocyte function-associated antigen 3 (LFA3) isoform TM FLA3 could reduce 

the Jurkat cell adhesion to planer bilayer (Tozeren et al., 1992).  
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I-3-4 GAPs in Mammals and Yeasts 

In mammals and yeasts, GAPs play various and important roles in many biological processes, 

such as :  

1. cell surface receptors: folate receptor in mammal cells participates in the cellular 

accumulation of 5-methyltetrahydrofolic acid in a number of epithelial cells in vitro through 

the process of caveolin-dependent potocytosis (Weitman et al., 1992); CD14, the first 

identified Pattern Recognition Receptor (PRR) in mammals, acts as a co-receptor (along with 

the Toll-like receptor TLR 4 and MD-2 signalling complex) for the detection of bacterial 

lipopolysaccharide (LPS) and endocytosis (Zanoni et al., 2011).  

2. cell adhesion molecules isoforms: fasciclin I directly mediates homophilic 

drosophila cells adhesion (Elkins et al., 1990), and the Algal-CAMs, which contain the 

homological repeat of fasciclin I and were found in Volvox plant, are also involved in cell 

adhesion (Huber and Sumper, 1994). But no GPI anchor was predicted in Algal-CAMs. 

3. cell surface hydrolases.  

4. GPI linked PrPC and PrPSc to plasma membrane, and surface conversion of PrPC 

to PrPSc requires PrPC, but not PrPSc to be GPI anchored (Radford and Mallucci, 2010).  

And so on.  

As GPI-anchored proteins play that many important roles, the defect of  GPI anchor 

biosynthesis gene could result in severe phenotypes; the defect of X-linked GPI anchor 

biosynthesis gene PIG-A, could result in paroxysmal nocturnal hemoglobinuria (PNH) disease 

(an acquired disorder that leads to the premature death and impaired production of blood 

cells), and it causes a lethal effect if the defect occurs in embryos (Kawagoe et al., 1996).   

I-3-5 GAPs in Plants 

248 potential GAPs are predicted by proteomic and genomic analysis, and classified as 

several families in Arabidopsis, including classical AGPs (arabinogalactan proteins), AG 

peptides, Fasciclin-like AGPs, COBRA family, SKU5 family, or receptor-like GAPs(Borner 

et al., 2002; Borner et al., 2003). 47 of them are expressed in pollen, in which 15 of them are 

detected specifically in flowers and pollens; the defect of GPI anchor biosynthesis pathway 

specifically block male transmission and pollen function (Lalanne et al., 2004). Plant GAP 

proteins were shown to be implicated in cell wall synthesis and morphogenesis (Gillmor et al., 

2005). However not so many of these proteins have been studied in plant to date. 

    A large proportion of predicted GAPs (about 40%) are potentially also modified by O- 

linked arabinogalactans (AGPs)(Figure I-9) (Borner et al., 2003; Eisenhaber et al., 2003; Ellis 
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et al., 2010). AGPs are one of the most complex families in plants because of the high 

diversity of glycans that is decorating protein backbone (Ellis et al., 2010).  

 

    
According to their protein backbone, 13 classical AGPs, 10 AG (acid glycoprotein) peptides, 

21 Fasciclin-like AGPs, and 3 Lys-rich AGPs are classified in Arabidopsis through 

bioinformatic analysis (Schultz et al., 2002). They are proved to be involved into many 

processes of growth and development, such as cell adhesion, cell wall composition, pollen 

tube guidance, cell division and programmed cell death (Seifert and Roberts, 2007).  

    Salt Overly Sensitive5 (SOS5), also called fasciclin-like AGPs4 (FLA4), was suggested to 

play a role in cell-to-cell adhesion; the absence of this gene causes thinner cell walls, swelling 

of root cells and increased sensitivity to salt stress (Shimomura, 2006).   

 

    POWDERY MILDEW RESISTANT 6 ( PMR6) in Arabidopsis encodes a pectate lyase-

like protein, which is required for susceptibility to Powdery Mildew. The pmr6 mutant shows 

altered leaf morphology and decreased size, and alterations of cell wall composition that were 

proposed to activate defense response. PMR6 represents an interesting link between the cell 

wall and pathogen resistance, however the mode of action is unknown (Vogel et al., 2002).   

Figure I-9 extracted from (Sardar et al., 2006).  
A hypothetical cell surface network model involving interactions between LeAGP-1 and the cytoskeleton 
(i.e. MTs and F-actin). GPI-anchored LeAGP-1 is localized to lipid rafts, which contain lipids such as 
glycosphingolipids and sterols (such as stigmasterol, campesterol, and β-sitosterol), and interacts with MTs 
and F-actin in the cytoplasm either by a transmembrane protein (in the phospholipid bilayer) or by molecules 
(A and B) associated with the lipid rafts. GPI-anchored LeAGP-1 in lipid rafts may mediate interactions in 
two possible ways: A, binding of LeAGP-1 to a transmembrane receptor in the lipid microdomain mediates 
the interactions; and B, ligand-LeAGP-1 receptor complex-induced translocation of a signal molecule outside 
the lipid raft to activate a cytoplasmic kinase. Also shown are the different constituents of LeAGP-1 that 
include a Pro/Hyp-rich protein backbone decorated with arabinogalactan polysaccharides, short arabinosides, 
and an unglycosylated Lys-rich peptide region.  
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     COBRA belongs to a multigene family consisting of 12 members in Arabidopsis, all 

predicted to be GAP.  Analysis of COBRA mutants (cob) revealed that the protein is essential 

for anisotropic expansion in most organs. Further studies suggested that COBRA  Elongating 

cells  of cob mutants, especially in fast elongating zone as in root or hypocotyl, expand 

radially instead of longitudinally thus resulting in very severe phenotypes (Schindelman et al., 

2001; Roudier et al., 2002). The complete loss of function of COBRA causes severe growth 

and developmental defects, like cell selling and extreme dwarfism through the whole plant 

body (Ko et al., 2006). COBRA protein was found to be localized in limited domains of the 

plasma membrane and only at the lateral side of elongating cells (perpendicular to the axis of 

elongation). The patterning of COBRA is dependent on cortical microtubule organization 

(Roudier et al., 2005) and reciprocally COBRA was proposed to be required for orientation of 

cellulose microfibrils (Roudier et al., 2005). GPI-anchored COBRA-like proteins are also 

found in other species. The absence of Brittle culm1 in rice, Brittle stalk2 in maize,  provoke 

alterations of cell wall composition and structure of secondary cell wall affecting mechanism 

strength of the tissues, resistance to bending (Sindhu et al., 2007; Panigrahi et al., 2009). In 

tomatoe, SlCOBRA-like was also reported to play an important role on fruit cell wall 

architecture and fruit development (Cao et al., 2012).  

 

    LORELEI belongs to a small plant-specific family containing 4 GPI-anchored members, 

LORELEI, LLG1, 2 and 3. In Arabidopsis, LORELEI encodes a putative GPI-anchor-

containing membrane protein involved in signaling mechanisms at the synergid cell 

membrane by which the female gametophyte recognizes the arrival of a compatible pollen 

tube and promotes sperm release (Capron et al., 2008). LORELEI was shown to have a role in 

double fertilization and early seed development (Tsukamoto et al., 2010). Loss of function 

results in mostly failure of fertilization, which is mainly caused by pollen tubes continuing to 

grow after reaching the embryo sac and embryo sac continuing to attract additional pollen 

tubes (Capron et al., 2008; Tsukamoto et al., 2010). Despite a delay in the initiation of embryo 

development, the embryos recover and complete embryo development; no significant defect is 

detected in seedling and root development (Tsukamoto and Palanivelu, 2010). 

 

    SKU5 family belongs to a family of 19 highly conserved members, but only 3 members, 

SKU5, SKS1 (SKU5-similar 1) and SKS2 (SKU5-similar 2) are predicted to be modified by a 

GPI anchor (Borner et al., 2003). Among these, SKU5 was shown to be modified by a GPI. 
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The protein was released from the microsomal membrane fraction by action of a 

phosphatidylinositol-specific phospholipase C that cleaves the lipid of the anchor (Sedbrook 

et al., 2002). 

    To date, SKU5 is the only GPI-anchored member of this family that was studied. Loss-of-

function mutant has twisted roots and exhibits directional growth defects compared to wild 

type. The expression of the protein was correlated with expanding cells and the protein was 

localized at the plasma membrane and in the cell wall (Sedbrook et al., 2002). SKS6, a non-

GPI-anchored member of this family, participates in cotyledon vascular patterning; the T-

DNA insertion mutants have decreased numbers of full vascular loops in their cotyledon 

(Jacobs and Roe, 2005).  
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I-4 Thesis project 

In my thesis, three questions were going to be addressed:  

1. Whether GPI-anchored SKS proteins are ABP1 binding/docking proteins. 

2. If not, the functions of GPI-anchored SKS in Arabidopsis are still interesting for us.  

3. The role GPI anchors play in localization and function of GPI-anchored SKS proteins. 

 

To solve these questions, experiments were designed.  

1. Yeast two hybrid system were utilized for investigating the interaction between ABP1 

and GPI-anchored SKS protein in vitro.  

2. Null mutant of GPI-anchored SKS genes were ordered and crossed to investigating the 

function of them. 

3. The omega-domain, which is the signal for GPI synthesis, was cleaved from SKS 

genes and visualized by fluorescent proteins to investigate the function of GPI in 

localization and function.  
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Chapter I: In silico analyses 

 I-1 CBP1 in Maize.  

As mentioned in the introduction, GPI-anchored protein C-terminal peptide-binding protein 1 

(CBP1) from maize was identified through its capacity to bind synthetic C-terminal peptides 

of ABP1 in vitro and was thus proposed to be an ABP1 binding or docking protein in Maize 

(Shimomura, 2006).  

CBP1 encodes a precursor protein with a signal peptide at the N-terminus and a hydrophobic 

C-terminal domain preceded by an ω-site. The leader peptide leads CBP1 to be addressed into 

the ER during synthesis. The C-terminal hydrophobic domain anchors the protein in the inner face 

of the ER membrane before its cleavage at the ω-site and replacement by a GPI anchor. The 

protein is then predicted to enter the secretion pathway and to be localized at the outer surface of 

the plasma membrane by its GPI anchor (Figure I-1).  

 
 

The mature protein of CBP1 is predicted to exhibit conserved domains showing high 

similarities with multicopper oxidases, ascorbate oxidase and laccase (by NCBI Conserved 

Domain Database). The multi-domain consists of three domains, which are distributed along 

the sequence and are related to multicopper-oxidase of Cu-oxidase type 3, type 1 and type 2 

(from N-ter to C-ter), respectively. All are structurally related to COX2 (Cytochrome c 

oxidase subunit 2) superfamily (Figure I-2), which is the second subunit of cytochrome c 

oxidase. It provides the substrate-binding site and contains a copper centre called Cu(A) that 

transfers electrons from cytochrome c to the catalytic subunit 1 (Capaldi et al., 1983) .  

HPDSP Mature protein

       ω-site

  

A 

B 

Figure I-1. GPI-Anchored 
Protein CBP1.  
A- CBP1 protein scheme. 
CBP1 has a signal peptide at 
the N-terminus (SP) and a 
hydrophobic domain (HPD) at 
the C-terminus with a 
cleavage site named ω-site.  
B- CBP1 is synthesized and 
targeted into the ER, After 
cleavage of the C-terminus 
and addition of a GPI anchor, 
the protein is entering the 
secretion pathway and is 
located at the outer surface of 
the plasma membrane. : CBP1

ER

secretion pathway 

Plasma membrane
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In this series of proteins, Ascorbate oxidase (AO) has been studied deeply. It is proved to 

have copper binding and oxidase enzymatic activities. Comparison between CBP1 and AO 

was performed and it revealed that most critical residues of copper binding center motifs are 

absent or mutated in CBP1. These residues are labeled as * in figure I-2 (Messerschmidt and 

Huber, 1990). It suggests that copper binding to these centers in CBP1 is very unlikely. 

 

  
 

CBP1 has several homologous genes in Maize (Figure I-3). Only several of them are predicted 

to encode GPI-anchored proteins (Table I-1), but none of them has been described. 

FigureI-2. Putative conserved 
domains of CBP1 (Maize) and 
ascorbate oxidase (Zucchini), 
and copper binding center.  
A, B- Conserved domains of 
CBP1 and AO  
C- Amino acid alignment and 
copper binding sites 
Figures A and B are from 
Conserved Domain Database of 
NCBI. Grey bars: amino acid 
sequence; Cyan fragments: 
compositionally biased regions 
not used for domain database 
search; conserved domains and 
superfamilies are indicated in 
dark red and pink bars; 
PLN00044 and ascorbase are the 
name of multidomains.  
The Histidine residues in copper 
binding centers of CBP1 are 
mostly absent (pointed by *) 
(Messerschmidt and Huber, 
1990) 

A-C-terminal peptide-binding protein 1

B- Ascorbate oxidase 

* * 

* * 

* 

*

* *

C
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Figure I-3. Phylogenetic tree of proteins encoded by CBP1 and its homologous genes in Maize .  
73 Proteins from Maize were identified through amino acid residues BLAST; and phylogenetic tree was 
calculated by COBALT tool.  
By GPI-anchor predictor PredGPI calculation, some of them are predicted to have GPI anchors (Table I-1) 
and labeled as * in the figure).  
CBP1 is underlined in yellow , bar is 0.2 billion years.  

*

* * 
* * * 

* * * 

76Not GPI-anchored 

5Weakly probable 

9Probable 

8Highly probable 

Table I.1. GPI-anchor prediction by PredGPI tool.   
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I-2 Homologous genes of CBP1 in Arabidopsis.  

Homologous genes of CBP1 were identified in Arabidopsis and utilized for our research. 

By amino acid sequence BLAST in NCBI database, SKU5 was identified as the closest 

homologous gene of ZmCBP1 because it encodes a protein showing 68% identities and only 

13 gaps in amino acid sequence (Figure I-4).  

 

 
Figure I-4. Amino acid alignment between CBP1 and SKU5.  
Proteins are indicated on the left and the consensus residues are in red; different amino acid residues are in blue 
and gaps are in black.  
 

SKU5 was firstly described via the characterisation of a null sku5 mutant in Arabidopsis, it 

was reported to affect two directional growth processes, especially in root growth (Sedbrook 

et al., 2002). 

I-2-1 SKU5 gene family in Arabidopsis 

18 genes were identified as homologous genes of SKU5 in Arabidopsis thaliana. They are 

named SKU5-similar (SKS) genes and form the SKU5/SKS gene family. Members of this 

family encode proteins showing high identities. They were compared to SKU5 by BLAST 

analysis, and in which SKS1, SKS2 and SKS3 encode proteins with the highest identities with 

SKU5 (Table I-2).  

CBP1 

SKU5 

CBP1 

SKU5 

CBP1 

SKU5 

CBP1 

SKU5 

CBP1 

SKU5 

CBP1 

SKU5 

CBP1 

SKU5 

CBP1 

SKU5 
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Table I-2. SKS genes products are highly similar to SKU5 at the protein level.  
 

SKS genes are found in all Arabidopsis chromosomes, however chromosomes 1 and 4 exhibit 

most of them with 7 and 6 SKS genes, respectively. Several genes localize as neighbors in the 

same chromosome, such as SKS7 and SKS8, SKS11 and SKS13, SKS12 and SKS14 (Figure I-

5). SKS7 and SKS8 genes have the same transcriptional direction, but SKS11 and SKS13, 

SKS12 and SKS14 have the opposite transcriptional direction.  These pairs exhibit similar 

gene structures with 8 exons for SKS7 and SKS8, whereas SKS11, 12, 13, 14 have only 3 

exons. Such distribution and high similarity between these pairs suggest rather recent events 

of duplication. Within the SKU5/SKS family, gene structure varies in a large range as shown 

table I-3, with 3 to 10 exons according to the member of the family.  

 

 

93 45AT1G75790 (SKS18) 

89 48AT5G66920 (SKS17) 

90 49AT2G23630 (SKS16) 

93 49AT4G37160 (SKS15) 

94 46AT1G55560 (SKS14) 

93 46AT3G13400 (SKS13) 

93 47AT1G55570 (SKS12) 

91 49AT3G13390 (SKS11) 

91 48AT4G28090 (SKS10) 

92 48AT4G38420 (SKS9) 

92 49AT1G21850 (SKS8) 

93 49AT1G21860 (SKS7) 

92 48AT1G41830 (SKS6) 

92 49AT1G76160 (SKS5) 

92 51AT4G22010 (SKS4) 

98 60AT5G48450 (SKS3) 

96 66AT5G51480 (SKS2) 

95 67AT4G25240 (SKS1) 

100 100AT4G12420 (SKU5) 

Percent identityAccession number (Gene name) Percent coverage 
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Table I-3. Heterogeneity in gene structure within the SKU5/SKS family 

Number of exons Gene name 

10 SKS3 

9 SKU5, SKS1, SKS2 

8 SKS5, SKS6, SKS7, SKS8, SKS15, SKS16, SKS18 

7 SKS9, SKS10, SKS17 

6 SKS4 

3 SKS11, SKS12, SKS13, SKS14 

 
 

cDNA phylogenetic tree calculated by DNA maximum likelihook program with molecular 

clock confirmed the short evolutional distance between SKS7 and SKS8, SKS11, SKS12, 

SKS13 and SKS14 (Figure I-6), which suggests that SKS7 and SKS8, SKS11, SKS12, SKS13 

and SKS14 could be the duplications to each other respectively. Then the duplicated SKS11, 

SKS13 in chromosome 3 duplicated in chromosome 1 as SKS12, SKS14.  

SKS8 SKS7 

SKS14 SKS12 

SKS13 SKS11 

Figure I-5. Some genes are 
neighbors in the same 
chromosome. 
SKS7 and SKS8, SKS11 and 
SKS13, SKS12 and SKS14 are 
close to each other in the 
same chromosome.  
SKS7 and SKS8 genes have 
the same transcriptional 
direction, but SKS11 and 
SKS1, SKS12 and SKS14 
have the opposite 
transcriptional direction.  
Genes are indicated in the 
figure; Yellow: exons; Red: 
UTR; white: introns.  
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Figure I-6. cDNA  un rooted phylogenetic tree calculated by DNA maximum likelihook program with 
molecular clock.  
Gene names are indicated. The length of the lines means the evolutional distance between different cDNA.  
Bar is 0.1 billion years. 
 

I-2-2 In Silico Expression Data 

AtGenExpress Visualization Tool (AVT) analysis shows that about half of these genes (SKS2, 

SKS7, SKS8, SKS10, SKS11, SKS12, SKS13, SKS14, and SKS18) are highly expressed in 

reproductive organs whereas they are not significantly detected in other organs (Figure I-7A).  

Six members, including SKU5 (SKU5, SKS3, SKS4, SKS5, SKS6 and SKS17) are expressed 

broadly all over the whole plant except in senescing leaves and mature seeds (Figure I-7B). 

SKS15 and SKS16 exhibit a far more specific pattern of expression as they were found to be 

only expressed in roots (Figure I-7C). SKS1 is also strongly expressed in roots but is also 

found in the shoot apex (before and after boilting) and at the early stages of silique and seed 

development (Figure I-7D). This gene is not significantly expressed in leaves, floral organs 

and mature seeds. Interestingly, SKS9 exhibits a complementary profile of expression as it is 

mostly expressed in leaves and floral organs and not significantly expressed in roots, shoot 

apex, siliques and seeds (Figure I-7) (Schmid et al., 2005). 
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A B 

Figure I-7. AtGenExpress Visualization Tool (AVT) analysis of SKS family members.  
Genes exhibiting rather similar profiles of expression were grouped within the same graphs (A-C); SKS1 and 
SKS9 showed nearly opposite patterns as illustrated in D.  These data were extracted from the developmental 
set of microarray data (Schmid et al, 2005) 
The values are absolute values from micro array. And the organs are indicated in X-axis. Genes’ IDs are 
indicated in figures.  

C D 
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I-2-3 SKU5/SKS proteins 

All SKS gene members encoded proteins consist of 3 conserved domains identified as Cu-

oxidase type 3, type 1 and type 2 (from N-ter to C-ter). According to multi-domain 

predictions, SKU5, SKS1, SKS2 and SKS3 are predicted to be multi-copper oxidase-related 

proteins whereas the others are predicted more generally to belong to oxidoreductases and 

pectinesterase (Table I-4). Further domain analysis of the distinct proteins using NCBI 

Conserved Domain Database prediction revealed however the presence of the Cu-oxidase 

domains of type 3, 1 and 2 in all members of the family (Figure I-8).  

 

 
 

 

When comparing SKU5/SKS sequences to the ascorbate oxidase from Zucchini, which has 

the copper binding activity, none of SKS members was found to have enough conservation for 

maintenance of an active copper binding center .Within the SKS members, critical residues of 

SKS18 PLN02168 (copper ion binding / pectinesterase) 

SKS15, SKS16, SKS17 PLN02835 (oxidoreductase) 

SKS11, SKS12, SKS13, SKS14 PLN02354 (copper ion binding / oxidoreductase) 

SKS9, SKS10 PLN02792 (oxidoreductase) 

SKS4, SKS5, SKS6, SKS7, SKS8 PLN02991 (oxidoreductase) 

SKU5, SKS1, SKS2, SKS3 PLN00044 (multi-copper oxidase-related protein) 

Multi-Domains 

Figure I-8. General 
structure of predicted 
SKS proteins.  
6 proteins were selected 
as examples. They all 
include the highly 
conserved Cu-oxidases 
3, 1 and 2 (from N-ter to 
C-ter) which are 
indicated in the figure.  

Table I-4. SKS genes encode proteins with different multi-domains

SKU5 

SKS4 

SKS9 

SKS11 

SKS15 

SKS18 
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copper binding center motifs are absent or mutated suggesting that copper binding to these 

centers is very unlikely as previously observed for maize CBP1 (Figure I-2).  

 

Whereas gene structure was varying in a large range, SKU5 and SKS proteins share common 

features. In addition to the above mentioned multi-domains, they all include a leader peptide 

of rather divergent sequences at the N-terminus that is cleaved after biosynthesis of the 

protein (predicted by SignalP4.1 tool (Emanuelsson et al., 2007)). ClustalW multiple 

alignment analysis of amino acid sequences (Thompson et al., 1994) shows the conservation 

between members of the SKU5/SKS family (ANNEXE 1). The major difference within the 

SKU5/SKS members is observed at the C-terminus as only 3 members, including SKU5, 

exhibit a hydrophobic region preceded by an ω-domain as in CBP1. This C-terminal domain 

is susceptible to be cleaved and replaced by a GPI anchor for SKU5, SKS1 and SKS2 using 

various GPI anchor prediction tools (Eisenhaber et al., 2004; Poisson et al., 2007; Pierleoni et 

al., 2008). (Figure I-9).  

 
SKU5  515 FGHPDNVLYC GALSKLQKPQ ----KVSSSA -SKSIGFTSL SMVVMALVMM MMLQH 
                                      *    

SKS1  518 MDPPDNVLYC GALKNLQKEQ ----HHSAAT -SILNGHLKL ML--LMVLLA SVFRFC 
                                      *  

SKS2  518 MDPPENVMYC GALQAMQKEQ ----HHSSAT KSMTNGQLIL IFSMMMVLLS SFSSFC 
                                       * 

SKS3  509 NSVPKNSIYC GRLSPLQKDQ AQRVNFSGSQ RSIFVTSRGI LLALFAILVN -INRLCNTKK ILDSTAKAQT  
          DLSLVETDRI SEKNRDRISY   

SKS4  498 YPPPKNALMC GRAKGRHTRP F   

SKS5  498 YPIPKNALLC GRASGRSTRP L   

SKS6  499 YPIPKNSRLC GRARGRHTRP L   

SKS7  498 YLIPKNALLC GRASSSHR   

SKS8  498 YLIPKNALLC GRATGHHTTT PGPLSEGSER F  

SKS9  507 YLLPKNALLC GRASNKHT-- -TP   

SKS10 502 YPLPKNALLC GRASNKNMSI ITP   

SKS11 507 YNMPETSLQC GLVKGTPKPN PYAGA   

SKS12 508 YNMPETSLQC GLVKGKPKVN PYAGA   

SKS13 505 YNIPLNTNLC GIVKGLPLPT PYTI   

SKS14 504 YNIPLNTNLC GIVKGLPLPA HYS   

SKS15 502 AEPPLNVLYC GKAKRPL   

SKS16 500 SEPPVNVLFC GKAKHPRLI   

SKS17 506 YNPPDNLQLC GKAVGRHV   

SKS18 503 NPIPGNVIRC GKVR   

 

 

 

 

 

Figure I-9. Comparison of SKU5/SKS C-
terminus.  
Only SKU5, SKS1 and SKS2 are predicted to 
have an ω-site at C-terminus, (pointed with *) and 
an hydrophobic C-terminus.  
SKS3 has additional amino acid residues at the C-
terminus but cannot be predicted to be further 
modified by GPI-tail because of the good water 
solubility of the C-terminus.  
The other members missed these additional 
peptide, are not predicted to have an ω-site and to 
be modified with a GPI anchor.  
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In addition to the C-terminus differences, short sequences inserted or deleted in few 

sequences contribute to increase the divergences, as for example at positions 210-223 or 313-

317 (ANNEXE 1). These differences support identification of various clades (Table I-5). 

