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I ching 52. Keeping still 
 
 
First line 
 
 
Keeping the toes still means 
halting before one has even 
begun to move. The  beginning is 
the time of few mistakes. At 
that time one is still in 
harmony  with primal innocence. 
Not yet influenced by obscuring 
interests and desires,  one sees 
things intuitively as they 
really are. A man who halts at 
the  beginning, so long as he 
has not yet abandoned the truth, 
finds the right way.  But 
persisting firmness is needed to 
keep one from drifting 
irresolutely 
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Abstract 
 
 
 
 
SUMOylation, the post-translational attachment of SUMO (Small Ubiquitin-like 

Modifier) to a substrate protein, regulates the activity of several proteins involved in 

critical cellular processes like cell division and transcriptional regulation.  SUMO is 

subsequently removed from substrates by SUMO-specific proteases, making this 

modification reversible.  In plants, SUMOylation has been implicated in several 

physiological responses and flowering time control.  ESD4 (Early in Short Days 4) 

encodes a SUMO-specific protease that prevents the accumulation of SUMO-conjugates 

in Arabidopsis.  The esd4-1 mutant shows a very early flowering phenotype as well as 

several shoot developmental distortions suggesting an important role of SUMOylation in 

the regulation of plant development.  To investigate the role of SUMOylation in 

flowering time control a suppressor screen of esd4 was performed.  120 independent 

suppressors of esd4 (sed) were isolated and 15 of them further characterized.  The 

SUMO-conjugate levels of these seds are more similar to those of esd4-1 than to the wild 

type.  Rough map positions for five of these sed mutants were established using classical 

genetic methods, and combined with Next Generation Sequencing sed111-1 was fine-

mapped to a region of chromosome I that contains only six candidate genes.  In a 

different study, SUMOylation of SHORT VEGETATIVE PHASE (SVP) was assessed 

and SUMO attachment lysines were determined using E. coli strains that recapitulate the 

SUMO conjugation pathway. SVP interacts with FLOWERING LOCUS C (FLC) to 

form a strong floral repressor complex. To study the role of SUMOylation in SVP 

function, an svp-null mutant (svp-41) was transformed with constructs aiming to 

hyperSUMOylate (translational fusions with SUMO or AtSCE) or hypoSUMOylate 

(mutations in the putative SUMO-attachment sites) the SVP protein in transgenic plants. 

Mutant phenotypes caused by these constructs are discussed. 
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Zusammenfassung 
 

SUMOylierung ist eine post translationale Proteinmodifikation, in der an das Substrat 

kovalent ein oder mehrere SUMO (Small Ubiquitin-like Modifier) gebunden werden.  Sie 

kontrolliert die Aktivität verschiedener Proteine, die in kritische zelluläre Prozesse, wie 

Zellteilung und Transkriptionsregulation, involviert sind.  Die kovalente Bindung von 

SUMO an das Substrat kann von SUMO-spezifischen Proteasen gespalten werden, 

wodurch diese Modifikation reversibel ist.  In Pflanzen wurde gezeigt, dass die 

SUMOylierung in verschiedenen physiologischen Antworten und in der Kontrolle des 

Blühzeitpunkts involviert ist.  Das Gen ESD4 (Early in Short Days 4) kodiert eine 

SUMO-spezifische Protease, die die Akkumulation von SUMO-Konjugaten in 

Arabidopsis verhindert.  Die esd4-1 Mutante zeigt einen sehr früh blühenden Phänotypus, 

sowie Störungen in der Sprossentwicklung, was auf eine wichtige Rolle der 

SUMOylierung in der Pflanzenentwicklung schließen lässt.  Um die Rolle der 

SUMOylierung in der Kontrolle des Blühzeitpunkts zu untersuchen wurde ein suppressor 

screen von esd4 durchgeführt.  120 unabhängige Suppressoren von esd4 (sed) konnten 

isoliert werden, wovon 15 weiter charakterisiert wurden.  Die SUMO-Konjugat-

Konzentrationen dieser seds waren denen von esd4-1 ähnlicher als denen des Wildtyps.  5 

dieser sed-Mutanten wurden mit klassischen genetischen Methoden grob lokalisiert. 

Außerdem wurde die Mutation von sed111-1 mit Next Generation Sequencing Methoden 

auf eine Region im Chromosom 1 eingeschränkt, die nur sechs Kandidatengene enthält.  

In einer weiteren Studie wurde die SUMOylierung von SHORT VEGETATIVE PHASE 

(SVP) gezeigt und mittels E. coli Stämmen, die den SUMO-Konjugations-Weg 

rekapitulieren, Lysine in SUMO-Bindungsstellen von SVP identifiziert.  SVP bildet 

durch die Interaktion mit FLOWERING LOCUS C (FLC) einen starken 

Blührepressorkomplex.  Um die Rolle von SUMOylierung in der SVD-Funktion zu 

untersuchen, wurde eine svp-null Mutante (svp-41) mit genetischen Konstrukten 

transformiert: Durch translationale Fusion mit SUMO bzw.  AtSCE wurde zum einen 

hyperSUMOylierung des SVP-Proteins in den transgenen Pflanzen bewirkt. Während 

zum anderen die Mutation der putativen SUMO-Bindestellen in einer 
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hypoSUMOylierung des SVP-Proteins resultierte.  Die Phänotypen dieser genetischen 

Konstrukte werden in dieser Arbeit diskutiert. 
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1.1 Post-translational modifications 
 
Plants are sessile organisms that must promptly respond to challenging external 

stimuli in order to survive.  These stimuli are integrated by intricate hierarchical 

genetic networks that are controlled by a limited number of genes (Carrera et al. 

2009).  Despite the limited number of these genes the protein diversity they encode is 

larger, sometimes by orders of magnitude (Walsh et al. 2005).  This diversity is 

generated by mechanisms that act at different molecular levels, including post-

transcriptional mechanisms such as alternative transcriptional initiation and mRNA 

splicing; translational mechanisms, like alternative translational initiation which affect 

the identity of the protein; and finally, by post-translational regulation or post-

translational modifications (PTM), which are an efficient way to modulate the 

function of a protein, its stability, its protein partners or its cellular location (Peck 

2005; Walsh et al. 2005). 

 

PTM consist of the chemical modifications to substrate proteins and include the 

addition of smaller chemical groups, carbohydrates, lipids and other small 

polypeptides (Peck 2005).  PTM can affect the activity, stability and localization of 

the target protein and have a direct impact on protein function and potential protein-

protein interactions (Johnson 2004; Walsh et al. 2005).  PTMs are also an effective 

and relatively energy efficient way to alter protein function and therefore are 

commonly used by independent cellular processes to provide a fine and fast 

modulation of protein function (Matafora et al. 2009).  

 

The amino acid lysine (Lys) is target for many different post-translational 

modifications like methylation, acetylation, hydroxylation, ubiquitination and the 

addition of several ubiquitin-like proteins including SUMO (Small Ubiquitin-related 

MOdifier)(Seo and Lee 2004; Walsh et al. 2005; Jadhav and Wooten 2009).  

Methylation involves the addition of one or multiple methyl groups by the action of 

Methyltransferases, the addition of this group increases the hydrophobicity of the 

bearing Lysine (and protein) (Walsh et al. 2005).  Acetylation changes the charge 

distribution on Lys side chains and has been implicated in blocking the availability of 

the Lys to other PTM, like Ubiquitination or SUMOylation, having in this way a 

direct impact on the proteins half-life and/or function (Walsh et al. 2005; Wu and 
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Chiang 2009).  Hydroxylation is a type of oxidation which is mediated by enzymes, 

this is the only non-reversible modification (Walsh et al. 2005; Jadhav and Wooten 

2009).  In contrast to the previous modifications, where a chemical group is added, 

Ubiquitination and SUMOylation consist of the addition of small proteins (Ubiquitin 

or SUMO, respectively) to the substrate protein (Hershko and Ciechanover 1992; 

Matunis et al. 1996).  Ubiquitin is a protein of around 76 amino acids whose most 

conspicuous effect is the turnover of proteins by the proteosome, however it is also 

involved in targeting proteins to subcellular regions, modulating enzymatic activity 

and protein-protein interactions (Ikeda and Dikic 2008).  SUMO, on the other hand, is 

a protein of around 100 amino acids and has been more related with the establishment 

of protein-protein interactions and targeting of the substrate protein to the nucleus 

(Johnson 2004). 

 
 
1.1.1 Molecular mechanism of SUMOylation 

 

SUMOylation is a reversible post-translational modification process that involves the 

covalent attachment of SUMO to a target protein (Matunis et al. 1996; Mahajan et al. 

1997).  SUMO presents a very similar three-dimensional structure to Ubiquitin 

although they share only 18% amino acid sequence identity (Bayer et al. 1998).  In 

contrast to Ubiquitin, SUMO presents a highly flexible protruding amino terminal tail 

consisting of around 15 residues (Bayer et al. 1998).  This N-terminal tail might be 

involved in the formation of oligomeric SUMO chains (Tatham et al. 2001).  