 
Table I-5. SKS members exist in different clades of phylogenetic tree. 

CLADES 1 2 3 4 5 6 7 8 

 SKU5 SKS 3 SKS 11  SKS 4 SKS 5 SKS 9 SKS 15 SKS 18 

SKS GENES SKS1  SKS12  SKS 6 SKS 10 SKS 16  

 SKS2  SKS13  SKS 7  SKS 17  

   SKS14  SKS 8    
  
 

By proteomic and genomic analysis, SKU5 and SKS1 were confirmed to be associated with 

plasma membrane fraction and to have the GPI anchor in Arabidopsis (Borner et al., 2003). 

And by searching the Plant Proteome Database, SKS2 is also identified to be localized at the 

plasma membrane as a GPI-anchored protein. Considering the low expression level of SKS2 

in most plant organs or cells in culture, it is possible that SKS2 was not confirmed by 

proteomic analysis because it was under the detection level. SKS2 has the required domains to 

be a GPI protein as SKU5 and SKS1.  SKU5 is the sole member for which the presence of the 

GPI was established; accordingly, by using translational fusion with the GFP (Green 

Fluorescent protein), SKU5 was found to be localized at the plasma membrane and at least 

partly in the cell wall (Sedbrook et al, 2002). It is however difficult to know whether this dual 

localization reflects the distribution of the endogenous protein or results from the 

overexpression of the transgene (as a 35SCaMv promoter was used). Cleavage of the GPI 

anchor for a SKU5 protein associated at the plasma membrane might be a mechanism 

regulating the relative abundance of the protein at the surface of the PM.  

I-2-4 SKU5/SKS proteins through evolution 

Comparative analysis of the SKU5/SKS sequences by using BLAST tools against available 

genome sequence databases of land plants, allowed to identify genes exhibiting SKS-like 

sequences in mosses, club-mosses, conifers, monocot plants and eudicot plants. The 

phylogenetic tree of the deduced proteins was calculated by COBALT tool (Figure I-10). 

Clades for the SKS members are labelled by their numbers accordingly toTable.I-5. The 

distance between different SKS genes in Arabidopis is even larger than that of homologous 

genes between different divisions. It suggests that members of the SKS family is a group of 

ancient genes which might have diverged very early, that they existed before the diversity of 
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higher plants and evolved in their own ways to acquire specific functions and potentially play 

different roles in plants.  

 

 
Figure I-10. COBALT phylogenetic analysis of proteins encoded by homologous genes of the SKU5/SKS 
family.  
250 proteins encoded by SKS putative homologous genes were identified by BLAST analysis (BLASTP 2.2.27+) 
(Altschul et al., 1997; Altschul et al., 2005) and phylogenetic tree was calculated by COBALT tool. In this 
phylogenetic tree, genes were classified by divisions as mosses, club-mosses, conifers, monocot plants and 
eudicot plants in different colour codes. The size of triangles depends on numbers of homologous proteins 
(labelled as leaves) inside one clade. 
Data shows that SKS genes exist through all higher plants. The distance between different members of SKS gene 
family in Arabidopsis is even larger than that of homologous genes between different divisions.  
Parameter utilized: Fast Minimum Evolution, Max Seq different is 0.85. Bar is 0.1 billion years. . 
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Conclusion and Discussion 

CBP1 is a GPI-anchored maize protein that was identified as a possible interactor of ABP1. 

SKU5 and SKS are homologous genes of CBP1 in Arabidopsis. They belong to a rather 

ancient gene family. In Arabidopsis, this family contains 19 members. They encode proteins 

with conserved amino acid sequences and domains but include mutations impairing copper-

binding and oxidase activity. SKU5, SKS1, SKS2 and SKS3 encode proteins with the highest 

similarities with CBP1. SKU5, SKS1, SKS2 are the only three members predicted to be 

modified at their C-terminus by substitution of the hydrophobic domain by a GPI anchor as 

CBP1. Other members are unlikely to get this post-translational modification and thus to be 

associated with the plasma membrane.  I started to be interested into this protein family as 

CBP1 was shown to be interacting with ABP1 C-terminus. It was hypothesized that CBP1 

could act as a carrier helping ABP1 to reach and be positioned at the outer surface of the 

plasma membrane or to be directly part of an auxin receptor complex. The output of the in 

silico analysis performed on the SKU5/SKS gene family in Arabidopsis is that despite the 

relatively high homology between the members, only 3 genes are putative GPI-anchored 

proteins. Further work was mainly focused on SKU5, SKS1 and SKS2 genes.  
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ANNEXE 1. Alignment of SKS proteins.  
 
 
             10         20         30         40         50         60                 
    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
1   ---------- ----MDLFKI LLLVFFVNIS FCFAADPYSF YNFEVSYITA SPLGVPQQVI  SKU5 
1   ---------- MAATCSLLAS FLLCFALLSA VSFAADPFVS YDFRVSYLTA SPLGVPQQVI  SKS1 
1   ---------- MAAT-DFFFA FVFSFALIFG FSFAGDPYVS YDFTLSYITA SPLGVPQQVI  SKS2 
1   ---------- MRCFPPPLWC TSLVVFLSVT GALAADPYVF FDWTVSYLSA SPLGTRQQVI  SKS3 
1   ---------- ---MRGSCKV SIVLLLVLIN GVLGDNPYRF FTWKITYGDI YPLGVKQQGI  SKS4 
1   ---------- -MAGSASFAA ALFIGLSLLF AVTAEDPYRF FEWNITYGDI YPLGVRQQGI  SKS5 
1   ---------- MMAVGRSGGT ILLFCLSFFA AVTAESPYRF FDWNVTYGDI YPLGVRQQGI  SKS6 
1   ---------- MKVKSMNTRA MITTLLFLIS LAFAEDPYRF FEWHVTYGNI SPLGVAQQGI  SKS7 
1   ---------- MEVKSVNTTA MILGLFFLIS FVAAEDPYKF FEWHVTYGNI SPLKVAQQGI  SKS8 
1   ---------M CWWLNGAVWT MMMMTISIIS FVQADDPYRF FDWRVTYGNI SPLGIPQRGI  SKS9 
1   ---------M EWWLNGGVW- MMMMTTTIIS FVKAEDTL-F YNWRVTYGKI ALDTLPRRGI  SKS10  
1   ---------- MRG-VKLLAA CLYLAAAATV VVRAEDPYFH HVWNVTYGTV SPLGVPQQVI  SKS11 
1   ---------- MKGGVKLLAV CLCVATATVM MVQAEDPYFH HVWNVTYGTA SPLGVPQQVI  SKS12 
1   ---------- -MQGGRLLTV LVCLAS-TVA LVSAGDPYFY YTWNVTYGTA APLGIPQQVI  SKS13 
1   ---------- -MEG-RLLTV LVCLVS-TVA IVNAGDPYFF HTWNVTYGTA SPLGVPQKVI  SKS14 
1   -----MKQTN LLVCKLFIGA LFWLG---SV LVNAEDPYMF YTWTVTYGTR SPLGVPQQVI  SKS15 
1   -----MKQKH LLLLGFLL-A YCFSS---VF VINAEDPYLF FTWTVTYGTR SPLGVPQQVI  SKS16 
1   MKMASRKTTS LLNHLLLLGA LTLLSS--LV IVKGESPYKF YTWTVTYGII SPLGVPQQVI  SKS17 
1   ---------- --MRHVFVEV LVLISLVILE LSYAFAPISS YQWVVSYSQR FILGGNKQVI  SKS18 
 
             70         80         90        100        110        120              
    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
47  AINGKFPGPT INVTTNENLV VNVRNKLDEG LLLHWNGIQQ RRVSWQDGVL GTNCPIPPKW  SKU5 
51  AVNGQFPGPL LNATTNYNVV VNVFNHLDEP LLLTWPGIQM RRNSWQDGVL GTNCPIPPRW  SKS1 
50  AVNGKFPGPV INATTNYNVH VNVLNHLDEP LLLTWPGVQM RRNSWQDGVL GTNCPIPPNW  SKS2 
51  GINGQFPGPI LNVTTNWNVV MNVKNNLDEP LLLTWNGIQH RKNSWQDGVL GTNCPIPSGW  SKS3 
48  LINGQFPGPH IDAITNDNII ISVFNYLKEP FLISWNGVQQ RKNSWQDGVV GTTCPIPPGK  SKS4 
50  LINGAFPGPD IHSVTNDNLI INVYNSLDEP FLLSWNGIQQ RRNSFVDGVY GTTCPIPPGK  SKS5 
51  LINGQFPGPD IHSVTNDNLI INVHNSLDEP FLISWNGVQN RRNSYVDGMY GTTCPIPPRS  SKS6 
51  LINGKFPGPD IISITNDNLI INVFNHLDEP FLLSWNGIRN WKNSFQDGVY GTMCPIPPGK  SKS7 
51  LINGKFPGPD IAAVTNDNLI INVFNHLDEP FLISWSGIRN WRNSYQDGVY GTTCPIPPGK  SKS8 
52  LINGQYPGPD IYSVTNDNLI INVHNDLDEP FLLSWNGVQL RKNSYQDGVY GTTCPIPPGK  SKS9 
50  LINGQFPGPE IRSLTNDNLV INVQNDLDDP FLLSWNGVHM RKNSYQDGVY GTNCPIPPGK  SKS10 
50  LINGQFPGPN VNSTSNNNVI INVFNNLDEP FLLTWNGIQH RKNCWQDGTP GTMCPIMPGT  SKS11 
51  LINGQFPGPN INSTSNNNVI VNVFNNLDEP FLITWAGIQH RKNCWQDGTA GTMCPIPPGQ  SKS12 
49  LINGQFPGPN LNSTSNNNVV INVFNNLDEP FLLTWSGLQH RKNSWQDGVT GTSCPIPAGT  SKS13 
48  LINGQFPGPN LNSTSNNNVV INVFNHLDEP FLLTWSGIQH RKNCWQDGVA GTSCPIPAGQ  SKS14 
53  LINGQFPGPA IEAVTNNNIV VNLINKLDEP FLITWNGVKQ RRTSWQDGVL GTNCPIQPNS  SKS15 
52  LINGQFPGPP IEGVTNNNIV VNVINKLDEP FLITWNGIKQ RKMSWQDGVL GTNCPIQPKS  SKS16 
59  LINGQFPGPK LEVVTNDNII LNLINKLDQP FLLTWNGIKQ RKNSWQDGVL GTNCPIQPNS  SKS17 
49  VINDMFPGPI LNATANDIIV VNIFNNLPEP FLMTWNGLQL RKNSWQDGVR GTNCPILPGT  SKS18 
 
            130        140        150        160        170        180           
    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
107 NWTYEFQVKD QIGSFFYFPS LHFQRASGGF GSFVVNPRAI IPVPFSTPDG DITVTIGDWY  SKU5 
111 NFTYQFQVKD QIGSFFYSPS LNFQRASGGF GPIVINNRDI IPIPFPQPDG ELIFIIGDWY  SKS1 
110 NFTYDFQLKD QIGSYFYSPS LNFQRASGGF GALIINNRDL VPIPFTEPDG EIIFIIGDWY  SKS2 
111 NWTYEFQVKD QIGSFFYFPS TNFQRASGGY GGIIVNNRAI IPVPFALPDG DVTLFISDWY  SKS3 
108 NFTYVIQVKD QIGSFYYFPS LAFHKAAGAF GAIRVWSRPR IPVPFSPPDG DFWLLAGDWY  SKS4 
110 NYTYILQMKD QIGSFYYFPS LGFHKAAGGF GGIRILSRPR IPVPFPDPAG DTTVLIGDWY  SKS5 
111 NYTYILQVKD QIGSFYYFPS LAFHKAAGGF GGIRILSRPG IPVPFADPAG DYTVLIGDWY  SKS6 
111 NYTYALQVKD QIGSFYYFPS LGFHKAAGGF GGIRISSRAL IPVPFPTPAD DYTLLVGDWY  SKS7 
111 NYTYALQVKD QIGSFYYFPS LGFHKAAGGF GAIRISSRPR IPVPFPAPAG DYTVLIGDWY  SKS8 
112 NYTYAIQVKD QIGSFFYFPS LAVHKAAGGF GGFRILSRPR IPVPFPEPAG DFTFLIGDWF  SKS9 
110 NYTYDFQVKD QVGSYFYFPS LAVQKAAGGY GSLRIYSLPR IPVPFPEPAE DFTFLVNDWY  SKS10 
110 NYTYHFQPKD QIGSYFYYPS TAMHRSAGGF GGLRVNSRLL IPVPYADPED DYTVLIGDWY  SKS11 
111 NFTYHFQPKD QIGSYFYYPT TAMHRAAGGF GGLRVNSRLL IPVPYADPED DYTILINDWY  SKS12 
109 NFTYHFQPKD QIGSYFYYPS TALHRFAGGF GGLRVNSRLL IPVPYADPED DRTILINDWY  SKS13 
108 NFTYHFQPKD QIGSYFYYPT TSLHRFAGGF GGLRVNSRLL IPVPYADPED DYTVLLGDWY  SKS14 
113 NWTYQFQLKD QIGTYTYFAS TSLHRASGAF GALNINQRSV ITTPYPTPDG DFTLLVSDWF  SKS15 
112 SWTYHFQLKD QIGTYAYFAS TSMHRASGAF GALNVNQRSV IFVPYPKPDA DFTLLVSDWY  SKS16 
119 NFTYKFQTKD QIGTFNYFPS TAFHKAAGGF GAINVYARPG IPIPYPLPTA DFTLLVGDWF  SKS17 
109 NWTYRFQVKD QIGSYFYFPT LLLQKAAGGY GAIRIYPPEL VPVPFPKPDE EYDILIGDWF  SKS18 
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          190        200        210        220        230        240           
    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
167 I-RNHTALRK ALDDGKDLG- MPDGVLINGK GPYRYNDTLV ADGIDFETIT VHPGKTYRLR  SKU5 
171 T-QDHKALRR ALDSGKELG- MPDGVLINGK GPYKYN-SSV PDGIDYLTFH VEPGKTYRIR  SKS1 
170 T-QNHTALRR ILDSGKELG- MPDGVLINGK GPFKYN-SSV PDGIEHETVN VDPGKTYRIR  SKS2 
171 T-KSHKKLRK DVESKNGLR- PPDGIVINGF GPFASN---- --GSPFGTIN VEPGRTYRFR  SKS3 
168 K-TNHYVLRR LLEAGRNLP- NPDGVLINGR ---------- -GWGG-NTFT VQPGKTYRFR  SKS4 
170 K-ANHTDLRA QLDNGKKLP- LPDGILINGR ---------- -SSG--ATLN VEQGKTYRFR  SKS5 
171 K-FNHTDLKS RLDRGRKLP- SPDGILINGR ---------- -SNG--ATLN VEQGKTYRLR  SKS6 
171 K-TNHKDLKA QLDNGGKLP- LPDGILINGR ---------- -SSG--ATLN IEPGKTYRLR  SKS7 
171 K-TNHKDLRA QLDNGGKLP- FPDGILINGR ---------- -GSG--ATLN IEPGKTYRLR  SKS8 
172 K-HDHKVLKA ILDRGHKLP- LPQGVLINGQ ---------- -GVSYMSSIT VHKGKTYRFR  SKS9 
170 R-RNHTTLKK ILDGGRKLPL MPDGVMINGQ ---------- -GVSTVYSIT VDKGKTYRFR  SKS10 
170 T-KSHTQLKK FLDSGRTLG- RPDGILINGK S-------GK GDGSDAPLFT LKPGKTYRVR  SKS11 
171 T-KSHTQLKK FLDSGRTIG- RPDGILINGK S-------GK TDGSDKPLFT LKPGKTYRVR  SKS12 
169 A-KSHTALKN FLDSGRTLG- SPDGVLINGK S-------GK LGGNNAPLFT MKPGKTYKYR  SKS13 
168 T-AGHTALKN FLDSGRTLG- LPNGVLINGK S-------GK VGGKNEPLFT MKPGKTYKYR  SKS14 
173 SNMTHKDLRK SLDAGSALP- LPDALLING- ---------- --VSKGLIFT GQQGKTYKFR  SKS15 
172 K-MGHKELQR RLDSSRALP- PPDGLLING- ---------- --ASKGLVFT GQHGKIYRFR  SKS16 
179 K-TNHKTLQQ RLDSGGVLP- FPDGMLING- ---------- --QTQ-STFS GDQGKTYMLR  SKS17 
169 Y-LDHTVMRA SLDAGHSLP- NPDGILFNGR ---------- --GPEETFFA FEPGKTYRLR  SKS18 
 
            250        260        270        280        290        300           
    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
225 VSNVGISTSL NFRIQGHNLV LAESEGSYTV QQNYTSLDIH VGQSYSFLVT MDQNASS---  SKU5 
228 VHNVGISTSL NFRIQNHSLL LVETEGHYTS QANFTDFDVH VGQSYSFLVT MDQDATS---  SKS1 
227 VHNVGISTSL NFRIQNHKLL LIETEGRYTS QMNFTDFDVH VGQSYSFLVT MDQNATS---  SKS2 
223 VHNSGIATSL NFRIQNHNLL LVETEGSYTI QQNYTNMDIH VGQSFSFLVT MDQSGSN---  SKS3 
214 ISNVGVATSL NFRIQGHTMK LVEVEGSHTV QNIYTSLDIH LGQSYSVLVT ANQAPQ----  SKS4 
215 ISNVGLQDSL NFRIQDHKMK VVEVEGTHTL QTTFSSLDVH VGQSYSVLVT ADQTPR----  SKS5 
216 ISNVGLQDSL NFRIQNHRMK LVEVEGTHTL QTMFSSLDVH VGQSYSVLIT ADQSPR----  SKS6 
216 ISNVGLQNSL NFRIQNHTMK LVEVEGRYTI QNLFSSLDVH VGQSYSVLIT ADQPAK----  SKS7 
216 ISNVGLQNSL NFRIQNHKMK LVEVEGTHTI QTPFSSLDVH VGQSYSVLIT ADQPAK----  SKS8 
219 ISNVGLQHTL NFRIQGHQMK LVEVEGTHTV QSMYTSLDIH VGQSYSVLVT MDQPDQ----  SKS9 
218 VSNVGLQTSL NLEILGHQLK LIEVEGTHTV QTMYTSLDIH VGQTYSFLVT MDQPPQ----  SKS10 
221 ICNVGLKTSL NFRIQNHKLK LVEMEGSHVL QNDYDSLDVH VGQCYGTILT ANQEAK----  SKS11 
222 ICNVGLKASL NFRIQNHKMK LVEMEGSHVL QNDYDSLDVH VGQCFGVIVT ADQEPK----  SKS12 
220 ICNVGFKSTL NFRIQGHKMK LVEMEGSHVL QNDYDSLDVH VGQCFAVLVT ADQVAK----  SKS13 
219 LCNVGFKSTL NFRIQNHKMK LVEMEGSHVI QNDYDSLDVH VGQCFSVLVT ANQAAK----  SKS14 
219 VSNVGIATSI NFRIQNHTMS LIEVEGAHTL QESYESLDVH VGQSMTVLVT LKASVR----  SKS15 
217 ISNVGISTSI NFRIQGHMMT LVEVEGSHTL QEVYESLDIH VGQSVTVLVT LKAPVK----  SKS16 
223 ISNVGLSSTF NFRIQGHTMK VVEVEGSHVI QTDYDSLDIH VGQSLAVLVT LNQSPK----  SKS17 
215 ISNVGLKTCL NFRIQDHDML LVETEGTYVQ KRVYSSLDIH VGQSYSILVT AKTDPVGIYR  SKS18 
 
            310        320        330        340        350        360           
    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
282 DYYIVASARV VNETIWRRVT GVGILKYTNS KGKAKGQLPP --GPQDEFDK TFSMNQARSI  SKU5 
285 DYYIVASARF VNETVWQRVT GVAILHYSNS KGPVSGPLPV --PKTDVSSP WSAMSQPKTI  SKS1 
284 DYYIVASARF VNETVWQRVT GVGILHYSNS KGPASGPLPV --SATDVNHP WSAMNQPRAI  SKS2 
280 DYYIVASPRF ATS---IKAS GVAVLRYSNS QGPASGPLP- --DPPIELDT FFSMNQARSL  SKS3 
270 DYYIVISSRF TRK----VLT TTSILHYSNS RKGVSGPVP- ---NGPTLDI ASSLYQARTI  SKS4 
271 DYYVVVSSRF TSN----VLT TTGIFRYSNS AGGVSGPIP- ---GGPTIQI DWSLNQARAI  SKS5 
272 DYYVVVSSRF TDK----IIT TTGVLRYSGS STPASGPIP- ---GGPTIQV DWSLNQARAI  SKS6 
272 DYYVVVSSRF TSK----ILT TTGVLHYSNS VAPVSGPIP- ---DGP-IKL SWSFNQARAI  SKS7 
272 DYYIVVSSRF TSK----ILI TAGVLHYSNS AGPVSGPIP- ---EAP-IQL RWSFDQARAI  SKS8 
275 DYDIVVSTKF VAK----KLL VSSTIHYSNS RHSHSSSANS VHVQQPADEL DWSIKQARSI  SKS9 
274 NYSIVVSTRF INA----EVV IRATLHYSNS KGHKIITAR- ---RPDPDDV EWSIKQAQSI  SKS10 
277 DYYMVASSRF LKS----VIT TTGLLRYEGG KGPASSQLP- ---PGPVG-W AWSLNQFRSF  SKS11 
278 DYYMIASTRF LKK----PLT TTGLLRYEGG KGPASSQLP- ---AAPVG-W AWSLNQYRSF  SKS12 
276 NYYMVASTRF LKK----EVS TVGVMSYEGS NVQASSDIP- ---KAPVG-W AWSLNQFRSF  SKS13 
275 DYYMVASTRF LKK----ELS TVGVIRYEGS NVQASTELP- ---KAPVG-W AWSLNQFRSF  SKS14 
275 DYFIVASTRF TKP----VLT TTASLRYQGS KNAAYGPLP- ---IGPTYHI HWSMKQARTI  SKS15 
273 DYFIVASTRF TKP----ILT TTGILSYQGS KIRPSHPLP- ---IGPTYHI HWSMKQARTI  SKS16 
279 DYYIVASTRF IRS----KLS VMGLLRYSNS RVPASGDPP- ---ALPPGEL VWSMRQARTF  SKS17 
275 SYYIFATARF TDS----YLG GIALIRYPGS PLDPVGQGP- --LAPALQDF GSSVEQALSI  SKS18 
 
            370        380        390        400        410        420           
    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
340 RWNVSASGAR PNPQGSFKYG SINVTDVYVL RNMPPVTISG KRRTTLNGIS FKNPSTPIRL  SKU5 
343 RQNTSASGAR PNPQGSFHYG QINITNTYIL RSLPPTIING ALRATLNGIS FVNPSTPVRL  SKS1 
342 KQNTSASGAR PNPQGSFHYG QINITRTYIL RSLPPTKING KLRATLNGIS FVNPSTPMRL  SKS2 
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334 RLNLSSGAAR PNPQGSFKYG QITVTDVYVI VNRPPEMIEG RLRATLNGIS YLPPATPLKL  SKS3 
322 RRNLTASGPR PNPQGSYHYG LIKPGRTIIL AN-SAPWING KQRYAVNGAS FVAPDTPLKL  SKS4 
323 RTNLSASGPR PNPQGSYHYG MINTTRTIRL AS-SAGQVDG KQRYAVNSVS FKPADTPLKI  SKS5 
324 RTNLTASGPR PNPQGSYHYG LIPLIRTIVF GS-SAGQING KQRYGVNSVS FVPADTPLKL  SKS6 
323 RTNLTASGPR PNPQGSYRYG VINITRTIRL AN-NLGHIEG KQRYAVNSAS FYPADTPLKL  SKS7 
323 KTNLAASGPR PNPQGTYHYG KIKVTRTIKL AS-SAGNING KQRYAVNSAS FYPTDTPLKL  SKS8 
331 RTNLTASGPR PNPQGSYHYG RIKISRTLIL ES-SAALVKR KQRYAINGVS FVPGDTPLKL  SKS9 
326 RTNLTASGPR TNPQGSYHYG KMKISRTLIL ES-SAALVKR KQRYAINGVS FVPSDTPLKL  SKS10 
328 RWNLTASAAR PNPQGSYHYG KINITRTIKL VN-TQGKVDG KLRYALNGVS HTDPETPLKL  SKS11 
329 RWNLTASAAR PNPQGSYHYG KINITRTIKL VN-TQGKVDG KLRYALSGVS HTDPETPLKL  SKS12 
327 RWNLTASAAR PNPQGSYHYG KINITRTIKL AN-TKNLVNG KVRFGFNGVS HVDTETPLKL  SKS13 
326 RWNLTSNAAR PNPQGSYHYG KINITRSIKL VN-SKSVVDG KVRFGFNGVS HVDTETPLKL  SKS14 
327 RMNLTANAAR PNPQGSFHYG TIPINRTLVL AN-AATLIYG KLRYTVNRIS YINPTTPLKL  SKS15 
325 RLNLTANAAR PNPQGSFHYG TIPINRTFVL AN-GRAMING KLRYTVNRVS YVNPATPLKL  SKS16 
331 RWNLTANAAR PNPQGSFHYG MISPTKTFVF SN-SAPLING KQRYAVNGVS YVKSETPLKL  SKS17 
328 RMDLNVGAAR SNPQGSYHYG RINVTRTIIL HN-DVMLSSG KLRYTINGVS FVYPETPLKL  SKS18 
 
            430        440        450        460        470        480           
    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
400 ADKLKVKD-V YKLD-FPKRP --LTGPA-KV ATSIINGTYR GFMEVVLQNN DTKMQSYHMS  SKU5 
403 ADRNKVKG-A YKLD-FPDRP --FNRPL-RL DRSMINATYK GFIQVVFQNN DTKIQSFHVD  SKS1 
402 ADDHKVKG-D YMLD-FPDRP --LDEKLPRL SSSIINATYK GFIQVIFQNN DTKIQSFHID  SKS2 
394 AQQYNISG-V YKLD-FPKRP --MNRHP-RV DTSVINGTFK GFVEIIFQNS DTTVKSYHLD  SKS3 
381 ADYFKIPG-V FNLGSIPTSP --SGGNGGYL QSSVMAANFR EFIEVVFQNW ENSVQSWHVS  SKS4 
382 ADYFKIDG-V YRSGSIQYQP --TGG-GIYL DTSVMQVDYR TFVEIIFENS EDIVQSWHLD  SKS5 
383 ADFFKISG-V YKINSISDKP --TYG-GLYL DTSVLQVDYR TFIEIVFENQ EDIVQSYHLN  SKS6 
382 VDYFKIDG-V YKPGSISDQP --TNG-AIFP TTSVMQADFR AFVEVIFENS EDIVQSWHLD  SKS7 
382 ADYFKIAG-V YNPGSIPDQP --THG-AIYP VTSVMQTDYK AFVEIVFENW EDIVQTWHLD  SKS8 
390 ADYFKIKG-V FKMGSIPDKP --RRGRGMRM ETSVMGAHHR DFLEIIFQNR EKIVQSYHLD  SKS9 
385 ADHFKIKD-V FKVGTIPDKP --RRGGGIRL DTAVMGAHHN AFLEIIFQNR EKIVQSYHLD  SKS10 
387 AEYFGVADKV FKYDSITDNP TPEQIKSIKI VPNVLNITHR TFIEVVFENH EKSVQSWHLD  SKS11 
388 AEYFGVADKV FKYDTISDNP NPDQIKNIKI EPNVLNITHR TFIEVVFENH ERSVQSWHLD  SKS12 
386 AEYFGMSEKV FKYNVIKDEP -AAKITTLTV EPNVLNITFR TFVEVVFENH EKSMQSFHLD  SKS13 
385 AEYFQMSEKV FKYNVIKDEP -AAKITALTV QPNVLNITFR TFVEIIFENH EKTMQSFHLD  SKS14 
386 ADWYNISG-V FDFKTIISTP ---TTGPAHI GTSVIDVELH EFVEIVFQND ERSIQSWHMD  SKS15 
384 ADWFNIPG-V FNFKTIMNIP ---TPGPSIL GTSVFDVALH EYVEFVFQNN EGSIQSWHLD  SKS16 
390 ADHFGISG-V FSTNAIQSVP ---SNSPPTV ATSVVQTSHH DFLEIVFQNN EKSMQSWHLD  SKS17 
387 VDHFQLND-T IIPGMFPVYP ---SNKTPTL GTSVVDIHYK DFIHIVFQNP LFGLESYHID  SKS18 
 
            490        500        510        520        530        540           
    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
455 GYAFFVVGMD YGEWTENSRG TYNKWDGIAR STIQVYPGAW SAILISLDNP GAWNLRTENL  SKU5 
458 GYSFFVVGMD FGIWSEDKKG SYNNWDAISR STIEVYPGGW TAVLISLDNV GVWNIRVENL  SKS1 
458 GYAFYVVAMD FGIWSEDRNS SYNNWDAVAR STVEVYPGAW TAVLISLDNV GVWNIRVENL  SKS2 
449 GYAFFVVGMD FGLWTENSRS TYNKGDAVAR STTQVFPGAW TAVLVSLDNA GMWNLRIDNL  SKS3 
438 GYSFFVVGMD GGQWTPGSRA KYNLRDAVSR STVQVYPRAW TAIYIALDNV GMWNIRSENW  SKS4 
438 GYSFWVVGMD GGQWSPDSRN EYNLRDAVAR CTVQVYPSSW TAILIALDNV GMWNLRSEFW  SKS5 
439 GYSFWVVGMD GGQWKTGSRN GYNLRDAVSR STVQVYPKSW TAIYIALDNV GMWNLRSEFW  SKS6 
438 GYSFYVVGME LGKWSPASRK VYNLNDAILR CTIQVYPRSW TAIYIALDNV GMWNMRSEIW  SKS7 
438 GYSFFVVGME LGKWSAASRK VYNLNDAVSR CTVQVYPRSW TAIYVSLDNV GMWNLRSELW  SKS8 
447 GYSFWVVGTD RGTWSKASRR EYNLRDAISR STTQVYPESW TAVYVALDNV GMWNLRSEYW  SKS9 
442 GYNFWVVGIN KGIWSRASRR EYNLKDAISR STTQVYPKSW TAVYVALDNV GMWNLRSQFW  SKS10 
447 GYSFFAVAVE PGTWTPEKRK NYNLLDAVSR HTVQVYPKCW AAILLTFDNC GMWNVRSENS  SKS11 
448 GYSFFAVAVE PGTWTPEKRK NYNLLDAVSR HTVQVYPKCW AAILLTFDNC GMWNIRSENA  SKS12 
445 GYSFFAVASE PGRWTPEKRN NYNLLDAVSR HTVQVYPKSW SAILLTFDNA GMWNIRSENW  SKS13 
444 GYSFFAVASE PGRWTPEKRE NYNLLDAVSR HTVQVYPKSW SAILLTFDNA GMWNIRSENL  SKS14 
442 GTSAYAVGYG SGTWNVTMRK RYNLVDAVPR HTFQVYPLSW TTILVSLDNK GMWNLRSQIW  SKS15 
440 GTSAYVVGYG SGTWNMAKRR GYNLVDAVSR HTFQVYPMSW TSILVSLDNK GMWNLRSQIW  SKS16 
446 GYDFWVVGFG SGQWTPAKRS LHNLVDALTR HTTQVYPESW TTILVSLDNQ GMWNMRSAIW  SKS17 
443 GYNFFVVGYG FGAWSESKKA GYNLVDAVSR STVQVYPYSW TAILIAMDNQ GMWNVRSQKA  SKS18 
 
            550        560        570        580        590        600           
    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
515 DSWYLGQETY VRVVN----- -PDENN-KTE FGHPDNVLYC GALSKLQKPQ ----KVSSSA  SKU5 
518 DRWYLGEETY MRITN----- -PEEDG-KTE MDPPDNVLYC GALKNLQKEQ ----HHSAAT  SKS1 
518 DRWYLGQETY MRIIN----- -PEENG-STE MDPPENVMYC GALQAMQKEQ ----HHSSAT  SKS2 
509 ASWYLGQELY LSVVN----- -PEIDIDSSE NSVPKNSIYC GRLSPLQKDQ AQRVNFSGSQ  SKS3 
498 ARQYLGQQFY LRVYT----- -SSTSY-RDE YPPPKNALMC GRAKGRHTRP F---------  SKS4 
498 ARQYLGQQLY LRVYT----- -PSTSL-RDE YPIPKNALLC GRASGRSTRP L---------  SKS5 
499 ARQYLGQQLY LRVFT----- -SSTSL-RDE YPIPKNSRLC GRARGRHTRP L---------  SKS6 
498 ERQYLGQQFY MRVYT----- -TSTSL-RDE YLIPKNALLC GRASSSHR-- ----------  SKS7 
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498 ERQYLGQQFY MRVYT----- -PSTSL-RDE YLIPKNALLC GRATGHHTTT PGPLSEGSER  SKS8 
507 ARQYLGQQFY LRVYS----- -PTHSL-RDE YLLPKNALLC GRASNKHT-- -TP-------  SKS9 
502 ARQYLGQQFY LRVHS----- -PNHSP-KDE YPLPKNALLC GRASNKNMSI ITP-------  SKS10 
507 ERRYLGQQLY ASVLS----- -PEKSL-RDE YNMPETSLQC GLVKGTPKPN PYAGA-----  SKS11 
508 ERRYLGQQLY ASVLS----- -PEKSL-RDE YNMPETSLQC GLVKGKPKVN PYAGA-----  SKS12 
505 ERRYLGQQLY VSVLS----- -PEKSL-RDE YNIPLNTNLC GIVKGLPLPT PYTI------  SKS13 
504 ERKYLGEQLY VSVLS----- -PEKSL-RDE YNIPLNTNLC GIVKGLPLPA HYS-------  SKS14 
502 SRRYLGQELY VRVWN----- -DEKSL-YTE AEPPLNVLYC GKAKRPL--- ----------  SKS15 
500 SRRYLGQELY VRVWN----- -NEKSL-YTE SEPPVNVLFC GKAKHPRLI- ----------  SKS16 
506 ERQYSGQQFY LKVWN----- -SVQSL-ANE YNPPDNLQLC GKAVGRHV-- ----------  SKS17 
503 EQWYLGQELY MRVKGEGEED PSTIPV-RDE NPIPGNVIRC GKVR------ ----------  SKS18 
 
            610        620        630        640        650        660           
    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
563 -SKSIGFTSL SMVVMALVMM MMLQH----- ---------- ---------- ----------  SKU5 
566 -SILNGHLKL ML--LMVLLA SVFRFC---- ---------- ---------- ----------  SKS1 
567 KSMTNGQLIL IFSMMMVLLS SFSSFC---- ---------- ---------- ----------  SKS2 
563 RSIFVTSRGI LLALFAILVN -INRLCNTKK ILDSTAKAQT DLSLVETDRI SEKNRDRISY  SKS3 
541 ---------- ---------- ---------- ---------- ---------- ----------  SKS4 
541 ---------- ---------- ---------- ---------- ---------- ----------  SKS5 
542 ---------- ---------- ---------- ---------- ---------- ----------  SKS6 
538 ---------- ---------- ---------- ---------- ---------- ----------  SKS7 
551 F--------- ---------- ---------- ---------- ---------- ----------  SKS8 
549 ---------- ---------- ---------- ---------- ---------- ----------  SKS9 
547 ---------- ---------- ---------- ---------- ---------- ----------  SKS10 
554 ---------- ---------- ---------- ---------- ---------- ----------  SKS11 
555 ---------- ---------- ---------- ---------- ---------- ----------  SKS12 
551 ---------- ---------- ---------- ---------- ---------- ----------  SKS13 
549 ---------- ---------- ---------- ---------- ---------- ----------  SKS14 
541 ---------- ---------- ---------- ---------- ---------- ----------  SKS15 
541 ---------- ---------- ---------- ---------- ---------- ----------  SKS16 
546 ---------- ---------- ---------- ---------- ---------- ----------  SKS17 
545 ---------- ---------- ---------- ---------- ---------- ----------  SKS18 
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Chapter II: Investigating the interaction between GPI-anchored 

SKU5/SKS proteins and ABP1 

II-1. CBP1 and GPI-anchored SKU5/SKS proteins were candidates for 

being ABP1 binding or docking proteins. 

As described in the general introduction, functional evidences support the role of ABP1 at the 

plasma membrane. ABP1 is however not an intrinsic membrane protein and was proposed to 

be associated with the membrane through interaction with a PM protein or a PM protein 

complex. The domain of interaction with the PM protein or protein complex was predicted to 

be within the amino acid sequence of ABP1.  

    GPI-anchored protein C-terminal peptide binding protein 1 (CBP1), as the name suggests, 

was identified as its capacity to bind the synthetic peptide corresponding to ZmABP1 C-

terminus (Shimomura, 2006). The starting hypothesis was that maize CBP1 and related GPI-

anchored SKU5/SKS members in Arabidopsis were potential interactors of ABP1 

contributing to the targeting of the protein at the PM and/or acting as a docking protein.  

    In ‘in silico analyses’, SKS1, SKS2, SKU5 were exhibited to be the closest members and 

localized in the same clade at the phylogenetic tree. They were the only three members of this 

family which were predicted to encode GPI-anchored proteins in Arabidopsis. Therefore, they 

were supposed to be the candidate to act the same role as CBP1 in Arabidopsis.   

    In this chapter, the coding sequences for CBP1, ZmABP1 from maize, SKS1, SKS2, SKU5 

and AtABP1 from Arabidopsis were cloned. And the interactions between SKU5 and AtABP1 

from Arabidopsis, as well as CBP1 and ZmABP1 from maize were investigated by yeast two 

hybrid system.  

II-2. Yeast two Hybrid System 

Yeast two hybrid system is a popular tool for testing the direct interaction between two 

proteins in heterologous conditions. The proteins to be tested as interactors are fused with 

DBD (Gal4 DNA binding domain) or AD (activating domain) respectively, at the N-terminus 

of the proteins. Each fusion alone cannot activate the transcription. The DBD domain can 

bind the DNA of the reporter gene but this binding cannot activate the expression, and the 

protein fused to the DBD is named the bait. The AD domain is the domain that activates the 

transcription and the protein that is fused to the AD is called the prey.  
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    Both DBD and AD domains include NLS sequences (nucleus localization signal) which 

could enrich the potential fused interactive protein into the nucleus for effective 

transcriptional activation. And the transcription is activated only when the bait and the prey 

are interacting together, the AD domain is then close enough from the DNA of the reporter 

gene to bind the RNA polymerase that starts the RNA transcription (Figure II-1). 

 

 
    For cloning of CBP1/SKU5/SKS1 and ABP1, the ProQuest™ Two Hybrid System with 

Gateway® Technology from Invitrogen was used. pDEST22 and pDEST32 were utilized as 

destination vectors (maps are shown in Figure II-2), they confers gentamycin or ampicillin 

resistance, respectively. Genes were inserted inside these vectors by Gateway cloning 

technology.  

These two constructs were going to be transformed into Mav203 yeast complement cells.  

pDONR201 that confers a kanamycin resistance (map was shown in Figure II-2) was utilized 

as a donor vector.  

    pDEST22 and pDEST32 vectors contain LEU2 and TRP1 genes, which were critical in  

Leu and Trp biosynthesis genes and are lacking in Mav203 Yeast cells. It means that only 

yeast colonies containing both of these two constructs can survive on medium without Leu 

and Trp.  

Figure II-1. Interaction detection 
by Yeast two Hybrid system.   
(From protocol for yeast two 
hybrid system, Invitrogen) 
(A) the status when there is no 
interaction between two protein 
which were tested (X and Y); AD is 
far away from the reporter gene, and 
the RNA polymerase cannot start 
the RNA transcription.  
(B) the status when there is 
interaction between X and Y; AD 
was close to the reporter gene 
because of the interaction between 
X and Y, and the RNA polymerase 
start the RNA transcription.  
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    The reporter gene includes HIS3, which was critical in His biosynthesis genes and also is 

also lacking in Mav203 cells. It means that only yeast colonies containing both pDEST22 and 

pDEST32, and where the bait and prey proteins are interacting to each other could survive on 

medium without His.  

 

II-3 Interaction detection by yeast two hybrid system 

II-3.1 Gene cloning and modification for yeast two hybrid.  

As described at the beginning of this chapter, SKS1, SKS2 and SKU5 were suspected to 

encode the candidates of ABP1 binding/docking protein in Arabidopsis. As well as AtABP1 in 

Arabidopsis, CBP1 and ZmABP1 in Maize, they were cloned for investigating interactions 

and further investigation.  

    RNAs were prepared from seedlings of Arabidopsis and Maize by RNeasy® plant mini kit 

(QIAGEN), and cDNAs were produced by SuperScriptTM III first-strand synthesis system 

(Invitrogen). Considering SKS2 was specifically expressed in reproductive organs, cDNA 

produced from flowers of Arabidopsis was utilized for SKS2 cloning.  

    Proper primers were designed for amplifying the full length CDS of each gene. The primers 

and cDNA resources were indicated in Table II-1. In most cases, 5’-UTR and 3’-UTR were 

included in the amplification.  

 

 

 

 

Figure II-2 Vectors utilized for yeast two hybrid analyses.  
From left to right, pDONR201, pDEST32, pDEST22 are present respectively.  
pDEST 32 has DNA binding domain at N-terminus; pDEST22 has DNA activation domain and nucleus 
localization signal at N-terminus.  
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GENES Primers cDNA Resource Organs 

5’-CCTAACTTTATGGCGGCGAC-3’ SKS1 
5’-CCTGGGTCGATCAACATAAAGA-3’ 

Arabidopsis Seedlings 

5’-ACCCGAAGATCATCAACGAAGAAAGCG-3’ SKS2 5’-AGAGAAACAGAACGAACCCAACTGCTG-3’ Arabidopsis Flowers 

5’-AGAAAATGGATTTGTTCAAGATCCT-3’ SKU5 5’-TTAACAATTTCAATGCTGAAGCATC-3’ Arabidopsis Seedlings 

5’-AAGCATCGAGAAAATGATCGTACT-3’ AtABP1 5’-GCTTTTAGCCTCGGACTTTGC-3’ Arabidopsis Seedlings 

5’-GCGGTCCATCTCACTCTCACAGGCT-3’ CBP1 
5’-CCTCGGTGCAGAAGTAACGGTTGCC-3’ 

Zea.Maize Seedlings 

5’-TCATTCCACTCCGACATTCA-3’ ZmABP1 5’-CAGCAGGATCATGGATGAAG-3’ Zea.Maize Seedlings 

Table II-1 Gene cloning for yeast two hybrid.  

    

Polymerase Chain Reactions (PCR) were then performed at proper conditions with primers 

and cDNAs as indicated. The fragments containing full length CDS were cloned and recycled 

by QIAquick® Gel Extraction Kit (QIAGEN). These fragments were cloned into pCR2.1® 

vectors after adding a 3’-Adenine tail and introduced into DH5α E.coli competent cells.  

3 colonies with Ampicilline resistance were amplified in cultures for each cloning. Plasmids 

were prepared from each colony by GENEJETTM plasmid miniprep kit (FERMENTAS) and 

sequenced to select a plasmid without any mutation.  

   For investigating interactions with ABP1, these genes should be modified. As described in 

‘introduction’ and ‘in silico analyses’chapters, the signal peptide at the N-terminus and the C-

terminus hydrophobic domain are both cleaved during protein maturation in vivo. But in yeast 

two hybrid system, prey and bait should not contain signal peptide at N-terminus but 

containing Nucleus Localization Signal (NLS) for being transported and localized in nucleus 

where the reporter gene can be activated. Obviously, without being modified in Endoplasmic 

Reticulum (ER), the hydrophobic region of GPI modification signal at C-terminus would not 

be cleaved as well. It means that, for yeast two hybrid system, the hydrophobic region in N-

terminus and C-terminus should both be removed.  

    Similarly, the N-terminal signal peptide of ABP1 should also be removed. As the protein 

was not supposed to be synthesized in Endoplasmic Reticulum, the KDEL ER-retention signal 

at the C-terminus was not necessary to be modified.   

    CBP1 was identified as a binding protein of a synthetic peptide corresponding to the C-

terminus of ABP1. In case the absence of interaction would be due to the presence of the 
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whole protein, we used a truncated ABP1 sequence corresponding to the last 87 AA residues 

of the maizee and Arabidopsis sequences. The sequence is longer than the synthetic peptide 

originally used but the cleavage occurs within a flexible loop of the protein that was 

successfully used to introduce a GFP sequence and obtain an ABP1 reporter protein (Robert 

et al, 2010). This C-terminal sequence contains only the third Cys of ABP1 that is also present 

in the synthetic peptide. 

    Gateway® technology was utilized for gene introductions, so the gene modifications could 

be carried out at amplification for Gateway® BP reaction. 

   Adapter PCR protocol was used for additional sequence, and the adapter primers were 

indicated in Table II-2.  

    Primers for the first amplification with STOP coden (bold) at reverse primers were also 

indicated in Table II-2. The sequence correspondence to the adapter was in red. The amplified 

sequence was re-amplified by adapter primers and then cloned into donor vector pDONR201 

after BP reaction (Figure II-3) and the recombinant plasmids were introduced into DH5α 

E.coli complement cells.   

Table II-2 Primers for Gene Modifications 
Modified Genes Primers Templates 

5’-AAAAAGCAGGCTCTGCAGATCCATATTC-3’ 
SKU5ΔSPΔω 

5’-AGAAAGCTGGGTGTTATGAAACCTTCTGTGG-3’ 
pCR2.1-SKU5 

5’-AAAAAGCAGGCTTCACCGACCCCTACGCC-3’ 
CBP1ΔSPΔω 

5’-AGAAAGCTGGGTGTTACGCCCCCATCTTGTG-3’ 
pCR2.2-CBP1 

5’-AAAAAGCAGGCTCTGCTCCTTGTCCCAT-3’ 
AtABP1ΔSP 

5’-AGAAAGCTGGGTTTAAAGCTCGTCTTTTTG-3’ 
pCR2.1-AtABP1 

5’-AAAAAGCAGGCTTCTCCTGCGTGCGAGAT-3’ 
ZmABP1ΔSP 

5’-AGAAAGCTGGGTGTTATTAGAGTTCGTCTTT-3’ 
pCR2.1-ZmABP1 

5’-AAAAAGCAGGCTTCGCTGAAACACATGGA-3’ 
Cter-AtABP1ΔSP 

5’-AGAAAGCTGGGTTTAAAGCTCGTCTTTTTG-3’ 
pCR2.1-AtABP1 

5’-AAAAAGCAGGCTTCGGATCAAGCTCACTA-3’ 
Cter-ZmABP1ΔSP 

5’-AGAAAGCTGGGTGTTATTAGAGTTCGTCTTT-3’ 
pCR2.1-ZmABP1 

5’-GGGGACAAGTTTGTACAAAAAAGCAGGCT-3’ 
Adapter 

5’-GGGGACCACTTTGTACAAGAAAGCTGGGT-3’ 
Products of  

First amplification 
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Colonies with kanamycin resistance were amplified in culture containing kanamycin; and then 

plasmids were prepared and sequenced , and then utilized for LR reaction together with 

destination vectors pDEST32 or pDEST22 (Figure II-4). The modified genes were introduced 

into both pDEST32 and pDEST22. They were named as DBD- or AD- gene name 

respectively. Then the recombined plasmids were introduced in DH5α E.coli complement 

cells.  

 

 

Figure II-3. SKU5/CBP1 and At/ZmABP1 genes were modified and cloned into pDONR201 vector.   

(A) modification of SKU5 and CBP1, (B) modification of AtABP1 and ZmABP1, (C) modification of Cter-
ABP1, (D) BP reaction, (E) modified genes were recombined into donor vector pDONR201, 

Fragments encoding mature proteins were in dark blue, N-terminal signal peptides were in blue, adapters for 
BP reaction were in green and antibiotics resistant gene was in red.  

attB1 P1 

attB2P2

A 

B 

attB attB

ccdBattP attP

pDONR201

BP Reaction

D 

attB1 P1 

attB2P2

   attL   attL

pDONR201 

KanamycinR 

KanamycinR 

E 

attB2P2

attB1
P1

C 



                       - 48 -

 
    Colonies with gentamycin (pDEST32) or ampcilline (pDEST22) resistance were gotten and 

amplified in LB medium containing proper antibiotics. Plasmids were prepped and the 

insertions of baits or preys were confirmed by PCR; primers were supplied by Invitrogen 

(Table II-3).  

Table II-3 Primers for confirmation of  insertions 
Plasmid Direction Primers 

Bait Forward 5’-AACCGAAGTGCGCCAAGTGTCTG-3’ 
Bait and Prey Reverse 5’-AGCCGACAACCTTGATTGGAGAC-3’ 

Prey Forward 5’-TATAACGCGTTTGGAATCACT-3’ 
 

    The confirmed colonies were amplified in medium with proper antibiotics and the plasmids 

were prepped for yeast two hybrid transformation.  