 

SUMO conjugation involves three enzymatic reactions very similar to those 

performed during the Ubiquitylation process (Johnson 2004).  They are referred to as 

activation, conjugation and ligation or E1, E2 and E3, respectively.  During SUMO-

Activation a high energy thiolester bond is formed between a cysteine, located in the 

active site of the Activating enzyme (SAE), and the carboxyl group of the terminal 

glycine of SUMO.  This high energy bond is necessary for the interaction between 

SUMO and the Conjugating enzyme (SCE) that, by a transesterification reaction, 

forms a thiolester bond between the active SUMO and a cysteine residue in the SCE.  

Afterwards, the conjugating enzyme and a SUMO-ligase transfer SUMO to a lysine 

residue in the target protein (Johnson 2004).  This lysine residue is usually located 
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within a highly conserved motif called the SUMO-attachment motif (ΨKxE/D;  where 

Ψ is a hydrophobic amino acid, K is a lysine, x any amino acid and E or D are acidic 

amino acids) (Rodriguez et al. 2001) (Figure 1).  

 

Like Ubiquitin, SUMO is synthesized as a precursor that requires a maturation step to 

expose a di-glycine motif necessary for the conjugation.  The maturation as well as 

the removal of SUMO from conjugates is performed by SUMO-specific proteases 

also known as Ubiquitin Like specific Proteases (ULP) (Li and Hochstrasser 1999). 

 

Figure 1. SUMO cycle. SUMO is encoded as a precursor that requires the removal 
of a carboxy terminal extension (processing or maturation) to expose the mature Gly-
Gly C terminus motif required for the interaction with the downstream enzymes. The 
SUMO cycle comprises of three enzymatic steps consisting of the Activation (E1), 
Conjugation (E2) and Ligation (E3) reactions.  SUMO is attached to Lysines that form 
part of what is known as the SUMO-attachment motif within the protein target.  The 
maturation and deconjugation steps are performed by SUMO-specific proteases (see 
text for details). 
 
 
1.1.1.1 SUMO Activating Enzyme (E1) 
 

The SUMO-activating enzyme (SAE) or E1 is a heterodimeric enzyme composed of a 

large subunit (SAE2) and a small subunit (SAE1)(Dohmen et al. 1995; Desterro et al. 

1999).  The SAE heterodimer is very similar to Ubiquitin E1 monomer, the SAE1 
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resembles the N-terminal part of the Ubiquitin E1 while the SAE2 resembles the C-

terminal part where the catalytic cysteine is found (Dohmen et al. 1995; Desterro et al. 

1999).  SAE1 contains only a single domain, which seems to participate in the 

adenylation of SUMO.  The SAE2 subunit contains three domains, the adenylation 

domain, the catalytic Cys domain and the Ubiquitin Fold Domain (UFD) localized at 

the C-terminal region where also a Nuclear Localization Signal (NLS) can be found 

(Dohmen et al. 1995; Lois and Lima 2005).  The adenylation domain is necessary for 

the recognition of the SUMO C-terminal part and the subsequent formation of an 

adenylate in an ATP dependent process.  The catalytic cysteine domain attacks the 

adenylated SUMO C-terminus forming a high energy thiolester bond necessary for 

the subsequent transfer of SUMO to the SUMO Conjugating Enzyme (Lois and Lima 

2005).  The UFD serves as a surface interaction with the SUMO Conjugating Enzyme 

(SCE)(Wang et al. 2010).   

 
 
1.1.1.2 SUMO Conjugating Enzyme (E2) 
 

The SUMO Conjugating Enzyme (SCE) or E2 in mammals is a single domain 

structure composed of four-stranded antiparallel beta-sheet forming the core, 

surrounded by four alpha helices at both ends (Tong et al. 1997).  The SCE presents a 

Cysteine in its active site or catalytic domain which interacts with the SUMO C-

terminal Glycine residue to form an intermediate covalent thioester bond (Reverter 

and Lima 2005).  The SCE active site is surrounded by a negative patch that interacts 

with the tetrapeptide motif (ΨKxE/D) in the substrate protein (Bernier-Villamor et al. 

2002; Tatham et al. 2003), however, variations of this consensus sequence have been 

reported indicating that this is not a required interacting surface.  The SCE enzyme 

interacts also non-covalently with the SUMO and the SAE.  The non-covalent SCE-

SUMO interaction takes place on the opposite side of the catalytic domain of the 

SCE, while the interaction SCE-SAE, involves interacting interfaces located around 

the Cys-active sites from both enzymes which are important to transfer the activated 

SUMO (Knipscheer et al. 2007; Capili and Lima 2007; Duda et al. 2007; Wang et al. 