 

 

 

 

 

 

 

 

 

attL1 attL2

pDONR201 X 

KanamycinR 

ccdBattR1 attR2 

pDEST32/22 

GentamycinR/ampicillineR 

Figure II-6 Recombining genes into destination vectors by LR reaction.  
Gene inserted was in dark blue.  

pDEST32/22 

GentamycinR/ampicillineR 

LR Reaction 
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II-3-2 Yeast transformation and searching for interaction 

SKU5 were identified as the Arabidopsis genes showing the highest homology with the maize 

CBP1. The objective here was to investigate whether SKU5 would be able to interact with 

AtABP1. If the interaction could be confirmed between SKU5 and ABP1, interaction 

investigation would also be performed on the other members.  

Following the protocol provided (described in “method”), pairs of plasmids containing baits 

and preys were co-transformed in Mav203 yeast complement cells and selected on SC 

medium without Leucine and Tryptophan (SC/-Leu/-Trp). Colonies growing on SC/-Leu/-Trp 

were supposed to include both bait and prey constructs. Crude DNAs from four colonies of 

each co-transformants were prepared and gene insertions were confirmed by PCR 

amplification using primers shown table II-3.  

    The four colonies were amplified in YPAD medium for few hours and 4μl culture was 

transferred on SC/-Leu/-Trp plates and cultured at 30°C for 2 days (Figure II-7A). The yeast 

colonies on SC/-Leu/-Trp plates were transferred and resuspended in 100μl sterilized water, 

and then 4μl solution was transferred on SC plates without Leucine, Tryptophan and 

Histidine, but with 0, 25, 50, 100mM 3-Amino-1,2,4-triazole (3AT) (His synthesis inhibitor). 

Yeasts on SC/-Leu/-Trp/-His+25mM 3AT were cultured at 30°C for three days, when the co-

transformants should grow up. In our research, 25mM 3AT was enough to inhibit the 

background Histidine synthesis and no negative control could grow on these plates.   

    Unfortunately, none of the yeast co-transformants showed a significant interaction between 

ABP1 and SKU5, whatever they were used as bait or prey; co-transformation between DBD-

CterABP1 and AD-SKU5 or AD-CterABP1 and DBD-SKU5 also provided negative data. 

(Figure II-4). The strong, weak and negative interaction transformants supplied from 

INVITROGEN were also included in these plates (line #5 in Figure II-4A and 4B).  
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In some experiments, a very weak growth was occasionally observed on the triple selective 

medium but it was not robust enough to conclude on the significance for such interaction.  

Before making the conclusion that ABP1 is not interacting with SKU5, at least in the 

heterologous yeast system; we decided to use the maize sequences as the original 

identification of CBP1 was identified in maize. Interestingly the two C-terminus domains of 

AtABP1 and ZmABP1 differs on several important residues (Figure II-8).  

 
 

 

A 

B 

#1 #2 #3 #4 #5 

Figure II-7 Interaction detective 
between SKU5 and ABP1/C-part 
ABP1.  
Yeast co-transformants (A) on SC/-
Trp/-Leu plate, (B) on SC/-Trp/-Leu/-
His+25mM 3-AT.   
#1: DBD-SKU5 + AD-AtABP1 
#2: DBD-AtABP1 + AD -SKU5 
#3: DBD-SKU5 + AD -Cter -AtABP1 
#4: DBD-Cter -AtABP1 + AD-SKU5 
#5: Control, from up to down: strong 
positive control, weak positive control, 
and negative control.  
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ZmABP1:---//---IYDDWSMPHTAAKLKFPYFWDEDCLP-APKDEL 

AtABP1:---//---IYEDWFMPHTAARLKFPYYWDEQCIQESQKDEL 

Figure II-8 Comparison of the C-terminal domains of ZmABP1 and AtABP1  
The 12 amino acids forming the synthetic peptide used for the identification of CBP1 are underlined. Residues in 
common with the Arabidopsis sequence are indicated in red. Strong divergences are observed before the terminal 
KDEL sequence. 
 

Interactions were checked using co-transformation of Mav203 complement cells with both 

combinations of constructs: DBD-CBP1 and AD-ZmABP1/AD-Cter-ZmABP1, DBD-

ZmABP1/DBD-Cter-ZmABP1 and AD-CBP1. Unfortunately, it was not possible to observe 

an interaction between CBP1 and either the whole protein or the C-terminal part of ZmABP1 

(Figure II-9).There are several possible explanations to these negative results: 1- the folding 

of CBP1 and Zm-ABP1 in yeast do not allow interaction 2- interaction between CBP1 and 

ABP1 can only be detected using the last 12 residues of the C-terminus of the protein 3- there 

is a default of production of at least one of the protein in yeast 4- the proteins are not 

interacting. 
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Finally, the question of the appropriate production of all these proteins in yeast was raised. I 

first tried to extract the proteins from yeast to perform western blot using commercial 

antibodies against DBD or AD but the results were not convincing even with the control 

clones that were growing well on the triple selective media for which we know that the 

proteins were well produced.  

    ABP1 was reported to act mainly as a dimer; similarly multi-copper oxidases were also 

reported to form dimers. A last assay was then performed to see whether ABP1-ABP1, 

SKU5-SKU5 and CBP1-CBP1 interactions could be detected by Y2H.  

A 

B 

#1 #2 #3 #4 

#5 

Figure II-9 Interaction detective 
between CBP1 and 
ZmABP1/Cter-ZmABP1.  
Yeast co-transformants (A) on SC/-
Trp/-Leu plate, (B) on SC/-Trp/-
Leu/-His+25mM 3-AT.   
#1: DBD-CBP1 + AD-ZmABP1 
#2: DBD-ZmABP1 + AD-CBP1 
#3: DBD-CBP1 + AD-Cter-
ZmABP1 
#4: DBD-Cte -ZmABP1 + AD-CBP1 
#5: Control, from up to down: strong 
positive control, weak positive 
control, and negative control.  
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     In the case of ABP1, the result was not conclusive (Figure II-10), however for CBP1 and 

SKU5, a weak but significant growth of the co-transformed yeast was detected using DBD-

CBP1 and AD-CBP1, DBD-SKU5 and AD-SKU5 together (Figure II-11), suggesting that 

CBP1 and SKU5 might form homodimers and providing also some evidence that the proteins 

were produced in yeast for both constructs.  

 
 

 
 

 

 

 

 

A B 

#1 #2 
 

#3 
 

#1 #2 
 

#3 
 

Figure II-11 Interaction 
detective between ABP1 and 
ABP1.  
Yeast co-transformants (A) on 
SC/-Trp/-Leu plate, (B) on SC/-
Trp/-Leu/-His+25mM 3-AT.   
#1: DBD-CBP1 + AD-CBP1 
#2: DBD-SKU5 + AD-SKU5 
#3: Control, from up to down: 
strong positive control, weak 
positive control, and negative 
control.  
 

Figure II-10 Interaction detective 
between ABP1 and ABP1.  
Yeast co-transformants (A) on SC/-Trp/-
Leu plate, (B) on SC/-Trp/-Leu/-His+25mM 
3-AT.   
#1: DBD-AtABP1 + AD-AtABP1 
#2: Control, from up to down: strong 
positive control, weak positive control, and 
negative control.  

A B 
#1 

#2 
 

#1 
 

#2 
 



                       - 54 -

Conclusion and Discussion:  

Interactions between ABP1 and GPI-anchored members can not be confirmed in heterologous 

yeast two hybrid system.  

There are 4 possibilities:  

1. There is no direct interaction between ABP1 and GPI-anchored proteins.   

Considering the CBP2, which was also identified with the same ability to bind C-terminus 

synthesized peptide of ZmABP1, but was not supposed to be the ABP1 binding protein 

because of its cytosolic localisation, CBP1 also have the chance that it’s not the true ABP1 

binding protein and the reported interaction was an artefact.   

2. The modification of GPI anchor effect the interaction.  

As described in ‘introduction’, the GPI anchors might effect conformation of the whole 

protein and function of these proteins. In yeast two hybrid system, the GPI anchor had to be 

cleaved, which might affect the potential ability of binding ABP1.    

3. The production or conformation of ABP1 might affect the interaction.  

The conformation of ABP1 is changeable, which depends on auxin-binding, =pH (David et 

al., 2001; Woo et al., 2002; Bertosa et al., 2008) . in the  nucleus of yeast where the potential 

interaction happened, the environment must be different from the ER or outer surface of plant 

cells where the interaction with ABP1 should happen.   Especially the redox conditions are 

often evoked as responsible for alteration of protein folding in yeast.    

 

4. The interactions need the presentation of the third component.  

As described in ‘introduction’, GPI-anchored CBP1 or SKU5/SKS1/SKS2 could not be the 

only ABP1 binding or docking protein, because plenty of behaviours of ABP1 cannot be 

explained if it’s only binding or docking by GPI-anchored CBP1 or SKU5/SKS1.  Very 

recently, the identification of a series of 4 leucine-rich repeat receptor-like kinase proteins as 

interactors of ABP1 at the plasma membrane was reported in a commentary following the last 

auxin meeting in December 2012 (Strader and Nemhauser, 2013). ABP1 and LRR-RLK 

might form the function receptor unit at the plasma membrane. This does not exclude a 

contribution of CBP1/SKU5/SKS1 but involves at least a third component in the interaction.  

 

Instead of focusing the work trying to confirm or invalidate the interaction between ABP1 and 

SKU5/SKS GPI-anchored proteins, the choice was made to develop a genetic approach to 

learn more about the SKU5/SKS GPI-anchored proteins in Arabidopsis and then investigate 
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whether molecular or developmental phenotypes would be reminiscent of those observed in 

ABP1 loss of function. Whatever the result, the characterisation of the SKU5/SKS GPI-

anchored proteins would be interesting to be investigated. 
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Chaper III: Functional Analysis of SKS genes by reverse genetic 

approaches 

As mentioned in chapter “in silico analysis”, SKS1, SKS2, SKU5 are the only 3 members in 

the SKU5/SKS family that are susceptible to be modified with a GPI anchor. Yeast two hybrid 

approach was not conclusive to confirm a possible interaction between these proteins and 

ABP1 from Arabidopsis, or even between CBP1 and ZmABP1 (see Results, chapter II 

“interaction between ABP1 and SKS protein”). We decided to develop a genetic approach to 

explore the role of SKS1, SKS2 and  SKU5, by selecting null mutants, constructing double and 

triple mutants, studying their phenotype and response to auxin, and also generating 

overexpressors (Chapter V). The objectives were firstly to get insight into the role of SKS1, 

SKS2  and  SKU5 during development and secondly to determine whether specific traits of the 

mutants could provide experimental evidences supporting a possible interaction with ABP1 or 

a role in auxin signalling. Investigating the role of these genes is also interesting because there 

are not so many GPI-anchored proteins that have been identified and studied in plants to date.  

 

III-1 Expression analysis of SKS1, SKS2, SKU5 in Arabidopsis 

thaliana: 

Specific primers were designed to study the expression levels of SKS1, SKS2 and SKU5, by 

real-time RT-PCR (Table III-1). RNAs were extracted from roots of 5-day old plantlets, 5-

day-old whole seedlings, rosette leaves, opened flowers (including sepal, petal, pistil and 

stamens) and 5 day after fecundation (DAF) siliques of Arabidopsis Ws-ecotype. The 

efficiency of each pair of primers was determined by studying the slope and linearity of the 

amplification for at least three cDNA concentrations over 2 orders of magnitude.    

    After validation of the primers, semi-quantitative analysis was performed and expression 

data were expressed relative to ACTIN2-8 that is used as an internal reference (Figure III-1).  
Table III-1 Primers used for Real-time RT-PCR 

Genes Primers Sequence Localization on 
mRNA 

Products 
length 

SKS1-F CGGATCACAAACCCCGAGGAGGAT SKS1 
SKS1-R CACCGAGGCGAGCAACACCATTAG 

1722-1892 171bp 

SKS2-F ACCCTGAGGAAAACGGAAGTACGG SKS2 
SKS2-R TGTGGCCGAGCTGTGATGTTGTTC 

1784-1887 104bp 

SKU5-F CGAATTCGGACACCCTGACAATGTTCSKU5 
SKU5-R TGAATCCAATGCTCTTCGATGCCGA 

1875-1975 101bp 
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These experimental results are in agreement with the GenExpress data collected from 

microarray expression data on affymetrix chips: SKS1 was expressed highly in reproductive 

organs and roots; SKS2 was expressed specifically in reproductive organs; SKU5 was 

expressed all over the plants with much higher levels than SKS1 and SKS2 even in roots and 

reproductive organs.  

    Analysis of the effects of hormonal treatments, light conditions, biotic or abiotic treatments 

did not revealed significant changes in gene expression of SKU5 and SKS1 in microarray data 

and was not investigated here. It was not conclusive for SKS2 as it is not significantly 

expressed in young seedlings that were the biological material used for these transcriptomic 

analyses. 

Figure III-1. SKS1, SKS2, 
SKU5 expression levels in 
different organs of 
Arabidopsis.  
RNAs were extracted from roots 
of 5-day old plantlets, 5-day-old 
whole seedlings, rosette leaves, 
opened flowers (including sepal, 
petal, pistil and stamens) and 
5DAF siliques of Arabidopsis 
Ws-ecotype.  
Genes analyzed were indicated 
above each chart; x-axis is the 
organs; y-axis is actin units. The 
expression tests were repeated 
technically, and the Error Bars 
correspond to the standard 
deviations .  
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III-2 Characterization of sks1, sks2 and sku5 null mutants.  

Many tools, data and materials are potentially available for the scientific community for the 

model plant Arabidopsis. A reverse genetic approach was feasible after identification, 

ordering of mutants and their validation. Single mutants were first characterized then double 

and triple mutants were generated by crosses to knock-out two or three GPI-anchored proteins 

together, respectively. 

 

III-2-1 sku5/sks single null mutants  
We were interested by knock-out mutants, so we searched for insertion mutants in 

Arabidopsis mutant libraries accessible in TAIR databases. Whenever possible we favoured 

T-DNA lines exhibiting insertion within an exon. Figure III-2 illustrates SKS1, SKS2, SKS3 

and SKU5 genes with insertion sites indicated by green bars. SKS3 was initially included in a 

primary analysis as it appeared in the same clade as SKU5. However detailed sequence 

analysis revealed that the protein is unlikely to be modified by a GPI anchor.  

 
 

 

 

One to three mutants were ordered for each gene upon their availability. sks2 and sku5  

mutants were only found in Wassilewskija (Ws)-ecotype background (Table III-2). A Ws 

mutant was also selected for SKS1 in the perspective of generating various combinations of 

mutants in a homogenous ecotype background.  

 

 

FLAG_521F09 

SALK_113731 

SALK_132882 

FLAG_415F09 

SALK_129915 SALK_067925 

FLAG_293G12 FLAG_386B03 

Figure III-2. Maps of ordered sks insertion mutants.  
Blue bars are SKS gene exons, blue lines between exons are introns, and green arrows are T-DNA 
insertions. Null mutant lines are named by FLAG_ or SALK_.  
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Table III-2. sks/sku5 mutants in different background.  

Gene Predicted 
GPI anchor Mutant line Ecotype 

Background Mutant Name 

FLAG_521F09 Ws sks1-1 
SALK_113731 Col0 sks1-2 SKS1 YES 
SALK_132882 Col0 sks1-3 

SKS2 YES FLAG_415F09 Ws sks2-1 
SALK_067925 Col0 sks3-1 

SKS3 NO 
SALK_129915 Col0 sks3-2 
FLAG_293G12 Ws sku5-2 

SKU5 YES 
FLAG_386B03 Ws sku5-3 

 

    Mutants were ordered at the European Arabidopsis Stock Center (NASC) and at the 

Arabidopsis thaliana Resource Center for genomics of the Institute Jean-Pierre Bourgin 

(IJPB) for SALK and FLAG mutants, respectively. After receipt, it was first essential to 

confirm the insertion position for each of them and to verify whether they were homozygous 

or heterozygous for the T-DNA insertion. The principle is illustrated figure III-3. For each 

mutant, primers were designed as P1, P2 and P3, P1 being on the T-DNA, P2 and P3 on each 

side of the insertion within the gene. They were designed for amplification of DNA fragments 

of distinct sizes between P1-P2 and P3-P2 combinations.  

 

 
    Resistances are also associated to the T-DNA, they can potentially help to select 

homozygous mutants. For SALK mutants, pROK2 includes a resistance to kanamycin; but the 

resistance was often silenced (Alonso et al, 2003). For FLAG mutants, pGKB5 contains two 

resistances, one to kanamycin and another one to the herbicide Basta (Bouchez et al,1993).  

Figure III-3 . Genotyping of sks T-DNA mutants.  
A- Principle of mutant genotyping. Primer P1, P2, P3 (red arrow) were designed on the T-DNA insertion 
(green arrow) and at both sides of the insertion site, on SKU5/SKS genes (blue bar). B- Example of 
amplification products for sks5-2. line 1: 1kb ladder marker; line 2, sku5-2 homozygous amplified by primers 
P1 and  P2 among P1, P2 and P3; line 3, wild type amplified by primers P2 and P3 among P1, P2 and P3.  

P1 

P2 P3 

 

500bp 

1500bp 

sku5-2 ws 
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    It was then important to control whether these mutants were null for the gene disrupted by 

the insertion as expected. RNAs were extracted from 5 day-old seedlings of the different sks1, 

and sku5 single mutant lines and from flowers for sks2.  Real-time RT-PCR was utilized to 

search for corresponding mRNAs.  

    As described in chapter ‘in silico analyses’, SKS1, SKS2, SKS3 and SKU5 encode 

extremely conserved proteins, in which SKS1, SKS2 and SKU5 includes C-terminal omega 

domain. By analyzing their knock-out mutants, it would be possible to reveal whether they 

play the same role in plants.  

    In the original paper of SKU5 investigation (Sedbrook et al., 2002), the authors found that 

sku5 knock-out mutant exhibited twisted roots which caused  left slanting on solid medium 

(containing 1.5% agar). This could be utilized as the iconic phenotype of SKU5 mutation.  

    Following the method described in the original paper, the twisted and left slanting roots 

were investigated. These phenotypes were only found in sku5-2 and sku5-3 null mutants 

(Figure III-5)., but never in any alleles of sks1, sks2 or sks3 mutants. sks1, sks2 and sks3 null 

mutant plants didn’t exhibit significant difference in phenotype compared to wild-type (not 

shown). 

 
 

A 

Ws sku5-2 Ws sku5-3 sku5-2 sku5-3 

B

Figure III-5. Skewed roots of sku5-2 and sku5-3 single null mutants on medium containing 0.8% agar.  
(A) Root tips of Ws, sku5-2, sku5-3 grew on ½ MS medium containing 0.8% agar for 7 days. In all single 
null mutant seedlings, only two sku5 knock out mutant, sku5-2 and sku5-3 null mutant have severely skewed 
roots similarly to previous report by Sedbrook (2002).   
(B) Close-up of root files of Ws, sku5-2 and sku5-3. Twisted files were observed within the 2 alleles of the 
sku5 mutant  
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    According to ‘in silico analyses’ and real-time RT-PCR data (Figure III-1), SKS2 gene is 

specifically expressed in reproductive organs, but no flower defect was observed in flower 

shapes, or seed set in sks2 null mutant plants (data not shown).  

    These primary analyses indicated that although SKS1, SKS2 and SKS3 have very conserved 

sequence and structure with SKU5, the roles they played in plants might be different or minor 

compared to SKU5.  

III-2-2 Generating double and triple mutants for sks1, sks2 and sku5. 

SKU5, SKS1 and SKS2 are the sole members of the family that are susceptible to be modified 

by a GPI-anchor. Considering the absence of phenotype of sks1 and sks2 mutants and the 

subtle phenotypes of sku5, we hypothesized that these proteins might have at least partial 

redundant functions. SKU5 is broadly expressed in the plant and can thus be co-expressed 

with the two other members. The three genes are expressed in flowers and at the early stages 

of silique and seed development.  

    We decided to generate double and triple mutants. To avoid being confused by phenotypes 

resulting from the combination of Ws and Col-0 ecotypes, only mutants in Ws-ecotype 

background were used for crosses. Homozygous sks1-1 mutant was crossed with homozygous 

sks2 and also with sku5-3 (Figure III-6). sks2 and sku5-3 were also crossed together. To 

facilitate references to these mutants and as only one allele of each was used for crosses, the 

number of the allele is no longer indicated in the following text and figures. 

    Although SKS3 encoded highly conserved protein with SKS1, SKS2 and SKU5, no GPI 

anchor was predicted and the sks3 knock-out mutants were only found in Col-0 background. 

Therefore, the sks3 knockout mutants were not included in the crosses and for further 

investigation.  
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    After selection and genotyping of the double mutants, sks1,sku5 and sks2,sku5 double 

homozygous mutant were crossed to generate sks1,sks2,sku5 triple mutants. 

 
 

 

 

    Individual F2 plants were genotyped for the segregating insertions by PCR. Triple 

homozygous were selected and sesquimutants that were homozygous for 2 T-DNA insertions 

and heterozygous for the third one were also conserved.  

Figure III-7. Crossing mutant lines to produce 
double null mutant lines.  
Each single null mutant was pollinated by the 
other single null mutant. The F2 seeds were 
collected, sowed and genotyped; plants exhibiting 
at least one copy of each T-DNA were kept. Then 
F3 seeds were collected, sowed and genotyped; 
double homozygous were kept.  
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Figure III-8. Production of sks1,sks2,sku5 triple null mutant.  
sks1,sku5 and sks2,sku5 double homozygous were crossed to produce triple mutant. After the 
autofecondation of  F1 generation plants, seeds containing 1/16 sks1,sks2,sku5 triple homozygous were 
produced.  
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 III-2-3 SKS1, SKS2 and SKU5 expression in mutant plants 

We previously established that the 3 Ws T-DNA mutants that were used to generate double 

and triple mutants were null for the gene disrupted by the insertion (Figure III-4). Here, we 

investigated whether the mutations affected the expression of the other members within the 

same clade.  Expression of SKS1, SKS2 and SKU5 was analysed in single and double mutants 

by real time RT-PCR (Figure III-10).  

 
     

For SKU5, no significant change in expression was observed in sks single mutants or in the 

double sks1,sks2 double mutant. The absence of detection of SKU5 in sks1,sku5 and sks2,sku5 

double mutants confirmed genotyping results and the absence of SKU5 mRNA. 

    SKS1 expression was consistently reduced by half in sks2 and sku5 single mutants and in 

the double sks2,sku5 mutant. As the very low expression level of SKS1 in seedlings, it is not 

possible to determine whether this two-fold change in mRNA accumulation affects the 

relative abundance of the SKS1 protein.  
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Figure III-10. Expression levels of SKS1, SKS2, SKU5 in single and double null mutant.  
Gene expression was analyzed  by Real-time RT-PCR  using RNA extracted  from 5-day-old seedlings of 
different alleles. 
All data were normalized with respect to ACTIN2-8 and expressed as actin units.  
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    It was more difficult to evaluate the effect of sks1 and sku5 knock-out on SKS2 expression 

as its mRNA is not detectable in seedlings even in these mutant background. But to be sure 

that the absence of SKS1 and SKU5 could not enhance the expression level of SKS2 in 

seedlings, its expression was however studied. The weak signal detected with SKS2 primers in 

sks2 mutant background is not likely to result from SKS2 amplication but to side products 

after a large number of cycles. (Figure III-11). 

   
    In conclusion, there is no significant effect of the mutations on the expression of the other 

genes of the SKU5 clade. In particular, no compensation mechanism was observed in single or 

double mutant, which is a piece of important information before investigating the effect of the 

mutations on growth and development.  

III-2-4 Analyses of sks1, sks2 and sku5 single and double mutants 
As described in the original paper of SKU5 functional analysis and the primary analyses of 

single mutant plants, only sku5 null mutants exhibited twisted roots. It would be interesting to 

investigate the function of SKS1 and SKS2, by analyzing behaviours of their null mutant 

growing on vertical plates. General analysis, such as root length and hypocotyl length were 

also performed.  

    SKU5 was proposed to be involved in the interaction with ABP1, experiments utilized for 

characterizing ABP1 conditional lines were also performed in sks/sku5 mutants to reveal 

indirect evidences of a potential interaction between ABP1 and SKS/SKU5. 

III-2-4-1 Root Phenotypes  

sku5 null mutant plants were previously reported to have skewed roots and altered gravitropic 

response (Sedbrook et al, 2002) . The root phenotype was studied in single and double 

mutants of the selected Ws mutant, especially for sku5 and sks1 that were found to be 

expressed in roots.  

III-2-4-1-1 Root Length Measurement 
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Figure III-11. Expression level of SKS2 in 
flowers of Ws and sks1,sku5 double null mutant.  
RNAs were extracted from opened flowers and 
analyzed by Real-time RT-PCR. 
All data were normalized with respect to ACTIN2-
8 and expressed as actin units.   
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First, the effect of each mutation on root length was determined by comparing roots of 5-day-

old seedlings grown under light conditions (ref to Method Chapter for details). Petri dishes 

were scanned, and the length of individual roots was measured by IMAGEJ software. Root 

lengths are shown in figure III-12 and the P-values appear in table III-3.  

    For single mutants, only sks1 null mutant exhibits slightly shorter roots. Although sku5 null 

mutant didn’t exhibit shorter roots than Ws ecotype wild type, sks1,sku5 double mutant 

exhibits significantly shorter root than wild type or any single null mutant. It implies the 

potential redundancy between SKS1 and SKU5.  

 
 
Table III-3. P value of root length compared to Ws ecotype wild type. 

 sks1 sks2 sku5 sks1,sks2 sks1,sku5 sks2,sku5 

P value 3.88E-04 0.354 0.0126 0.454 3.45E-10 4.17E-05 

P value = student’s test probability, where < 0.05 is statistically significant. The P values correspond to a 
comparison between wild-type Ws and different null mutant plants. In this case, n=20.  
 

 

III.2.4.1.2   Skewed roots of single and double null mutant plants.  

The analyses in root length revealed the possibility of redundancy between SKU5 and SKS1, 

so the root twist tests were performed for further investigation. As described, only sku5 

exhibits the iconic twisted and slanting roots in all single mutant utilized for crosses (Table 

III-4 and Figure III-13).  
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Figure III-12. Root length 
of single and double 
mutants. 
20 seedlings of each single 
and double null mutant are 
vernalized at 4°C for 2 days 
and then grow at 22°C for 5 
days under light conditions. 
Petri dishes were scanned, 
and the lengths of roots were 
measured by IMAGEJ 
software. The percentage of 
the root length is compared 
to Ws ecotype wild type.  
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Table III-4. Angle of roots of wild-type and different null mutant plants on titled 1.5% agar medium 

 Ws sks1 sks2 sku5 

Angles 31.3 ± 6.76 26.7 ±  5.32 32.0 ± 5.11 65.0 ± 13.9 

P value to WT NA 0.27 0.08 2.36E -07 
P value = student’s test probability, where < 0.05 is statistically significant. The P values correspond to a 
comparison between wild-type ws and different null mutant plants. n=20.  
 
    Not surprisingly, sks1,sks2 exhibits no phenotype in root twist because of the absence of 

phenotype of  sks1 single mutation and the undetectable expression of SKS2 in roots; 

sks2,sku5 exhibits the same phenotype as  sku5 single null mutant. 

    But dramatically, sks1,sku5 double mutant exhibits much more severe defects compared to 

sku5 or sks1 single mutants. Roots of sks1,sku5 were more twisted than in sku5 single mutant, 

in addition the files were distorted (Figure III-14A). The close-up of sks1,sku5 roots  showed 

severe distortion of the cell files, which is totally different from sks2,sku5 double mutant that 

exhibits an aggravated left slanting (Figure III-14B). This phenotype is intriguing as SKS2 

 
Figure III-13. Skewed roots of sks single null mutants.  
Seeds of single mutant were sowed on ½ MS medium containing different concentration of agar for 7 days 
as described in Sedbrook’s paper (2002).   
 (A) Root tips of Ws, sks1-1, sks2 and sku5-3 grew on ½ MS medium containing 0.8% agar for 7 days. 
Only sku5-3 null mutant have severely skewed roots. (B)  Skewed roots of sku5 and ws.  
(C) The slanting roots of single null mutants grew on ½ MS medium containing 1.5% agar. (Grew 
vertically for 3 days and 45° titled for additional 4 days) 
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was not found to be significantly expressed in roots, however we cannot exclude that SKS2 is 

expressed only in specific cells. In sks1,sku5, the distorted root files caused the absence of left 

slanting on solid medium (with 1.5% agar) and the iconic left slanting on solid medium was 

replaced by a slightly right slanting (Figure III-14C and Table III-5).   

 

Table III-5. Angle of roots of wild-type and different null mutant plants on titled 1.5% agar medium 

 Ws sks1,sks2 sks1,sku5 sks2,sku5 

Angles 31.3 ± 6.76 30.8 ± 2.90 -7.42 ± 3.25 85.4 ± 12.1 

P value to WT NA 0.03 2.66E-14 4.89E-09 
Measurements are averages ± SD; n= 20; positive angles mean left slanting and minus of right slanting; 
n=sample size; P value = student’s test probability, where < 0.05 is statistically significant. The P values 
correspond to a comparison between wild-type ws and different null mutant plants.  
 

A 

C 
sks2,sku5 sks1,sku5 sks1,sks2 ws 

Figure III-14. Skewed roots of sks double null mutants.  
Seeds of double mutant were sowed on ½ MS medium containing different concentration of agar for 7 days 
as described in Sedbrook’s paper (2002).   
(A) Root tips of ws, sks1,sks2;  sks1,sku5 and sks2,sku5 double mutants grew on ½ MS medium containing 
0.8% agar for 7 days. (B) Skewed roots of sks1,sku5 and sks2,sku5.  
(C) 7-day-old seedlings grew on 1/2MS containing 1.5% agar, (3 days vertical growth and 4 additional 
days’ 45° title growth).   
The slanting data in Table III-5 was measured, + for left slanting and – for right slanting.  
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    To further investigate root distortion in sks1,sku5 mutant, 7-day-old root tips of seedlings 

grown on medium containing 0.8% agar were stained by FM4-64 and observed under SP2 

Confocal system (Figure III-15). The observation revealed that, the distorted files might be 

originated from the irregular root tips.  

 
The dramatic root phenotypes of sks1,sku5 strongly indicate the redundancy between SKS1 

and SKU5. Considering the much higher expression level of SKU5 compared to SKS1, we can 

hypothesize that SKS1 is functional in root growth, but in the sks1 single mutant, SKU5 

complements the absence of SKS1. Only when SKU5 is absent, the defect caused by SKS1 

mutation resulted in a detectable phenotype. Conversely the lower expression of SKS1 cannot 

fully complement the absence of SKU5, so the root defect is exhibited in sku5 single mutant.  

III-2-4-2 Hypocotyle length analyses 

    SKU5 was expected to be expressed all over the plants, but the twisted files were never 

observed in any hypocotyls (data not shown). It suggests that the twisted phenotype was root-

specific.  

    sks1,sku5 double mutant also exhibit shorter hypocotyls than wild-type, which means that 

SKS1 and SKU5 double mutation might cause the size reduction of plants (Figure III-16 and 

Table III-6).  

Figure III-15. Irregular root 
tips of sks1,sku5 null mutant. 
Microscopic analysis of root tips 
were performed on fresh material 
stained with 5 µM FM4–64 for 
10 min and roots were observed 
using an inverted confocal 
microscope TCS SP2 (Leica 
microsystems, Heidelberg, 
Germany).  
Some aberrant division plane 
(white arrows) resulting in 
irregular cell files were observed 
at the root tip of sks1,sku5 double 
mutant, thus before the effective 
twist, visible after the 
meristematic zone, can be 
observed.  The organization of 
the stem cell niche (yellow 
arrow) is also potentially 
affected, however roots are still 
growing.  
 

Ws 
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Table III-6. P value of root length compared to Ws ecotype wild type 

 sks1 sks2 sku5 sks1,sks2 sks1,sku5 sks2,sku5 

P value 0.88 3.9 E-03 7.0 E-03 1.05 E-05 2.85 E-11 4.16 E-03 
P value = student’s test probability, where < 0.05 is statistically significant. The P values correspond to a 
comparison between wild-type Ws and different null mutant plants. n=20. 

III-2-5 Analyses of sks1,sks2,sku5 triple mutant.  

SKS2 mutation was not revealed to cause any defect in root growth or seeds set. Considering 

the even lower expression level of SKS2 and the redundancy between SKS1 and SKU5, the 

absence of phenotype of SKS2 might be because of the presence of SKS1 and SKU5. It was 

interesting to investigate the function of SKS2 in triple null mutant.  

sks1,sks2,sku5 triple null mutants were produced as described in Figure III-8. They were then 

genotyped by checking each T-DNA insertion (Figure III-17).  

 
    Dramatically, sks1,sks2,sku5 triple null mutant plants produce very few seeds (about 100-

300 seeds per plants), which will be described later (see Chapter IV). 

    To determine whether sks1,sks2,sku5 triple mutant were infertile or if the only seeds 

produced were because of the contamination by pollens from other plants, 48 plants from one 

Figure III-16 . Hypocotyl 
length of sks single mutant. 
At least 20 Seedlings of mutants 
grew in dark for 5 days after 2 
days vertilization.  
Plates were scanned and 
hypocotyls length was measure 
by ImageJ software.  
Different mutant lines are as 
indicated in figure. Data shows 
that most of the single and 
double null mutant have normal 
hypocotyl length except the 
sks1,sku5 double mutant exhibit 
shorter hypocotyls.  

Hypocotyl Length of sks  mutant
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Figure III-17 Genotyping of sks1,sks2,sku5 triple 
null mutant.  
Crude DNAs were extracted from seedlings of 
sks1,sks2,sku5 triple null mutants (method was 
described in Method chapter). 
No amplification product is observed with P2-P3 
primers for each gene, whereas amplification 
products are obtained using P1 and P2, P1 being on 
the T-DNA. 
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triple mutant plant were germinated and genotyped. Results showed that all of them were 

sks1,sks2,sku5 homozygous (Data not shown). It proved that the large reduction of seeds was 

because of the triple mutation itself.   

III-2-5-1 Root phenotype 

SKS2 was not or very weakly expressed in roots, however an aggravated root slanting was 

observed for sks2,sku5.   In normal growth conditions the double mutant did not exhibit 

significant root phenotype; the sks1,sks2,sku5 triple mutant was then supposed to exhibit the 

same root phenotype as sks1,sku5 double mutant but  root phenotypes were much more 

complicated than for the sks1,sku5 double mutant. All seeds from three individual triple null 

mutant plants were carefully collected and were grown in vitro for phenotype analysis.  

    A large range of distinct phenotypes was observed as illustrated Figure III-18. The 

seedlings were classified according to the root length into three classes: Ungerminated, 

Rootless, and Rooted; each proportion was indicated in Table III-7.  

 

Table III-7 Classified seedlings of triple mutant.  

 Ungerminated Rootless Rooted n= 

Total 7.40% 9.75% 82.85% 513 

Seeds were from 3 individual triple mutant plants and grown in vitro under continuous light for 7 days.  

    

 The root length of germinated seedlings from one individual triple mutant was measured, and 

a continuous profile of root length was found after ordering them by increasing values (Figure 

III-19A). As previously mentioned about 10% is rootless, root length of others are quite 

broadly distributed from very short roots to nearly wild-type roots. The average of the root 

length is then about half the length of wild-type with a large standard deviation (SD) of 3.53 

times the one of the control (Figure III-19B). 

 

sks1,sks2,sku5 triple null mutant 

Figure III-18. Roots of triple null mutant have different root phenotypes in a large range.  
Triple null mutant and Ws wild-type seedlings as indicated in the figure.  

ws 
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    The large range of sks1,sks2,sku5 triple mutant phenotypes indicated that, the root 

phenotype is strongly affected by the combined absence of the three genes. Again even if 

SKS2 is very weakly expressed in roots, its knockdown in the sks1,sku5 background generates 

very severe root phenotype. To determine whether the effect is initiated in embryogenesis or 

during root elongation, root phenotype of the different classes of mutantswas studied 

carefully.  

    The root development of the triple mutant was severely disturbed for a subset of seedlings. 

In Figure III-20A, the elongation of hypocotyl and root stopped even after 11 days of in vitro 

culture. In rootless seedlings, the primary root failed to be formed (Figure III-20 B-D). The 

hypocotyl ends with small aggregation of none photosynthetic cells that can potentially 

develop root hairs. 

Figure III-19. The uneven root length of triple null mutant Seedlings.  
All seeds from one triple null mutant plant were carefully collected and germinated at the same condition as 
described for analyzing single and double null mutant.  
(A). Putting the root length of the triple mutant in order and drew the chart, the root length is more or less 
continuous.  
(B). Average root length of triple mutant and SD.  
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    Few rootless seedlings were able to survive after development of adventitious roots that 

overcome the defect of the primary root (Figure III-21).  Figure III-21B shows a close-up of 

such adventitious root developed at the basis of the hypocotyl (Figure III-21A), the aborted 

primary root can also be observed. After clearing, no typical root pattern is observed in the 

aborted primary root confirming an early defect in primary root formation during 

embryogenesis (Figure III-21C) . After transfer on soil such seedling is able to survive and to 

give rise to seeds. The different classes of sks1,sks2,sku5 triple mutant were found in the 

progeny as for seedlings that exhibited a much less altered phenotype.   

 

Figure III-21. Triple 
mutant seedlings with 
aborted primary roots and 
development of 
adventitious roots. 
Some sks1,sks2,sku5 triple 
null mutant exhibit severe 
defects in root formation.  
Seedlings grown for 11 days 
at 22°C under constant light. 
(A). seedlings with an 
aborted primary root and  a 
well growing adventitious 
root.  
(B). close-up of A  
(C). aborted primary root.  

A C

B

A 

D 

B 

Figure III-20 . The rootless 
seedlings of sks1,sks2,sku5 
triple mutant.  
Seeds of triple mutant plants 
grew in vitro under continuous 
light for 7 days.  
(A). Ungerminated seeds. An 
hypocotyl like structure 
elongated a little after seed 
imbibition but cannot develop 
further.  
(B-D) Rootless seedlings of the 
triple mutant. 
The root primordia is missing, 
few cells develop root hairs at 
the basis of the hypocotyl.   

C 
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    Even for seedlings exhibiting an embryonic primary root, further growth alterations can 

still occur. After germination, root growth can be arrested which compromises further 

development of the seedling. Observation of the root revealed a severe alteration of the root 

tip or the root cap, which was either shrank or disorganized (Figure III-22).  

 
    But seedlings with similar root length compared to sks1,sku5 double mutant exhibit twisted 

and distorted roots, which were the same as sks1,sku5 double mutant (Figure III-23, Table III-

8). The angle of the twist was quantified but surprisingly it was often less severe in the triple 

mutant than in the sks1,sku5 double mutant as can be seen on the close-up figure III-23 B.  

 

Figure III-22. Abnormal root tips of triple mutant seedlings.  
Some seedlings of triple mutant stopped developing. The roots are very short even after 11 days germination 
in vitro. The already formed primary root of triple mutant seedlings exhibit shrank or disorganized  root tips 
(A and B); or the differential cells were totally disordered and stick to root tips (C and D).  
(D) FM4-64 stained primary root exhibited in (C).     

A 

D C B 
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Table III-8. Angle of roots of wild-type and different null mutant plants on titled 1.5% agar medium 

 Ws (n=29) sks1,sks2,sku5 (n=54) 
Angle 31.3 ± 6.76 -6.55 ± 12.8 

P value NA 4.06E-11 
Measurements are averages ± SD; n=sample size ; P value = student’s test probability, where < 0.05 is 
statistically significant. The P values correspond to a comparison between wild-type ws and different null mutant 
plants. 
     

Root tips of different classes were also visualized by 5 minutes treatment of FM4-64 under 

confocal microscope (Figure III-24) some mutants exhibit similar defects as those observed in 

the sks1,sku5 double mutant. In mutants developing a very short root, the pattern of the root 

tip is altered and cell file organisation is partially disturbed. It was not possible to recognize 

the quiescent center due to alterations of cell shape. The lateral root cap is very short and the 

meristem is reduced to few cells.  

Figure III-23. Root twist of sks1,sks2,sku5 triple null mutant.  
(A) and (B) 7-day-old seedlings grew on 1/2MS containing 0.8% agar.  
(C) 7-day-old seedlings grew on 1/2MS containing 1.5% agar, (3 days vertical growth and 4 additional 
days’ 45° title growth).   
The slanting data in Table x was measured, + for left slanting and – for right slanting.  

C sks1,sks2,sku5 ws 

A B

ws sks1,sku5 triple triple sks1,sku5 
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III.2.5.2. Hypocotyl length. 

The hypocotyl length of sks1,sks2,sku5 are shorter than Ws wild-type, but is not significantly 

different from the sks1,sku5 double mutant (Figure III-x).  

 

 
    

    The above data on sks1,sks2,sku5 roots revealed that much more severe phenotypes were 

observed for the triple mutant compared to double mutants, including the sks1,sku5 double 

mutant. Part of these defects result from embryogenesis alterations, especially from the 

formation of the primary root pole during embryogenesis. Interestingly, formation of the 

primary root was reported to be strongly regulated by auxin. Well studied mutants as 

monopteros/arf5 (mp) loss of function and bodenlos/iaa12 (bdl) gain of function are rootless 

mutants and are altered in auxin signalling 
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Figure III-25. Hypocotyls length of 
triple mutant.  
 All seeds from on individual triple 
mutant plants grew in vitro under dark 
condition for 5 days. The average 
length of hypocotyls was normalized 
with Ws and compared to sks1,sku5 
double mutant .   

A CB 
Figure III-24 . Root tips of triple mutant.  
(A) Ws, (B) sks1,sks2,sku5 triple mutant with longer roots similar as sks1,sku5 double mutant, (C) 
sks1,sks2,sku5 triple mutant with extremely short roots which is shown in Figure III-22.  
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III-3 Functions of SKU5, SKS1 and SKS2 in auxin responses and cell cycle.  

All experimental data suggest that ABP1 is only functional when it is located at the outer 

surface of plasma membrane. It was hypothesized that GPI-anchored SKU5/SKS would be 

the candidates contributing to ABP1 targeting to the plasma membrane from the ER and/or to 

be the  interactor of ABP1 at the membrane as part of a co-receptor complex. Alteration of 

primary root formation during embryogenesis for a subset of triple mutants was an additional 

argument supporting a role of SKU5/SKS GPI-anchored proteins in auxin signalling. The 

panel of sks1,sks2,sku5 triple mutant phenotypes is however distinct from the phenotype of 

ABP1 loss of function plants (Chen et al., 2007; Braun et al., 2008; Tromas et al., 2009)  

ABP1 knockdown were found to affect the expression of auxin response genes and cell cycle 

response genes. The expression level of auxin response genes and cell cycle response genes in 

all GPI-anchored SKS knock-out plants was then interesting to explore.  

 

III-3-1 Expression of early auxin response genes in the single, double and triple 

null mutant seedlings. 

Auxin response genes to be analyzed were selected mainly within the Aux/IAA gene family, 

as genes that are expressed in seedlings and that are sensitive to subtle changes to auxin 

signaling like IAA5 and IAA6 or to be involved in lateral root initiation (SLR/IAA14, ref). 

The common feature of these genes is that they were all shown to be differentially expressed 

in seedlings inactivated for ABP1 (Braun et al., 2008; Tromas et al., 2009)  

Braun (2008) described that functional inactivation of ABP1 caused the decrease of auxin 

response genes IAA1, IAA5, and IAA19 in seedlings, which were not observed in any single 

or double sku5/sks null mutants (Figure III-26). 
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These auxin response gene expression levels were also tested in seedlings of the triple mutant 

(Figure III-27). A slight decrease of the steady state expression of the selected genes was 

observed in the triple mutant compared to the wild-type seedlings, with a maximal difference 

of two times. This experiment was only performed once and would merit being repeated using 

biological replicates to determine whether these changes are significant.  
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Figure III-26. Auxin response genes in single and double null mutant seedlings.  
RNA were extracted from roots 5-day-old seedlings and utilized for real time RT-PCR.  
Data was normalized with ACTIN2-8.  
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To further explore whether SKU5/SKS GPI-anchored proteins interfere somehow with 

genomic responses to auxin, the expression of the selection of auxin response genes was also 

studied after auxin treatment.  

5-day-old sks1,sks2,sku5 seedlings were chosen (the mix seedlings with longer or shorter 

roots). They were treated with 1μM IAA for 0min, 30mins, 60mins and 120mins. Seedlings 

treated for different times were collected and used for RNA extraction. Real time RT-PCRs 

were performed.  

Amongst the selected Aux/IAA genes, all were induced by the exogenous auxin treatment 

except IAA14 that was not differentially expressed over time. The responsiveness to auxin 

was increased in the triple mutant compared to wild-type seedlings treated in the same 

conditions. However, this experiment was done only once, due to the reduced availability of 

triple mutant seedlings.  

An increased responsiveness to auxin was also reported for these genes for ABP1 loss of 

function seedlings. However, to the difference of what is observed for the triple mutant, this 

increased responsiveness was correlated with a strong reduction of their expression in the 

absence of auxin (Braun et al., 2008). It is not the case for the sks1,sks2,sku5 triple mutant, 

which makes a great difference with ABP1 knockdown. 
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Figur III-27. Expression level  
of auxin response genes in 
triple mutant.  
RNAs were extracted from 5-
day-old seedlings of triple 
mutant and real time RT-PCR 
was performed. The data were 
normalized with ACTIN2-8 and 
expression level in Ws. 
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III.2.6.4 Cell cycle response gene in sks1,sks2,sku5 triple mutant plants 

ABP1 knockdown were also found to affect the expression of  core cell cycle related genes in 

seedlings (Braun et al., 2008). But in sks1,sks2,sku5 triple null mutant seedlings, none of these 

gene exhibit a significant difference of expression compared to wild-type.  
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Figure III-28. Auxin 
response genes 
expression after 1μM 
IAA treatment.  
5-day-old 
sks1,sks2,sku5 triple 
null mutant seedlings 
mix were treated by 
1uM IAA for different 
minutes. 
Data were normalized 
with ACTIN2-8 then to 
the expression level at 
time zero of auxin 
application.  
Ws is in blue and 
sks1,sks2,sku5 in red 
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ABP1 knockdown exhibited  short roots resulting from cell cycle arrest of meristematic cells, 

and smallepinastic cotyledons (Braun et al., 2008; Tromas et al., 2009). In the triple mutant, 

there is a large range of root length; and no epinaty of the cotyledons was found in any 

seedlings whatever their root length (Data not shown).  

As SKU5, SKS1, SKS2 were supposed to be the candidates for binding or docking protein of 

ABP1, null mutant plants of them could logically exhibit the relative phenotypes as ABP1 

loss of function. But in fact, besides few changes in the responsiveness to auxin of Aux/IAA 

genes, there is no more evidence supporting such hypothesis.  
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Figure III-29. Cell 
cycles relative genes 
expression levels in 
triple mutant.  
 RNAs from 5-day-old 
seedlings of Ws and 
Triple mutant were 
extacted and  
Real-time RT-PCR was 
performed.  
Data was normalized with 
ACTIN2-8 
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Conclusion and Discussion 

1. The redundancy of SKS1, SKS2 and SKU5 genes:  

The additional sks1 mutation in sku5 single mutant exhibits additional phenotype which 

was not found in sks1 single mutant; the additional SKS2 mutation in sks1,sku5 double 

mutant exhibits phenotype which was not found in sks2 mutant. These data strongly 

suggest the redundancy between these three genes.  

    In roots, SKU5 was expressed much higher than SKS1, and SKS1 was expressed much 

higher than SKS2. If the redundancy does exist, then the SKU5 gene can compensate the 

sks1 and sks2 mutation, SKS1 can only compensate the mutation of SKS2. It could 

perfectly explain why the sku5 single mutation exhibits defect in root grow, sks1 mutation 

only exhibits defect underlie by the sku5 mutation, and sks2 mutation only exhibits defect 

underlie by sks1,sku5 double mutation.   

    In reproduction organs, these three genes were highly expressed with not so much 

difference. If the redundancy does exist, the defects would be exhibited only when the 

triple mutation occurred. The dramatically reduced seed production that was only found in 

sks1,sks2,sku5 triple mutant could be explained by their strong co-expression in 

reproductive organs.  

 

2. The functions of SKS1, SKS2 and SKU5 genes: 

As explained in (1), the phenotype caused by each sks1, sks2 and sku5 mutation could be 

revealed by the single, double and triple mutations. sks1 knock-out caused distorted root 

files; sku5 knock-out caused twisted root files; sks2 mutation doesn’t confer any defect in 

root or hypocotyl growth where the gene is not or very weakly expressed. sks1,sks2,sku5 

triple mutant analyses however revealed an important contribution of SKS2, together with 

the two other member of the family in root formation during embryogenesis. The function 

in embryogenesis would be discussed in chapter IV.   

To investigate the exact function of SKS2, the expression pattern of SKS2 should be 

studied in more details, which is not included in my thesis.  

 

3. Indirect evidence for ABP1 binding.  

Compared to the conditional ABP1 knockdown, no matter seedling shapes, auxin 

response, or core cell cycle response gene expression, there is no evidence to confirm the 

linkage between ABP1 and SKS/SKU5.  
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Chapter IV: SKS1, SKS2 and SKU5 are required for fertilization 

and embryogenesis 

As described in chapter III, the sks1,sks2,sku5 triple mutants exhibited a severe defect in seed 

production and root formation. That prompted us to explore why. Before presenting the 

experimental data, it appeared necessary to introduce some general background on 

reproduction in Arabidopsis. 

IV-1 Introduction to fertilization, pollen tube guidance and embryogenesis 

IV-1-1 Male and female gametophytes 

Mature male gametophyte, or pollen grain, is a three-celled organism and consists of two 

smaller sperm cells and one bigger vegetative cell. The pollen grain originates from pollen 

mother cell. The pollen mother cells are covered by nutritive cell layer, which is called the 

tapetum. Undergoing meiosis, each pollen mother cell divides into a tetrad, which is enclosed 

by a thick callose wall. Callase from tapetum digests it and frees the microspores. After 

asymmetric mitosis, microspores divide into a smaller generative cell and a larger vegetative 

cell. The vegetative cell will not divide but form pollen tube eventually, and the generative 

cell will divide into two sperm cells after mitosis. When the pollen grain arrives at the pistil, it 

germinates and the elongated pollen tubes transport the two sperm cells inside the pistil and 

fertilize the female gametophyte (Figure IV-1).  
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For female gametophyte, the situation is much more complicated. At least 15 different 

patterns of female gametophyte development have been described, including polygonum, 

alisma, drusa and so on. Some of different patterns were shown in Figure IV-2.  

 

 

Figure IV-1. Male gametophyte development. 
The pollen mother cells are covered by nutritive cell 
layer, which is called tapetum. Undergoing meiosis, 
each pollen mother cell divides into a tetrad, which 
is enclosed by a thick callose wall. Callase from 
tapetum digests it and frees the microspores.  
After asymmetric mitosis, microspores divide into a 
smaller generative cell and a larger vegetative cell. 
The vegetative cell will not divide but form pollen 
tube eventually, and the generative cell will divide 
into two sperm cells after mitosis (from 
(McCormick, 2004))  

FigureIV- 2. Patterns of Female Gametophyte Development Exhibited by Angiosperms. (Yadegari 
and Drews, 2004) 
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More than 70% flowering plants exhibit a polygonum pattern, including Arabidopsis (Figure 

IV-2.) (Yadegari and Drews, 2004).  

 
Figure IV-3. Female Gametophyte Development in Arabidopsis  
The gray areas represent cytoplasm, the white areas represent vacuoles, and the black areas represent nuclei. In 
this figure, the chalazal end of the female gametophyte is up and the micropylar end is down. ac, antipodal cells; 
cc, central cell; ec, egg cell; fm, functional megaspore; m, megaspore; mmc, megaspore mother cell; pn, polar 
nuclei; sc, synergid cell; sn, secondary nucleus (Yadegari and Drews, 2004). 
 
Undergoing meiosis, mother megaspore cell (mmc) divides into 4 megaspores, in which three 

of them enter in apoptosis. The left megaspore divide into 8 nuclei. With the fusion of two 

polar nucleus, the mature female gametophyte is formed (Figure VI-3). It consists of seven 

cells of four different types: three antipodal cells, two synergid cells surrounding one egg cell 

and one large central cell (Figure IV-4).   
 

Figure IV-4. Female Gametophyte of Arabidopsis. 
(A) Ovule of Arabidopsis. 
(B) Female gametophyte. 
The view in (B) is perpendicular to that in (A). The 
gray areas represent cytoplasm, the white areas 
represent vacuoles, and the black areas represent 
nuclei.  
ac, antipodal cells; cc, central cell; ch,chalazal region 
of the ovule; ec, egg cell; f, funiculus; mp, micropyle; 
sc, synergid cell; sn, secondary nucleus. 
(Yadegari and Drews, 2004) 
 

IV-1-2 Pollen tube guidance 

Synergid cells are proved to be essential for pollen tube attraction. After laser ablation of 

central cell, synergid cells or egg cell, only the ovules without synergid cells lose the ability to 

attract pollen tube (PT), which suggest that pollen tubes are attracted by signals provided by 

synergid cells (Higashiyama et al., 2001) (Figure IV-4). Other research revealed that ccg 

(central cell guidance) mutant, which abolishes micropylar pollen tube guidance, can be 

rescued by central cell-expressing nuclear protein CCG; which suggests that central cell is 

also involved in pollen tube guidance (Chen et al., 2007).  
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    But the exact mechanism of pollen tube guidance is not clear. Several membrane proteins 

seem to be involved in PT guidance. POD1, which was identified from the pod1 (pollen 

defective in guidance1) mutant, localizes at the ER lumen and interacts with pollen grain and 

pollen tube specific protein CRT3 that is a Ca(2+) binding ER chaperone CALRETICULIN 

involved in the folding of membrane receptors. Loss-of-function causes micropylar pollen 

tube guidance and early embryo developmental defects (Li et al., 2011). GEX3, which 

encodes a plasma membrane localized protein of unknown function, is expressed in both male 

gametophyte and egg cell. Down-regulation of GEX3 blocks fertilization due to micropylar 

pollen tube guidance defects. Over-expression of GEX3 affects pollen tube guidance and 

generates few non-viable embryos (Alandete-Saez et al., 2008). Egg Apparatus 1 of maize 

(ZmEA1), which is exclusively expressed in maize egg apparatus, encodes a small 

transmembrane protein of 94 amino acids; this protein is a signalling molecule in maize short-

range pollen tube guidance (Marton et al., 2005).  Expression of ZmEA1 in ovules of 

Arabidopsis can overcome the hybridization barriers to attract maize pollen tube in vivo 

(Marton et al., 2012).  

 

Figure IV-5: Schematic 
representations of pollen tube 
guidance in the pistil of Arabidopsis.  
(A) Guidance from the stigma to the 
ovule and (B) close-up from the 
transmitting tract to the embryo sac.  
(A) A pollen tube (red solid and dashed 
line) germinated from a pollen grain 
penetrates the stigma cell and the 
style, and enters the transmitting tract 
(shown as blue region) within the 
ovary. The pollen tube emerges from 
the transmitting tract and grows to the 
ovule. (B) Ovules on the septum 
(parietal placentas) and pollen tubes. 
Pollen tubes grow straight into the 
transmitting tract. A pollen tube 
emerges on the surface of the septum, 
targets a wild-type ovule, and 
consequently reaches the synergid cell 
without deviation, probably related to a 
predicted attractant molecule(s). 
Another pollen tube also targets a 
micropylar guidance mutant ovule, but 
does not enter the micropyle and 
wanders on the surface of the ovule 
despite arriving at the funiculus. No 
pollen tube grows to an ovule without a 
normal embryo sac. 
(Takeuchi and Higashiyama, 2011)
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    Besides the trans-membrane proteins, several small peptides are also involved in pollen 

tube guidance. In Torenia fournieri, two of a series of defensin-like secreted cysteine-rich 

polypeptides (CRPs), which are called LURE1(TfCRP1) and LURE2(TfCRP3) respectively, 

that are produced by synergid cells show abilities to attract pollen tubes of their own species 

in vitro (Okuda et al., 2009). Defensin-like protein ZmES4 (Zea Maise Embryo sac 4) opens 

the inward rectifying potassium channel KZM1 and induces rapid pollen tube burst in less 

than a minute in vitro with species preferences (Amien et al., 2010).  

    The GPI-anchored protein LORELEI was also identified to function in pollen tube 

guidance. Loss-of-function  causes ovule to attract more than one pollen tube or additional 

growth of pollen tube after entering the micropyle (Tsukamoto and Palanivelu, 2010; 

Tsukamoto et al., 2010).   

IV-1-3 Double fertilization of flowering plants 

Unlike the fertilization in other living organisms, flowering plants have developed their own 

fertilization mechanism, which is called double fertilization. In this mechanism, two immotile 

sperm cells fertilize two different female gametophytes. Two sperm cells in mature pollen 

grain are taken inside female gametophyte by pollen tube, and fuse with each target; one 

fertilizes the egg cell, and the other fuses with the central cell (Figure IV-5.). Egg cell fused 

with a sperm cell develops to embryo, and central cell fused with the other sperm cell 

develops to endosperm (Hamamura et al., 2012).  

 

Figure IV-6. Double fertilization of flowering plants  
Two sperm cells are transferred inside ovule by 
pollen tube and start the fertilization.  
Step 1: two sperm cells delivered into female 
gametophyte (pollen tube discharge phase).  
Step 2: sperm cells remain at the boundary region 
between egg cell and central cell (immobility phase).  
Step 3: sperm cells fuse with each target; one to central 
cell, and the other to egg cell (double fertilization 
phase). (Hamamura et al., 2012) 
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IV-1-4 Arabidopsis embryogenesis 

Followed by the fertilization, the embryogenesis occurred. Embryogenesis in Arabidopsis 

consists in two major phases, morphogenesis and maturation. Morphogenesis involves the 

establishment of the embryo’s body plan, and maturation involves cell expansion, seed 

desiccation allowing further germination and early seedling growth (Park and Harada, 2008). 

The embryogenesis of Arabidopsis is briefly described in Figure IV-6 (Laux et al., 2004).  

 
    The morphogenesis phase starts from zygote, which is formed by sperm-fused egg cell. The 

first important event is the acquisition of polarity. Polarized egg cell has its nucleus localized 

to the chalazal/apical end and the larger vacuole to the micropylar/basal end. After fusion with 

the sperm cell, , the zygote is polarized again with the nucleus localized to the chalazal/apical 

end and the larger vacuole to the micropylar/basal end (Ueda et al., 2011). Then an 

asymmetric division happens and the zygote divides into a smaller embryonic apical cell and 

a larger basal cell that will give rise to the suspensor. The WUSCHEL RELATED 

HOMEOBOX (WOX) genes WOX2, WOX8 and WOX9 encode essential regulators in this 

progress (Breuninger et al., 2008; Ueda et al., 2011).   

    After the first asymmetric division, the apical embryonic cell divides and daughter cells are 

formed following a series of symmetric or asymmetric divisions resulting in a specific pattern. 

Intermediate stages   of 2-cells, 8-cells, 16-cells, early globular, late globular, transition, and 

late heart stages have been identified (Laux et al., 2004).  The cotyledons are formed from the 

apical cells of the embryo, the hypocotyl from the medium and basal cells and the root 

Figure IV-7. Apical–Basal 
Arabidopsis Embryo 
Development  
Schemes of longitudinal median 
sections. The upper and lower 
thick lines represent clonal 
boundaries between the 
descendants of the apical and basal 
daughter cells of the zygote and 
between the apical and central 
embryo domains, respectively.  
See text for details. a, antipodes; 
ac, apical daughter cell; ad, apical 
embryo domain; bc, basal daughter 
cell; cd, central embryo domain; 
cot, cotyledons; crc, central root 
cap; ec, egg cell; hc, hypocotyl; hy, 
hypophysis; lsc, lens-shaped cell; 
pn, polar nuclei; qc, quiescent 
center; rt, root; s, synergids; sm, 
shoot meristem; su, suspensor. 
(Laux et al., 2004). 
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primordia results from an asymmetric division of a big cell named hypophysis at the junction 

between the embryo and the suspensor.  

 

IV-1-5 seed maturation and dessication 

As the morphogenesis is completed, the seed maturation follows. It includes accumulation of 

storage products, suppression of precocious germination, acquisition of desiccation tolerance, 

water loss and often the induction of dormancy (Wobus and Weber, 1999). In Arabidopsis 

thaliana, four transcription factors, ABSCISIC ACID INSENSITIVE 3 (ABI3), FUSCA3 

(FUS3), LEAFY COTYLEDON1 (LEC1), and LEC2 control most aspects of seeds maturation 

(To et al., 2006). The transcript levels of these four major regulators are abundant during late 

embryogenesis, decrease during germination and are expressed at low level in vegetative 

organs (Chiu et al., 2012).  

 
Figure IV-8 Embryo development in seed plants.  
Embryo development consists of two phases, morphogenesis and maturation. During the morphogenesis phase, 
different morphological domains of the embryo are specified and the embryonic tissue and organ systems are 
formed. During the maturation phase, the embryo expands by accumulating storage macromolecules 
(represented by brown/orange bars at the top of the figure), including 2S and 12S storage proteins, fatty acids 
and the major oil body protein oleosin, and starch. The embryo also acquires the ability to withstand desiccation 
during the maturation phase. LEC TFs are master regulators of embryo development whose RNAs (represented 
by red/pink bars at the top of the figure) primarily accumulate during embryogenesis in both the morphogenesis 
and maturation phases of development. Maturation-phase seeds also possess a high ratio of ABA to GA that 
influences physiological processes. At the end of maturation, embryos are arrested developmentally and 
metabolically quiescent. Upon favorable environmental conditions, the embryo will recommence growth and 
seeds will germinate, as marked by radicle emergence. The ratio of ABA to GA becomes low during 
germination. The break in lines depicting ABA and GA levels represents the metabolically quiescent mature 
seed. (Braybrook and Harada, 2008) 
 

  LEC1 is expressed in developing siliques.LEC1 overexpressors could induce embryo 

development in vegetative cells (Lotan et al., 1998). LEC1 is also a key regulator of fatty acid 

biosynthesis in Arabidopsis. The overexpression of LEC1 gene causes globally an increased 
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expression of fatty acid biosynthetic genes; it results in higher level of various fatty acids 

around 10-15d after germination (Mu et al., 2008).  

    LEC2 overexpression leads to the accumulation of storage oil and seed specific mRNA in 

leaves (Santos Mendoza et al., 2005).  

    FUS3 was only found to be expressed in siliques (Luerßen et al., 1998) and the expression 

level is influenced by auxin (Gazzarrini et al., 2004). In fus3 mutant, the ABA cannot be 

accumulated to the peak concentration as in wildtype at 10 DAF and transcript levels of two 

key steps in GA3 biosynthesis were decreased. Interestingly, ABA stabilizes FUS3 protein 

whether GA decreases its stability indicating that relative abundancy of the protein results 

from the combined ABA/GA action (Gazzarrini et al., 2004).  

    abi3 mutant results in green seeds failing to establish desiccation tolerance and precocious 

germination; the immature seeds could germinate at up to 10 DAF (Nambara et al., 1995).  

    Studies in yeast and plants revealed the mechanisms by which FUS3, LEC2 and ABI3 

regulate seed maturation: FUS3 and LEC2 proteins an bind to each other and activate the 

transcription of downstream genes as of the  model storage protein gene At2S3 (Kroj et al., 

2003).  
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IV-2 Absence of SKS1, SKS2 and SKU5 affect fertilization and 

embryogenesis.  

As briefly mentioned in “chapter III”, the siliques of sks1 sks2,sku5 triple null mutants are 

extremely short. These siliques are mostly empty or with very few seeds inside (normally 

100-300 per individual plant). Further investigation revealed that the sks1,sku5 double 

mutation also cause a seeds reduction, however the reduction is not as significant as triple 

mutant.  

    To investigate what happened in these siliques, the mature siliques of Ws, sks1,sku5 and 

sks1,sks2,sku5 triple mutant were collected and dissected; the numbers of unfertilized ovules, 

which are in white and very small, were counted (Figure IV-9 and Table IV-1). Data shows 

that, in the triple mutant, more than 85% of the ovules were unfertilized; but up to 40% ovules 

of sks1,sku5 were unfertilized, which is significant higher than in Ws wild-type but lower than 

in the triple mutant.   

 
 

 

 

A C B 

Figure IV-9. Fertilization rate of WS, sks1,sku5 and sks1,sks2,sku5. 
 Mature siliques were dissected and taken pictures. Mature seeds are in green, unfertilized ovules were 
very small and in white. 
 (A) Ws (B) sks1,sku5 (C) sks1,sks2,sku5 siliques were dissected and observed under macroscope.  
The percentage of seeds set was indicated in the chart and Table IV-1 

ws double triple
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Table IV-1 Fertilization rate of siliques of  Ws, sks1,sku5 and sks1,sks2,sku5 

Ws sks1,sku5 sks1,sks2,sku5 

98.7% (n=157) 64.7%(n=624) 14.1 %(n=440) 

n= total number of ovules, including fertilized and unfertilized.   
 
To further investigate the mechanism of the seeds reduction, more siliques were dissected. We 

found that, although the fertilization rate of double and triple mutant are both lower than Ws, 

the mechanism is not the same. A large proportion of these fertilized ovules from the 

sks1,sks2,sku5 mutant were aborted, which is rarely found in double mutant and wild-type 

(Figure IV-10 and Table IV-2). 

 

Table IV-2 Aborted seeds / all fertilized seeds % 

Ws sks1,sku5 sks1,sks2,sku5 

0 (n=157) 3.35% (n=418) 37.1% (n=62) 

 

    These data indicate that with the double mutation of SKS1 and SKU5, the fertilization rate 

is slightly decreased. With the triple mutation of SKS1, SKS2 and SKU5, the fertilization rate 

is much more severely decreased and a large proportion of ovule/seed abortion was observed. 

It suggests that, with the additional null mutation for SKS2 in sks1,sku5 double mutant 

background, the alterations are dramatically enhanced. SKS2 was found to be mainly 

expressed in flowers and is likely to be required for fertilization and seed development. 

However no seed production defect was noticed in the single mutant sks2 or in the double 

mutants sks1,sks2 or sks2,sku5 but sks2 null mutation aggravates the seed production defect of 

the double mutant sks1,sku5. It is indicative of gene redundancy between these three genes 

with more or less efficient compensation mechanisms occurring when only two of them are 

mutated. 

    Seed abortions at early stages of development suggest that lethal alterations occur during 

embryogenesis. In addition to these abortions, a large proportion of seeds from the triple 

mutant suffered from abnormal shapes and behaviours. Abnormalities were detected at 

Figure IV-10 Aborted seeds in the triple 
sku5,sks1,sks2 mutant.  
The aborted ovules were in brown and 
smaller size; unfertilized ovules were very 
small and in white; the mature seeds were in 
green and bigger size.  
The proportion of aborted ovules was 
indicated in Table IV-2. 
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various stages of seed development within the siliques of the triple mutant. A variety of more 

or less well shaped structures were emerging from the seeds, sometimes resembling to 

cotyledons sometimes more to undifferentiated callus (Figure IV-11).  In some cases, it looks 

like whether the seed content would have been pushed out but differentiated structures were 

not possible to be identified (Figure IV-11D). The proportion of abnormal seeds is indicated 

in Table IV-3. 

 
 

Table IV-3 Proportion of abnormal seeds amongst developing seeds  

Ws sks1,sku5 sks1,sks2,sku5 

0% (n=200) 0% (n=106) 40.32% (n=62) 

Siliques around 10 DAP were dissected and the numbers of abnormal seeds were counted in regards to the total 

number 

    Then the dried siliques were collected and dissected. Not surprisingly, after failure of 

fertilization, abortion and abnormal development, only very few mature seeds were produced 

by sks1,sks2,sku5 mutant plants, the rest corresponded to abnormal seeds, shrivelled testa and 

early abortion ovules (Figure IV-12 C and D).   

    In consequence the number of seeds of the triple mutant following apparently the whole 

developmental program drops down to an average of less than one seed per silique. This was 

an important constraint for further work and characterization of the triple mutant.  

Figure IV-11 Abnormal seeds of 
triple mutant.  
(A-C) observations performed 
within the siliques (A) Unknown 
structure was pulled out from the 
immature seed, (B) cotyledon-like 
material was pulled out from the 
seed, (C) hypocotyl-like material 
was pulled out from the seed, (D) 
dry aborted seeds with unshaped 
tissues emerging from the seed. 

A 

D C 

B 
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    The dramatic decrease in seed production occurred only when SKS1, SKS2, SKU5 were 

knocked-out together. It strongly indicates the redundancy between these genes.  

    These phenotypes seems to be resulted from cumulated defects along the reproduction 

processes, we then tried to identify the most limiting steps. 

IV-2-1 SKS1, SKS2, SKU5 in fertilization   

As the fertilization rate was low in sks1,sku5 and sks1,sks2,sku5, several aspects known to 

affect the fertilization rate were investigated, including flower shapes, pollen viability, female 

gamephyte and pollen tube guidance.  

IV-2-1-1 Flower shapes of sks1,sku5 and sks1,sks2, sku5 mutants 

Arabidopsis is autogamous and failure of fertilization might start with alteration of flower 

development, including mechanical or physical constraint impairing deposition of the pollen 

to the stigma. We observed the shape of the flowers and elongation of stamens of sks1,sku5 

and sks1,sks2,sku5  mutants. Flowers of sks1,sks2,sku5 triple mutant were smaller than control 

plants but no significant alteration of shape and floral organs was observed (Figure IV -13A), 

Stigma observation in different stages also indicated that pollen grains could stick to the 

stigma. All these evidences suggest that no morphological defect and resulting physical 

constraint can explain the lack of fertilization.  

Figure IV-12. Seeds shape 
of Ws, sks1,sku5 and 
sks1,sks2,sku5. 
(A) Ws, (B) sks1,sku5,  
(C) and (D) sks1,sks2,sku5. 
Sks1,sku5 produced seeds 
were not as full as in Ws, 
and included few aborted 
seeds.  
Sks1,sks2,sku5 produced 
shriveled and small seeds, 
and included a large 
proportion of aborted 
(pointed by “*”) and 
abnormal seeds.   
The abnormal seeds have 
irregular shapes (pointed by 
red arrow), abnormal 
hypocotyl elongation (white 
arrow), or unknown material 
pulled out (cyan arrow).   
 

A 

C D

B

*

*
*
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IV-2-1-2 Pollen viability analyses.    

To investigate whether the vitality of the pollen grains was affected, pollens from Ws and the 

sks1,sks2,sku5 triple mutant were collected and stained by Alexander’s staining and their 

capacity to germination in vitro were also investigated.  

    By Alexander’s staining, the aborted pollen grains would be stained in blue and living 

pollen in red. Pollen grains from sks1,sks2,sku5 didn’t exhibited significantly different 

viability compared to wild-type (Figure IV-14 A and B).  

    For in vitro germination assay, pollen grains from Ws and sks1,sks2,sku5 germinated 

normally (Figure IV-14 C and D).  

    These results showed that pollen grains of sks1,sks2,sku5 triple mutant are viable and can 

germinate normally. The elongation of pollen tube was not analysed in vitro.  

Figure IV-13. Flowers of Ws and sks1,sks2,sku5 triple mutant were observed.  
(A) Flower shape observation of Ws and sks1,sks2,sku5 triple mtuant, (B, C) close-up stigmas of 
sks1,sks2,sku5 in different stages.  

ws sks1,sks2,sku5 sks1,sks2,sku5 sks1,sks2,sku5 

A B C 
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Table IV-4 Pollen viability in vitro 

 Ws sks1,sks2,sku5 

Pollen viability 73.8% (n=172) 73% (n=118) 

Germination rate 58.9% (n=141) 61.8% (n=55) 

 

Based on the performed assays, it is likely that the fertilization defects observed in sks1,sku5 

and  sks1,sks2,sku5 mutants do not result from deficiency of male gametophytes. In 

consequence, SKS1, SKS2 and SKU5 do not seem to be required for male gametophytic 

formation and viability. . 

 

IV-2-1-3 Manual pollination between Ws and sks1,sks2,sku5 

To identify whether the male or female gamephyte is responsible for the largely reduced 

fertilization rate, we performed the manual pollination between Ws and the triple mutant in 

reciprocal combinations.  

    1 day before flowering, the flowers were castrated and manually pollinated. 7 days after 

manual pollination, siliques were collected and seeds produced were counted. Interestingly, 

Ws mother plant pollinated with sks1,sks2,sku5 pollen produced a reasonable amount of seeds 

albeit 3 times lower than using Ws pollen instead. Conversely, we failed to obtain mature 

ws sks1,sks2,sku5 

ws sks1,sks2,sku5 

A 

C 

B 

D 
 Figure IV-14. In vitro pollen 
analysis.  
(A) and (B) Pollens from wild-type 
and triple mutant are treated by 
Alexander’s staining  
(C) and (D) Pollen germination on 
the pollen germination medium. 
 
The ratio of vital pollens and 
germination rate are calculated and 
shown in Table IV-4.    
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seeds for the reciprocal cross of Ws pollen on sks1,sks2sku5 mother plant.  Collected siliques 

are shown in Figure IV-15 and the seed production is shown in Table IV-5.  

 

Table IV-5. Seeds production of Ws and Triple Cross siliques 

Female Male Pollination Mode Seeds production* 

ws ws auto 98.7% (157) 

triple triple auto 14.1 % (440) 

ws ws manual 61.97% (142) 

triple triple manual 0% (86) 

ws triple manual 21.38% (304) 

triple ws manual 0% (398) 
* The numbers of ovules are indicated in (). 

We previously showed that there was no difference of viability and germination between 

wild-type and sks1,sks2,sku5 pollens. These data suggest however that both pollens and 

ovules might affect the efficiency of fertilization but a more severe defect seems to result 

from the female.  

IV-2-1-4 Female gametophyte analyses in vitro 

As no significant defect was found in male gametophyte, we investigated whether the female 

gametophyte was responsible for the low fertilization in sks1,sks2,sku5 triple mutant plants.  

     Pistils were collected on flowers to befixed and cleared by Chloral Hydrate before being 

observed under differential interference contrast (DIC) microscopy.   

    Some of the sks1,sks2,sku5 female gamephyte exhibit misorganized synergid cells and egg 

cell (Figure IV-16). The relative position of synergid cells and egg cell was inverted with the 

synergid cells appearing between the central cell and the egg cell. In such pattern, the egg cell 

is at the basal pole. In addition, the micropyle seems to be exaggeratedly opened in 

Figure IV-15 . Manual-pollination of Ws and sks1,sks2,sku5. 
Stamens were removed 1 day before flowering and pistils were pollinated by pollens from Ws and triple 
null mutants. 7 days after pollination, siliques were collected. 
(A) Ws♀ x Ws♂, (B) Ws♀ x sks1,sks2,sku5♂, (C) sks1,sks2,sku5♀ x Ws♂, (D) triple♀ x triple♂. 
 

A D C B 
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sks1,sks2,sku5 compared to the tiny aperture that is observed in wild-type. It is however 

difficult to know whether this change in micropyle opening is a defect on its own or if it 

results from the misorientation of the female gametophyte. These data suggest that the SKS1, 

SKS2 and SKU5 genes are collectively required for proper female gametophyte organisation.  

 
Interestingly, synergid cells and central cell were identified to be involved in pollen tube 

guidance (Higashiyama et al., 2001; Chen et al., 2007). With the observed misorganized 

female gamephyte we can anticipate that the triple mutant might also be affected  in pollen 

tube guidance.  

 

IV-2-1-5 Pollen tube guidance analysis in sks1,sks2,sku5 triple mutant.  

According to the data of manual pollination, both male and female gametophytes seem to be 

affected by the triple mutation, but the female gametophyte appears to be more severely 

affected. Together with the disorganized female gametophyte we hypothesized that pollen 

tube guidance might be affected in the triple mutant. 

cn 

ec 

sn 
sn 

Ws Triple

cn

* *

*
mp 

mp 

 Figure IV-16. Female gamephyte of Ws and sks1,sks2,sku5 triple mutant.  
The pistils of Ws and sks1,sks2,sku5 triple mutant plants were collected and cleared by Choral Hydrate, then 
observed under microscope. The schematic diagrams were shown above each picture.  
The female gamephyte of triple mutant looks misorganized. The two synergid cells and one egg cell which 
are labeled by *, however no significant evidence to distinguish them, were at the wrong position. It suggests 
that sks1,sks2,sku5 mutation cause defect on female gamephyte polarity.  
Compared to Ws, the micropyle of triple mutant was extended. The irregularly swollen synergid cells and egg 
cell were dotted lines in schematic diagrams.  
cn: central nuclei; ec: egg cell; sn: synergid cell; mp: micropylar. 
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    The pollen tube growth within the pistil to the ovules can be visualized by aniline blue 

staining under UV light. This method was used to investigate whether a defect in pollen tube 

guidance is partly responsible for the defect in fecondation. 

Pistils of opened flowers from Ws, sks1,sku5 double and sks1,sks2,sku5 triple mutant were 

collected and stained by aniline blue. Pollens germinated on all pistils and pollen tube 

elongated inside the pistils. Considering previous observation on pollen viability with in vitro 

analysis, the observation confirms that pollens of double and triple mutant were viable and 

that germination is efficient also in vivo.  

    For all genotypes, pollen tubes elongate till they reach the ovules. However whereas ovules 

from Ws were mostly fertilized, less ovules from sks1,sku5 were fertilized, and no or only 

very few ovules from the triple mutant plants were found to be fertilized (Figure IV-17).  

 
 

The failure of fertilization in the triple mutant was apparently caused by a low efficiency of 

pollen tubes entering through the micropyle to fertilize the female gametophyte. Various 

configurations are illustrated Figure IV-18. In several cases, the pollen tube could not find the 

micropyle, which indicates the defect in pollen tube attraction (Figure IV-18C), or pollen tube 

twisted but cannot enter the micropyle, which indicates the defect in pollen tube entry (Figure 

IV-18D).  

ws triple triple 

sks1,sku5 

ws 

sks1,sku5 

Figure IV-17. Pollen tube 
stained by aniline.  
1DAF siliques of Ws, double 
and triple mutant are stained by 
aniline.  
Most of the ovules of Ws were 
fertilized, less ovules of 
sks1,sku5 were fertilized and 
only a few ovules of 
sks1,sks2,sku5 were fertilized. 
The fertilized ovules were 
pointed by green arrows and 
unfertilized were pointed by red 
arrows.  
The whole siliques are shown at 
left and the close-ups are shown 
at right.  
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On the basis of these observations, it is likely that pollen tube guidance is affected in the 

sks1,sks2,sku5 triple mutant. This is in accordance with a defect coming from the female 

gametophyte. It indicates that SKS1, SKS2 and SKU5 are required for this process. It is 

reminiscent to the reported involvement of LORELEI, another class of GPI-anchored proteins 

(Tsukamoto and Palanivelu, 2010; Tsukamoto et al., 2010).   

    These efforts on male, female gamephytes and fertilization revealed that, the SKS1, SKS2 

and SKU5 mutation strongly affected the fertilization rate. Considering that the synergid cells, 

as well as the central cell, are involved in pollen tube guidance, and that the triple mutations  

alter the female gamephyte, it is possible that the pollen tube guidance defect is because of the 

misorientation defect of the female gamephyte.  

    Besides the attraction and entry of pollen tube, the pollen tube elongation could also affect 

the fertilization. Although we haven't checked the elongation of pollen tube in vitro yet, the 

fact that fertilized seeds of sks1,sku5 and sks1,sks2,sku5 were more localized at the upper part 

of the siliques that required less elongation might give us some information that the 

elongation might be affected by the double or triple mutation.  

 

 

 

 

Figure IV-18. Pollen tube attraction in 
the triple mutant.  
1DAF siliques of triple mutant were 
stained with aniline blue and observed by 
DMI6000 microscope system under UV 
light.  
(A) Ws fertilized ovule, (B) 
sks1,sks2,sku5 fertilized ovule, (C) ovule 
of sks1,sks2,sku5 with no PT attraction, 
(D) ovule of sks1,sks2,sku5 attracted the 
pollen tube, but the pollen tube was 
twisted at the micropyle.  
The pollen tube was stained in blue and 
pointed by the green arrows.   

A 

D C 

B 
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IV-2-2 SKS1, SKS2 and SKU5 in embryogenesis.  

IV-2-2-1 SKS1, SKS2 and SKU5 in embryonic development.  

The large proportion of abortion and abnormality of seeds in sks1,sks2,sku5 prompted us to 

investigate the embryogenesis in the triple mutant to reveal the function of GPI-anchored SKS 

members in embryogenesis.  

     Seed abortion is often caused by developmental arrest of the embryos. Siliques of 

sks1,sks2,sku5 were collected and observed under DIC microscopy. Embryo arrest was 

observed in some cases (Figure IV-18). Some embryos of sks1,sks2,sku5 mutant plants were 

observed to form zygote (C), and then 2,4-cell stage, but they were arrested at very early stage 

(8-cell stage), and later start some dessication or apoptosis processes (Figure IV-18F).  

      
    It suggests that the SKS1, SKS2 and SKU5 are very important for the embryogenesis. With 

the absence of these genes, the embryo can be arrested at an early stage. It can partly explain 

seeds abortion.  

 

 

Figure IV-18 Embryos were arrest in sks1,sks2,sku5 triple mutant.   
Different stages of embryogenesis were observed. (A-C) are in Ws and (D-E) are in sks1,sks2,sku5.  
Zygote could be formed in some sks1,sks2,sku5 ovules (D). They could develop normally to 4-cell stage 
(E), but they might be arrested at 8-cells (F). The arrested embryo start dessication (pointed by green 
arrow).   
zy: zygote; em: embyro.   

zy 
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zy 

F

em 
em 

em 
em 

B C
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    As there are seeds produced in the sks1,sks2,sku5 triple mutant, although very few, some 

embryos can overcome this lethality. Further observation of these embryos revealed that some 

of them suffer from severe defect where the lens-shaped cell was absent (Figure IV-18B). In 

this case, the lens-shaped cell was totally missing. As mentioned in introduction of this 

chapter, this cell results from the asymmetric division of the big cell positioned at the basis of 

the embryo, at the junction with the suspensor. This cell is going to develop into the primary 

root. The defect in the formation of this cell explains the rootless phenotype found in a subset 

of sks1,sks2,sku5 triple mutant seedlings (described in Chapter III).  

 

 
     

At a later stage, various abnormalities can be observed as illustrated in Figure IV-20. Even 

within the siliques protruding structure resembling can emerge from immature seeds. In most 

cases the corresponding embryos are lacking a differentiated primary root primordia. 

Cotyledons and hypocotyls are usually formed but the shape of the embryo is altered. These 

defects can result from early alteration during embryo formation as shown Figure IV-19. 

Figure IV-19. The abnormal 
embryo in late globular stage of 
sks1,sks2,sku5 triple mutant.     
(A) embryo of Ws, (B) embryo of 
sks1,sks2,sku5.  
In triple mutant, the lens-shaped 
cell, which has its destiny to be 
the primary root, was missed 
(pointed by green arrow).  
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    These defects in embryogenesis reveal that SKS1, SKS2 and SKU5 are required for 

embryogenesis even if a small proportion of embryos bypass the deficiencies and develop 

normal embryo.  

 

VI-2-2-2 SKS1, SKS2 and SKU5 in embryo orientation.  

As more and more embryos were observed, we found that the root pole defects were not the 

sole alteration responsible for seed abortion and abnormality. More fertilized female 

gametophytes were observed to exhibit severe defect in orientation (Figure IV-21). These 

female gametophytes were swollen and appeared to be up side down facingthe micropyle. 

Most of them failed to form an embryo (Figure IV-21B). A few of them succeed to form an 

embryo-like structure but with the wrong orientation (Figure IV-21C). These embryo-like 

structures can also be observed when opening green siliques.  Seeds with cotyledon-like 

structure pushed out from the teguments are seen (Figure IV-21 D-F).  

A B 

Figure IV-20 Abnormal embryo development in the triple mutant found in green siliques  
(A) immature seeds exhibiting abnormal shape. an hypocotyl-like structure is emerging from the 
immature seed. (B) dried seed with abnormal shape, (C) dried seed germinated on ½ MS 
medium and showing emergence of the hypocotyl, this seedling missing the root.  (D) Embryo 
with an altered morphology, the primary root is potentially missing (E) magnification of the 
hypocotyl/root tip from (D) (F) germinating seedling without root 

C

FED 
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Sometimes, almost the whole embryos were outside of the seed coat, and only part of the 

cotyledon stay inside (Figure IV-22). It looks like that the embryo with wrong orientation 

developed through the micropyle . The schematic diagrams are shown in Figure IV-22D and 

E.  

A 

D D F

C B 

Figure IV-21 Embryo-like structure grow out of ovules. 
(A) Ws, (B) female gamephyte with defect in polarity cannot form an embryo, (C) female gametophyte 
with wrong polarity and formed an embyro-like structure, (D-F) cotyledon-like structures grow out of 
seed coats in different statges. The cotyledon-like structures probably grew out through the micropyles.  
em: embryo; em-like: embyro-like structure; cy-like: cotyledon-like structure.  

em 

em-like 

cy-like cy-like 

cy-like 
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These orientation defects explained why in siliques there are seeds exhibiting structures 

pushed out of seed coat.  This appears to be different from an anticipated germination as 

reported for viviparous mutants.  

 

A 

B C 

Figure IV-21. The whole embryos were almost developed outside the seed coat.  
(A) Seed from sks1,sks2,sku5 was cleared by Chloral Hydrate and observed under microscope; (B) seed of 
sks1,sks2,sku5 in dissected siliques; (C) embryo in (B) was departed from seed coat, and the two cotyledons 
were pointed by red arrows; (D) Ws and (E) sks1,sks2,sku5 the schematic diagrams of embryo development 
inside siliques.  
sc: seed coat; hy: hypocotyl; cy: cotyledon; mp: micropyles.  
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Conclusion and Discussion  

Surprisingly, nearly all the phenotypes we found in reproductive processes of sks1,sks2,sku5 

triple mutant resulted from alterations of orientation, both at cellular and embryo levels. It is 

worth notice that SKU5 was originally characterized as a GPI-anchored protein involved in 

directional root growth (Sedbrook et al., 2002) 

    1. In fertilization.  

Male and female gametophytes were both expected to be involved in fertilization.  

    In Arabidopsis, to date, various work indicated that the female gametophyte, especially the 

synergid cells, are essential for pollen tube guidance. The misorganized female gametophyte 

in the triple mutant is potentially related alterations of the pollen tube guidance and pollen 

tube entry through the micropyle. The apparent variety of phenotypes of the sks1,sks2,sku5 

triple mutant suggests that there is not a single defined step or target that is affected during the 

reproductive process. Fertilization occurs, with a low efficient but some ovules can be 

fecundated indicating that pollen tube attraction by the female gametophyte happened. 

Similarly few embryos successfully develop to give rise to nearly normal seedlings. These 

data suggest rather random defects that become limiting enough with a rather high probability 

to impair or to block the fertilization or the embryogenesis. However not all the attracted 

pollen tubes can enter the female gametophytes through the micropyles even if they were 

attracted adequately. Twisted pollen tubes were found outside the micropyles, turning around 

but not entering, potentially because these micropyles were stocked by misorganized 

gametophyte cells.  

    Although the elongation of pollen tube in vitro was not measured, more seeds near the 

stigmas were produced indicating that the elongation of pollen tubes was reduced by the triple 

mutation. That could explain why the male gametophytes of sks1,sks2,sku5 could fertilize the 

female gamephyte of Ws but with significantly low rate compared to Ws manual self-

pollination.  

 

2. In embryogenesis.  

    Obviously, the misorganized female gametophytes could affect the embryogenesis. And in 

this part, I just discuss the fertilized female gamephyte.  

    The egg cells or embryos might be displaced out of the seed coat through opened 

micropyles as they were growing when they were mis-oriented and localized at the bottom of 

the female gametophyte. Such alteration resulted in seed abortion.  
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    Even though the egg cells or embryos were not displaced out of the seed coat, their 

orientation could be changed by the pressure of other misorganized gametophyte cells, like 

the central cell or synergid cells. That makes the embryos, or embryo-like structures grew out 

of seed coat through micropyles. Such abnormal behaviors were observed and explained that 

in some seeds, cotyledon-like structures grew out without resembling an anticipated 

germination within the silique.  

    In some cases, the misorientated embryo was stocked in the position of micropyle. It kept 

growing and the hypocotyl grew out of the seed coat through micropyle, then only the 

cotyledons were left inside. Interestingly, the cotyledon inside developed to a nearly normal 

shape, which is distinguished from the cotyledon-like structures outside of ovules.  

    These situations are described in Figure IV-23.  

 
Even coincidently, the female gametophyte cells were at the right position and they could be 

fertilized properly, the formed embryos might also abort. A group of embryos were observed 

to be arrested in early stages. They exhibited normal divisions before arrest and closed 

micropyles. But the embryos were going to be arrested in very early stage, basically 8, or 16-

cells stage.  

    Even though the embryos overcome the arrest in early stage, they might also exhibit 

abnormality with the absence of the lens-shaped cell thus without differentiated primary root 

primordia. This causes the rootless phenotype that was observed on a small proportion of 

germinated seeds. 

 

 

Figure IV-23. Embryo orientation of sks1,sks2,sku5 mutant.  
(A) normal embryo orientation, (B) embryo grow out of seed through micropyle, (C) embryo 
was stocked at the position of micropyle 

A C B 
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Chapter V. Functions of GPI-anchored SKS and the roles of GPI 

anchors by overexpression analyses 

Besides the reverse genetic tools, overexpression analyses are of importance for functional 

investigation. GPI-anchored SKS genes were introduced and overexpressed in wild type to 

explore the effect of an increased production of the proteins, so to learn more about their 

function.  

    To date, the role GPI anchor for the function of GPI-anchored protein in plant was not 

deeply studied. In our research, GPI-anchored SKS genes were modified and the sequence 

coding the hydrophobic C-terminal domain allowing further replacement by the GPI-anchor 

was cleaved. These modified genes were introduced and overexpressed also in wild type. 

Sub-cellular localization of the truncated SKS1, SKS2, SKU5 proteins was also interesting. 

So the constructs containing the truncated SKS sequences were fused to a fluorescent protein 

and used for transient assay.  

    The other member of SKS gene family, SKS9, which is far away from the clade of 

SKU5/SKS1/2, was also utilized to investigate the function of GPI anchor through addition of 

the omega domain sequence from SKU5 at C-terminus, and to explore the functional 

divergence between two distant members of the same faminly.  

V-1 Tools for transient assay and SKS overexpression 

V-1-1 SKS9 was cloned from Arabidopsis 

SKS1, SKS2 and SKU5 genes were cloned from the Arabidopsis when performing the protein 

interaction studies by Yeast two hybrid system, but not SKS9. Here, full length of SKS9 was 

amplified from the cDNAs produced in Chapter II, and the primers are indicated in Table V-1.  

Table V-1 Primers for amplifying SKS9 from cDNA 

GENES Primers cDNA Resource Product length 
TGTCAAAGCGAGTATGTGCTG 

SKS9 
GTCTGAGTAGAGTCATTAAGGAGTG 

Arabidopsis 
seedlings 1678 bp 

 

Following the same protocol as described in Chapter II, the SKS9 gene was cloned in 

pCR2.1® vector and then sequenced.  
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V-1-2 SKS genes modifications 

Proper gene modifications were firstly performed on SKS1, SKS2, SKU5 and SKS9, and then 

they were introduced in binary vector with strong promoter and fluorescent label. These 

modified genes were used for producing overexpressors in plants.  

    Because GatewayTM technology was utilized for building constructs, modification was 

performed at BP reaction by adapter PCR protocol (BP reaction and adapter PCR protocol 

were described in chapter II).  

V-1-2-1 Modifications of SKS1, SKS2 and SKU5  

Two kinds of cloning were performed for these genes: 1, Full length cDNAs with signal 

peptide at the N-terminus and omega domain at the C-terminus followed by a STOP codon ; 

2, Genes with signal peptide at the N-terminus and without omega domain and STOP codon 

at C-terminus in order to be fused with the fluorescent gene localized in binary vector and 

ended by a STOP codon.  

    In Chapter “in silico analyses”, the C-terminal hydrophobic domains and cleavage sites of 

SKS1, SKS2 and SKU5 were indicated. When the C-terminal hydrophobic domain was 

absent, the GPI anchor was not supposed to be synthesized in mature protein as the process of 

modification is impaired.   

    Then proper primers with attB1/2 adapters for the first amplification of BP reactions were 

designed (Table V-2) and the amplifications were performed as indicated in Figure V-1. The 

sequence correspondence to adapters is in red and for genes is in black. The STOP codons are 

in bold.   

Table V-2 Primers for SKS1, SKS2 and SKU5 modification 

Modified Genes Primes Templates 
5’-AAAAAGCAGGCTTCATGGCGGCGACTTGT-3’ 

SP:SKS1 
5’-AGAAAGCTGGGTTCAGCAAAATCTGAAC-3’ 
5’-AAAAAGCAGGCTTCATGGCGGCGACTTGT-3’ SP:SKS1Δω 

5’-AGAAAGCTGGGTGGTGATGTTGTTCCTT-3’ 

pCR2.1-SKS1 

5’-AAAAAGCAGGCTTCATGGCGGCTACTGAT-3’ SP:SKS2 
5’-AGAAAGCTGGGTGTCAGCAAAAGGACGA-3’ 
5’-AAAAAGCAGGCTTCATGGCGGCTACTGAT-3’ SP:SKS2Δω 

5’-AGAAAGCTGGGTGGTGATGTTGTTCCTT-3’ 

pCR2.1-SKS2 

5’-AAAAAGCAGGCTTCATGGATTTGTTCAAG-3’ 
SP:SKU5 

5’-AGAAAGCTGGGTTCAATGCTGAAGCATC-3’ 
5’-AAAAAGCAGGCTTCATGGATTTGTTCAAG-3’ SP:SKU5Δω 
5’-AGAAAGCTGGGTGTGAAACCTTCTGTGG-3’ 

pCR2.1-SKU5 
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V-1-2-2 Modification of SKS9 

In our research, SKS9 that do not include a C-terminal hydrophobic domain and is not 

predicted to be modified with a GPI-anchor was cloned in fusion with the fluorescent protein. 

In addition the omega domain coding sequence of SKU5 was fused at C-terminus of SKS9 

coding sequence in order to analyse whether the Pm localization of the protein would affect 

the function.  

    The modification is indicated in Figure V-2 (A-C) and the primers designed are shown in 

Table V-3. Sequence correspondence to adapter is in red, to genes is in black and STOP 

codon in bold.  

Table V-3 Primers for fusing omega domain coding sequence from SKU5 with SKS9 

attB1-P1 5’-AAAAAGCAGGCTTCATGTGCTGGTGGCTA-3’ 
attB2-P2 5’-AGAAAGCTGGGTTCAATGCTGAAGCATC-3’ 

P3 5’-AACACACCACTCCTTCGTCGGCATCGAA-3’ 
 

attB2 

attB1 
P1 

attB2 P2 P3 

Figure V-1 SKS1, SKS2, SKU5 gene modifications.   
The backbone of the genes were separated into different colors depending on the regions 
they encoded. From left to right, there is N-terminal signal peptide (blue), mature protein 
(dark blue), the hydrophobic region (olive) coding sequence, and stop codon (black) 
respectively. The site between mature protein and hydrophobic region coding sequence is 
the cleavage site as GPI-anchor was synthesized.  The primers were indicated as red 
arrows with additional attB adapter in green, which utilized for gateway technology.  
Amplified by P1and P2, the fragment would encode full length SKS protein with GPI 
anchor at C-terminus. Because of the presence of stop codon, these genes would not fuse 
with the fluorescence protein genes included in destination vectors.  
Amplified by P1and P3, the fragment would encode mature SKS protein with signal 
peptide at N-terminus, but without GPI anchor at C-terminus. Because of the absence of 
stop codon, these fragments would fuse with the fluorescence protein genes which are 
included in destination vectors.  
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To fuse SKS9 with fluorescent genes within binary vector, SKS9 was modified as described in 

Figure V-2D, where the STOP codon was removed. Primers designed were in Table V-4. 

Sequence correspondence to adapter is in red, to genes is in black.  

Table V-4 Primers for fusing SKS9 with fluorescent genes 

attB1-P1 5’-AAAAAGCAGGCTTCATGTGCTGGTGGCTA-3’ 
attB1-P5 5’-AGAAAGCTGGGTGAGGAGTGGTGTGTTT-3’ 

 

SKS9 without STOP codon for C-terminal fusion with a fluorescent protein were generated.  

    To confirm the GPI modification, the amino acid sequence of SKS9 fused with omega 

domain from SKU5 was analyzed by GPI predictors (PredGPI). Data shows that this fused 

protein would be modified to become a GPI-anchored protein.  

 

 

 

 

 

 

 

attB2 
P2 

attB1 
P1 

attB2 

P3 

P4 

Figure V-2 SKS9 gene modification.   
(A) Omega domain coding sequence was amplified from SKU5, (B) SKS9 gene and P3-P2 
amplification product from SKU5  (C) modified SKS9 gene with omega domain coding 
sequence from SKU5, (D) modified SKS9 gene without omega domain coding sequence.   
Coding sequence of signal peptide (light blue), mature protein (SKU5 in dark blue, SKS9 in 
purple), hydrophobic region (olive) and stop codon (black) were indicated in different colours.  
Sequences of primers were indicated in Table V-3 and V-4. 
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V-1-3 Vectors for SKS overexpressors 

BP reaction of Gateway® technology was utilized to build the constructs, and pDONR207, 

which has gentamycin resistance, was chosen as shuttle vector. After the second amplification 

was performed by adapter primers, the modified SKS fragments were cloned in pDONR207 

by BP reaction and introduced in E.coli, the constructs were sequenced to verify that they did 

not contain mutations and that the recombination sites were as designed.  

    The constructs with the right fragments were cloned in pEARLEY102 by LR reaction in 

E.coli. Considering the sks1,sku5 mutant has also Basta resistance, which is the same as 

pEARLEY102 exhibits in plants, pMDC83 vector with hygromycin resistance was chosen for 

transforming mutant plants.  

    The maps of vectors utilized are shown in Figure V-3.  

 
The genes for the fluorescent proteins CFP and GFP were present at the 3’-terminus of the 

insertion site in pEARLEY102 and pMDC83. In both cases the expression is under the control 

of a double 35S::CaMV promoter that allows a strong and rather broad expression. As 

described in Figure V-1 and Figure V-2, the C-terminal translation fusions with the genes of 

the fluorescent protein were achieved for the truncated versions of SKS1, SKS2 and SKU5 

missing the hydrophobic domain, and for SKS9 without the stop codon. These constructs were 

named SKU5 or SKSΔω:CFP/GFP. On the contrary, fragments with the omega domain still 

have their stop codon. Despite the interest to have reporters also for the full length proteins, 

no fluorescent or tagged version was produced as it was not possible to use straight forward 

N-ter or C-ter fusions due to the leader peptide and hydrobobic C-terminus, respectively.  

However, a line expressing SKU5-GFP with the GFP inserted between the leader peptide and 

the N-terminus of the mature protein was obtained from J. Sedbrook (Sedbrook et al., 2002) 

and used in comparison with the truncated protein. 

Figure V-3 Vectors with gateway technology utilized for SKS overexpression.  
(A) pDONR207, (B) pEARLEY102 with Cyan fluorescent protein fusion, (C) pMDC83 with 
Green fluorescent protein fusion.  

A B C
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    After all the constructs were introduced into binary vectors pMDC83 or pEARLEY102, the 

plasmids of each construct were prepared following the same protocol described in ‘chapter 

II’. Then the plasmids were introduced in Agrobacterium line Agl-0 (described in ‘Method’).  

    Transformed Agrobacteries were selected on plates containing proper antibiotics and 

resistant colonies were chosen and amplified.  

    1μl culture was lysated by boiling for 5 minutes and PCR amplified with the primers 

provided in Table V-5 for confirming the insertions. The positive colonies were conserved 

utilized for the further investigation.  

Table V-5 Primers for confirming insertions 

Genes Primers Length of Products (bp)
5’-GGGATGCCAGATGGAGTCCTCA-3’ SKS1 
5’-TGTGGCGTCTTGGTCCATGGTT-3’ 

288 

5’-ACTTGGGATGCCCGATGGAGT-3’ SKS2 
5’-GGGAGGTGTAGCGACCCTCAGT-3’ 

215 

5’-ACCACACGGCTTTGAGGAAGGC-3’ SKU5 
5’-CAACCCGAGCACTCGCGACA-3’ 

369 

5’-TCACCATGGACCAGCCTGACCA-3’ SKS9 
5’-CCTTGGCCCAGACGCGGTTA-3’ 

224 

 

V-2 GPI-anchors for localization by transient assay 

Before transformation in Arabidopsis, the construct SKU5ΔωCFP/GFP with fluorescent gene 

fusions were introduced in tobacco leaves by transient infiltration (See 'method') to check the 

constructs and also investigate the subcellular localization of SKU5 without GPI anchor. 

    In original paper of SKU5, the GPI anchored SKU5GFP was localized at the plasma 

membrane and partly in the cell wall (Sedbrook et al., 2002). In our research, SKU5 without 

GPI anchor was observed with an irregular distribution in the cytosol that underlines the 

shape of the epidermis cells as it is present as a thin layer between the plasma membrane 

along the cell wall and the vacuole. In addition, some cytosolic bundles are occasionally 

observed across the cells. The SKU5ΔωGFP still has the leader peptide at the N-terminus and 

should enter the ER (Figure V-4A). The plasmolysis after 0.8M mannitol treatment revealed 

that most SKU5ΔωGFP protein stay inside the cell (Figure V-4B).  

    This localization is distinct from the one reported for GFP fused only with a signal peptide, 

that is found in the extracellular space, the ER and around the nucleus (Fan et al., 2001). It 

suggests that without the GPI-anchor, SKU5 doesn’t exhibit the same behaviour as the GPI-

anchored protein and not also as a normal secreted protein (as GFP). The GPI anchor seems to 

be required for plasma membrane localization of SKU5.  
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ABP1GFP and SKU5/SKS1/SKS2 were co-transformed into tobacco leaves together by 

transient assay. Their localizations were observed under fluorescent microscope. But the 

relevance between ABP1 localizations and SKU5/SKS1/SKS2 overexpression was never 

found. In Figure V-5B, SKU5 was transiently co-overexpressed with ABP1:GFP.  

Figure V-4 localization and transport of SKU5Δω in tobacco leaves.  
pMDC83:35S:SKU5Δω::GFP was introduced into tobacco leaves by infiltration for transientexpression.  
 (A) Observation under SP2 Cofocal System, (B) observation under DMI-6000 microscope system with 
0.8M Mannitol treatment.  
SKU5Δω::GFP is mainly detected in the ER . The spots pointed by red arrows highlight intracellular bundles 
of cytosol containing  dots of  SKU5Δω::GFP protein.  
With 0.8M mannitol treatment, the plasmolysis happened, which are pointed by white arrows.  

A B 
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V-3 Overexpressors in Ws background acquisition and analyses.   

As all the mutants were all analyzed within Ws background, we introduced the constructs with 

full length or truncated sequences for overexpression into Ws ecotype.  

V-3-1 Overexpressors acquisition.   

Agrobacteruim containing constructs within pEARLEY102 binary vectors were utilized and 

floral dip transformation assay was performed for Ws ecotype plants transformation (Harrison 

et al., 2006).  

T1 seeds were collected and selected on plates containing 7.5mg/L Basta.  Resistant seedlings 

were transferred into soil and T2 seeds were collected and sowed on medium containing 

Basta. After growing and flowering in soil, the progeny was again selected on Basta selective 

medium to identify homozygous lines (Figure V-6).  

In total, 3 lines of SKS1, 2 lines of SKS1ΔωCFP, 6 lines of SKS2, 8 lines of SKS2ΔωCFP, 4 

lines of SKU5, 4 lines of SKU5ΔωCFP, 7 lines of SKS9+ω, and 4 lines of SKS9CFP 

independent resistant homozygous were obtained.  

A B
Figure V-5 Co-transformed ABP1GFP and SKU5 in tobacco leaves by transient 
infiltration assay.  
(A) ABP1GFP was introduced in tobacco leaves by transient assay. (B) ABP1GFP and SKU5 
were co-introduced in tobacco leaves by transient assay.  
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V-3-2 Expression levels of SKS Overexpressors in Ws background.  

Although resistant homozygous plants were acquired, to confirm that these resistant plants 

were truly overexpressing the corresponding SKS constructs in plants, RNAs were extracted 

from 5-day-old seedlings for 2 to 3 homozygous transformants of each and the expression 

analysis was performed by real time RT-PCR. Primers utilized were indicated in Table V-6.  

 

 

 

Table V-6 Primers for RT PCR in overexpressors 

Genes Primers Length of Products  
5’-CGGATCACAAACCCCGAGGAGGAT-3’ SKS1 
5’-CACCGAGGCGAGCAACACCATTAG-3’ 

171 bp 

Ws flowers 

T1 seeds 

Resistant T1 seedlings Sensitive seedlings 

¼ T2 Homozygous 
seeds 

¼ Ws 
sensitive

½ T2 Heterozygous 
seeds 

T3 seeds  T3 seeds  

All resistant ¾ resistant 

Transformation 

Basta 

Transferred in soil 

Basta Basta 

Transferred in soil Transferred in soil 

Figure V-6. To obtain homozygous of SKS overexpressor in Ws.   
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5’-ACCCTGAGGAAAACGGAAGTACGG-3’ SKS2 
5’-TGTGGCCGAGCTGTGATGTTGTTC-3’ 

104 bp 

5’-AAGGTCTCTTAGGGAAATCAAGC-3’ 
SKU5 

5’-CAACGCTTAATGGCATATCGT-3’ 
105 bp 

5’-TCACCATGGACCAGCCTGACCA-3’ SKS9 
5’-CCTTGGCCCAGACGCGGTTA-3’ 

224 bp 

5’-AGGGCTATGTGCAGGAGAGA-3’ CFP/GFP 
5’-CTTGTGGCCGAGAATGTTTC-3’ 

152 bp 

 

Expression levels are shown in Figure V-7. For translational fusions with a fluorescent 

protein, specific gene primers or CFP/GFP primers were used to detect the transgene. Primers 

utilized were indicated above each chart, and lines were indicated at the x-axis.  

    Amongst the lines that were checked, most of them exhibited a significant increase in the 

expression of the gene that was introduced by construct with the exception of SKS1ΔωCFP. 

No matter primers for SKS1 or GFP, no significant gene expression was found (Figure V-8). 

Although the transformations were performed twice, no SKS1ΔωCFP overexpressor plants 

were validated.  

    The others could be considered as overexpressors, however with various degrees of 

expression.  
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Figure V-7 Expression levels of SKS overexpressors within Ws background.  
RNAs were extract from 5-day-old seedlings of 3 alleles per constructs. Then real-time RT-
PCRs were performed. The data was normalized by ACTIN2-8.  
Genes detected were indicated at the tops of each chart. X-axis: Overexpressors Alleles, Y-axis: 
Actin Units. 
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V-3-3 Phenotype analyses of overexpressors.  

Data extracted from null mutant analyses suggest that SKS1and SKU5genes were mostly 

functional in orientation of root cells, whereas SKS1, SKS2 and SKU5 were collectively 

important for pollen tube guidance and embryogenesis. Single sku5 mutant exhibited twisted 

root and root left slanting; sks1, sku5 double mutant exhibited increased twisted root but no 

slanting, and lower fertilization rate; the triple mutant exhibited defects in fertility and 

embryogenesis besides that were exhibited in sks1,sku5 double mutant.   

    Although all of the transformants were grown on plates and in green house until seeds were 

collected, no significant phenotype was found. 2 transformants of each construct with 

different expression levels were picked out for further investigation. 

    The primary data should be root length measurement. Root lengths of 5-day-old seedlings 

grown under constant light were measured.  
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Figure V-6. Root length of SKS overexpressors (with and without GPI anchors) 
20 seeds were sowed on 0.5MS medium and grew under constant light for 5 days after 2 days of 
stratification.  
x-axis: Overexpressor lines; y-axis: root length of overexpressors alleles/Ws %.  
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Most of the lines didn’t exhibit significant differences compared to wild type that can be 

correlated with the expression of the transgene. Although some of the overexpressors exhibit 

slightly longer roots than Ws, no phenotype relative to orientation, such as root twist, was 

found. The seed production was also normal.  

    The absence of obvious alterations of overexpressor lines made us very difficult to extract 

useful information helping further understanding of SKS1, SKS2 and SKU5 function.  

 

V-4 Overexpressors in sks1,sku5 background acquisition.   

sks1, sku5 double mutants cause severe defects in both roots and seed production, which 

phenotypes were easy to be observed. We tried to introduce the different constructs in 

pMDC83 vectors into sks1,sku5 mutant to determine which of these constructs would be able 

to complement the defects of the double mutant. The objective was also to better discriminate 

between the function of proteins exhibiting or not the GPI-anchor and to investigate whether 

the more distant SKS9 gene would be able to complement the double mutant when the SKU5 

omega domain was added. The transformation was achieved and the transformed mutants are 

under selection but it has not been yet possible to characterize these plants.   
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Conclusion and Discussion 

1. GPI in localization 

By transient overexpression, we introduced and made the SKSΔωGFP protein visible in 

tobacco leaves. Most of the fluorescence was found to be present as a thin layer in cytosol 

along the PM. But according to the SKU5 original paper, SKU5GFP with GPI anchor was 

mostly found at the PM and cell wall.  

    The distinguished localization suggests that, the PM-localization of GPI-anchored protein is 

dependent on the GPI-anchor.  

    Interestingly, the SKS without GPI anchor was not mostly secreted out of cells as other 

secreted proteins but stay in cytosol. It suggests an unclear signal or pathway to maintain 

these proteins inside of the cell.  

 

2. Co-localization of  ABP1 and SKU5/SKS 

Co-localization of fluorescent ABP1 and SKU5 by transiently expressed in tobacco leaves 

didn't provide any evidence for the potential interaction between them.  

    To extract more information, the localization of fluorescent ABP1 by transient 

overexpression in sks1,sks2,sku5 triple mutant seedlings should be analysed.  

 

3. Functional analyses by SKS overexpression 

As no phenotype was found in SKU5GFP overexpressor, it's not very surprising that no 

phenotype was found within any SKU5/SKS overexpressors.  

    It's very difficult to conclude only by these data.  

 

4. Functional analysis of GPI-anchors 

 We had expected to introduce SKU5/SKSΔGPI in sks1,sku5 background, and find out 

whether these GPI absent protein could complement the defect. But unfortunately, I didn't 

have enough time to finish this.  
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ChapterVI  Discussion and Perspectives 

In the ‘introduction’, we discussed that ABP1 was localized at the outer surface of the PM 

indirectly, and that a GPI-anchored protein named CBP1 was supposed to interact with ABP1 

and possibly to dock the protein at the PM in maize. It was hypothesized that CBP1 could act 

as a carrier helping ABP1 to reach and be positioned at the outer surface of the plasma 

membrane or to be directly part of an auxin receptor complex (Shimomura, 2006; Tromas et 

al., 2010).  

    By ‘in silico analyses’, we know that SKU5 and SKS genes are homologous genes of CBP1 

in Arabidopsis. They belong to a rather ancient gene family containing 19 members. And they 

encode proteins with conserved amino acid sequences and domains but including mutations 

impairing copper-binding and oxidase activity. SKU5, SKS1, SKS2 and SKS3 encode proteins 

with the highest similarities with CBP1. Despite the relatively high homology between the 

members, SKU5, SKS1, SKS2 are the only three members predicted to be modified at their 

C-terminus by substitution of the hydrophobic domain by a GPI anchor as CBP1, in which 

SKS1 and SKU5 were confirmed by proteomic and genomic analysis (Borner et al., 2003).  

The other members are unlikely to get this post-translational modification, but according 

to recent proteomic data that were kindly provided to us by Wojciech Majeran (ISV, protein 

maturation, cell fate and therapeuthics team), not only SKS1, SKS2, SKU5, but also SKS3 

and possibly SKS16 were found in PM enriched fractions despite the absence of C-terminus 

hydrophobic domain that could be replaced by GPI anchor (Figure 1).  
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Figure 1. SKS protein in Arabidopsis cell cultures [provided to us by Wojciech 
Majeran (ISV, protein maturation, cell fate and therapeuthics team)]. 
L: light grown; D: gark grown; Tot: total fraction; µz: microsomal fraction Golgi + 
part of ER 
Dex: dextran partitioning PM enriched; R: raft 
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These proteomic analyses were performed using Arabidopsis cell cultures where a large 

number of the SKS family are co-expressed. Importantly, the PM localization of SKU5, SKS1 

was confirmed as previously reported in proteomic approaches (Borner et al., 2003) and 

SKS2, that is also expressed, is clearly associated to PM fractions. In these cells the 

expression of SKS16 is extremely low thus making the partitioning more uncertain. 

Interestingly, SKS3 behaves to the same subfamily as SKU5, SKS1 and SKS2. As for the 

mutants of these two latter genes, sks3 mutant plants did not exhibit any significant 

phenotype. If it is confirmed, SKS3 is associated to the PM while no GPI anchor was 

predicted for this protein. Either the prediction program failed to predict such modification or 

SKS3 interact with the membrane through another mechanism that would be very interesting 

to explore. It can also be hypothesized that SKS3 without its own GPI anchor forms a dimer 

with one of the other member of the subfamily. Yeast two hybrid was not successful to 

demonstrate ABP1-CBP1 interaction but weak interaction was found between CBP1 subunits. 

Heterodimers with close relative of SKU5 might be formed. This hypothesis can be checked 

by Y2H. An alternative approach would be to develop BiFC approach in Arabidopsis cells or 

in tobacco leaves. 

The same large scale proteomic approach also revealed the partitioning of other SKS 

members in two categories. SKS5, SKS7, SKS8, SKS12, SKS17 are not associated to 

membrane fraction at all whereas SKS4, SKS9, SKS10 and SKS6 are associated to 

endomembranes, potentially golgi and/or ER. These data suggest that there are at least three 

distinct subcellular localizations for SKS members, thus reinforcing divergences within the 

family and suggesting distinct functions. 

1. Interaction between ABP1 and GPI-anchored SKS/CBP1.  

GPI-anchored SKS proteins exhibit some probabilities to interact with ABP1, but none of 

direct or indirect conclusive evidence was found from neither yeast two hybrid or sks 

mutation analysis, respectively.  

The negative results extracted from yeast two hybrid system indicated several possibilities:  

a. There is no direct interaction between ABP1 and GPI-anchored SKS/CBP1.   

Considering the CBP2, which was also identified with the same ability to bind C-terminus 

synthesized peptide of ZmABP1 (Shimomura, 2006), but was not supposed to be the ABP1 

binding protein because of its cytosolic localisation, there is a risk that CBP1  is not the true 

ABP1 binding protein and the reported interaction was an artefact.   

b. The modification of GPI anchor affects the interaction.  
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As described in the ‘introduction’, the GPI anchors might affect conformation of the whole 

protein and function of these proteins. In yeast two hybrid system, the GPI anchor had to be 

cleaved, which might affect the folding of the protein and potential its ability for binding 

ABP1.    

c. The production or conformation of ABP1 might affect the interaction.  

The conformation of ABP1 is changeable, which depends on auxin-binding,  pH or redox 

conditions (David et al., 2001; Woo et al., 2002; Bertosa et al., 2008) . In yeast nucleus where 

the potential interaction happened, the environment must be different from the ER or from the 

outer surface of plant cells where the interaction with ABP1 should happen.   Especially the 

redox conditions are often evoked as responsible for alteration of protein folding in yeast and 

we failed to detect ABP1 dimerization in Y2H.    

d. The interactions need the presentation of a third component.  

    Very recently, the identification of a series of 4 leucine-rich repeat receptor-like kinase 

proteins as interactors of ABP1 at the plasma membrane was reported in a commentary 

following the last auxin meeting in December 2012 (Strader and Nemhauser, 2013). ABP1 

and LRR-RLK might form the function receptor unit at the plasma membrane. This does not 

exclude a contribution of CBP1/SKU5/SKS1 but involves at least a third component in the 

interaction.  

    But interestingly, the dimers of SKU5 and CBP1 were found in yeast two hybrid system.  

 

The indirect evidence extracted from the study of sks1,sku5 and sks1,sks2,sku5 mutants, 

where the expression patterns of auxin response genes and critical cell cycle relative genes 

were different from alterations in ABP1 conditional loss of function, also cannot support the 

hypothetical interaction between ABP1 and these GPI-anchored proteins.  

 

To investigate a possible effect of ABP1 interaction with members of the SKU5/SKS family, 

sks1,sku5 or sks1,sks2,sku5 mutants might be nice tools to observe the localization of ABP1 

by transient assay or overexpression. As the sks1,sks2,sku5 is mainly sterilied, sks1,sku5 

should be utilized for stable overexpression. An ABP1 translational fusion might be used for 

such analyses. A line overexpressing an ABP1-GFP fusion can be crossed with the double 

mutant. An ABP1-Eos construct was also built during the thesis in this perspective, however 

the recombinant protein failed to be photoconvertible, potentially because Eos was inserted 

within the ABP1 sequence, in a flexible loop similarly to the ABP1-GFP construct (Robert et 

al., 2010). Another constraint is that to detect ABP1-GFP fusion, it was driven by a 35S 
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CaMV promoter otherwise it is too weakly expressed to be detected. Such overexpression 

might have an effect on ABP1 sub-localization.  

 

2. The redundancy of SKS1, SKS2 and SKU5 genes: 

Nearly all the results obtained by mutant crossing strongly suggest the redundancy of these 

three GPI-anchored SKS genes.  

    The additional SKS1 mutation to SKU5 mutation aggravates root phenotypes of sku5 single 

mutant whereas no significant phenotype was not found in sks1 single mutant; the additional 

SKS2 mutation in sks1,sku5 double mutant exhibits phenotypes which were neither found in 

the single sks2 mutant nor in double mutants sks1,sks2 or sks2,sku5. 

    In roots, SKU5 was expressed at a much higher level than SKS1, and SKS1 was itself 

expressed much higher than SKS2. It is likely that the SKU5 gene can compensate the absence 

of functional SKS1 and SKS2 genes , and SKS1 can only compensate the mutation of SKS2.    

In reproductive organs, these three genes were highly expressed with not so much difference. 

Defects in fertilization and seed development were exhibited only when the triple mutation 

occurred, suggesting that each gene is equally important, can replace each other and are 

redundant . The dramatic reduction in seed production that was only found in the 

sks1,sks2,sku5 triple mutant could be explained by their strong co-expression and functional 

redundancy in reproductive organs. 

    However, with a low efficient it was possible to obtain triple mutant homozygous seedlings 

that were viable and exhibited a phenotype ressembling the one of the double sks1,sku5 

mutant. Taking into account that at least a fourth member of the family, SKS3, can be found 

at the plasma membrane, it is possible that the expression and function of this protein can 

occasionally bypass the absence of the three others. Unfortunately the PM localization of this 

protein was not known at the beginning of this work and the sks3 mutant was not included in 

the genetic approach. However, sks3 mutants were only available in Columbia ecotype, thus 

complicating the analyses of plant phenotypes if combined with Ws mutants. 

    sks1,sks2,sku5 triple mutant is mostly sterile, and is very difficult to be used for crossing or 

transformation.    To investigate a possible functional redundancy with non-GPI-anchored 

members, complementary analyses in sks1,sku5 mutant should be performed by 

overexpressing non-GPI-anchored proteins exhibiting an additional C-terminal hydrophobic 

domain conducting to modification and addition of a GPI anchor. Such experiment was 

initiated, notably with SKS9 and addition of the SKU5 omega domain but unfortunately few 
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primary transformants were obtained and time was missing to select and characterize these 

plants.  

 

3. SKS1, SKS2 and SKU5 genes were mostly involved in orientation: 

All the phenotypes caused by SKS1, SKS2, SKU5 mutations strongly suggest that they are 

involved in orientation at the cellular or organ levels.  

a. sku5 mutation caused the root twist and root slanting (Sedbrook et al., 2002).  

b. sks1,sku5 mutation caused root files misorientation aggravating the root twist caused 

by SKU5 mutation.  

c. sks1,sks2,sku5 mutation caused the misorientation of female gametophyte, which 

might effect the pollen tube guidance and embryo development.  

    But how the misorientation occurs is still unclear. The alteration of cytoskeleton should be 

studied by visualizing cytoskeleton-relative proteins.  

    Considering this orientation defect, it would be also interesting to investigate whether the 

loss of function of SKU5, SKS1 and SKS2 would affect  the localization of polarly localized 

proteins, like the efflux carriers PIN proteins. These proteins are involved in the orientation of 

the flux of auxin, and play essential role in the orientation at the cellular level.  In 

collaboration with the group of J. Friml (Vienna), fluorescent PIN reporters were introduced 

in sks1,sku5 and the localization of PIN proteins is in progress by immunolabelling in the 

triple sks1,sks2,sku5  mutant. Primary data suggest that the loss of function of SKS1, SKS2 

and SKU5 affects at various degrees the polar localization or the turn-over of PIN proteins at 

the PM. If an effect on endocytosis would be confirmed, it would provide an interesting and 

unexpected link with an ABP1 and auxin dependent mechanism. More experiments will be 

required to determine whether this effect is confirmed. 

 

    The expression pattern of SKU5, SKS1, SKS2 should be interesting to be determined at the 

cellular resolution in various organs, especially for SKS2 during female gametophyte 

formation and embryonic development. It could be achieved by promoter investigation with 

transcriptional reporter or translational fusion. 

 

 

4. The functions of the other members and GPI anchors  

Nothing is known on other members of the SKS family and it would be interesting to develop 

a systematic analyses of each member. Considering the potential redundancy between 
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members, the functional analyses of the other members should be performed clade by clade 

(at phylogenetic tree). Instead of studying knock-down mutants, it would be interesting to 

knock-down several members of the family together using an RNAi or miRNA strategy.  

    No obvious phenotype alteration was found in sks3 null mutant and SKS9 overexpressors, 

no matter with or without additional GPI anchor. Nothing could be concluded by this.     

    For investigating importance of GPI anchor in these members, overexpressing SKU5, SKS1 

or SKS2 without GPI anchor in sks1,sku5 double mutant and observing whether they could 

complement the defect caused by SKS1 and SKU5 double mutation was also initiated. 

Characterization of these plants will have to be performed to evaluate the relative importance 

of the GPI-anchor and also to determine the consequence of the absence of GPI-anchor on 

protein localization. 
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