2007).  Interestingly, there is only one encoded SCE in all the organisms analyzed, 

including yeast, invertebrates, mammals and plants (Johnson and Blobel 1997; 

Johnson 2004; Kurepa et al. 2003). 



INTRODUCTION 

5 

SUMO consensus motifs and variations 
 

SUMO consensus motifs are a set of amino acids that surround the SUMO-attachment 

lysine. These motifs provide an interacting surface for the E2 improving the protein 

substrate-E2 interaction as well as SUMO transfer (Bernier-Villamor et al. 2002).  

SUMO consensus motifs consist of the target lysine residue, a hydrophobic amino 

acid Ψ,  any amino acid (x) and an acidic amino acid E or D (ΨKxE/D) (Rodriguez et 

al. 2001).  Different studies have identified variations of this SUMO consensus motif 

including the inverted SUMOylation consensus motif (ED)xK(VILFP), hydrophobic 

cluster motif (ΨΨΨKxE), phosphorylation-dependent SUMOylation motif (PDSM, 

ΨKxExxSP) and negatively charged amino acid-dependent SUMO motif (NDSM, 

ΨKxExxEEEE) (Matic et al. 2010; Yang et al. 2006; Hietakangas et al. 2006).  

Apparently acidic residues enhance the interaction between the substrate and the E2, 

while phosphorylation sites can functionally substitute for acidic residues (Yang et al. 

2006). 

 

SUMO-interacting motifs 
 

SUMO Interacting Motifs or SIMs are short-stretches of hydrophobic amino acids 

((V/I/L)-X-(V/I/L)-(V/I/L)) that allow non-covalent interactions between SUMO and 

SIM-containing proteins (Song et al. 2004; Kerscher 2007).  The hydrophobic core of 

the SIM forms an extended β-strand configuration which becomes inserted into a 

hydrophobic groove between the α1-helix and a β2-strand in SUMO, this SIM β-

strand can be bound in a parallel or antiparallel manner with respect to the β2-strand 

in SUMO (Kerscher 2007).  SIMs are sometimes followed or preceded by a stretch of 

acidic amino acids that interact with a basic patch in the E2 surface and which 

probably determine the polarity of SIM-SUMO interaction (Gareau and Lima 2010).  

SIMs exist in the majority of the proteins involved in SUMO-dependent processes, 

including SUMO cycle enzymes, SUMO-substrates, SUMO-binding proteins and 

SUMO-targeted ubiquitin ligases (Song et al. 2004; Gareau and Lima 2010).  Some 

SIM are followed by a patch of Serine residues that can be phosphorylated, these 

SIMs are called phospho-SIMs.  When these Serines are phosphorylated they can 

mimic acidic amino acids enhancing the interactions with the E2 by extending the 

interaction surface (Gareau and Lima 2010).  Remarkably, SIMs are commonly 
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observed in SUMO E3 ligases, and the deletion of the SIM may result in a decreased 

activity of the protein (Reverter and Lima 2005; Gareau and Lima 2010)  

 

1.1.1.3 SUMO Ligases (E3) 
 

SUMO Ligases or E3 are proteins that interact with the SUMO conjugating enzyme 

E2, and facilitate SUMO transfer to the protein substrate enhancing SUMOylation 

(Johnson 2004).  E3 facilitates SUMOylation by one of two mechanisms, they can act 

as scaffold proteins allowing the interaction of the E2-SUMO thioester with the 

substrate or they can act as enhancers that help to position the E2-SUMO thioester 

and the target protein in a way that promotes SUMO transfer (Wilkinson and Henley 

2010; Gareau and Lima 2010).  It has been proposed that the E3 might be required to 

SUMOylate substrates that do not contain a consensus motif or to participate in the 

control of target specificity.  At least three types of SUMO E3 ligases have been 

identified: PIAS family (protein inhibitor of activated STAT, with divergent RING-

like motif), RanBP2 (nuclear pore complex (NPC)-associated protein with zinc finger 

domains) and Pc2 (polycomb group protein) (Johnson 2004).   

 

PIAS family 

Protein Inhibitor of Activated STAT or PIAS are proteins that share a conserved N- 

terminal domain of around 400 amino acids (Johnson 2004).  This N-terminal domain 

contains four conserved structural motifs: a SAP (acronym derived from the scaffold 

attachment factor SAFA/B, ACINUS and PIAS proteins) motif involved in the 

interaction with DNA and chromatin in nuclear microdomains; a PINIT (for Pro-

Ile_Asn_Ile_Thr) motif which in conjunction with the RING finger of the SP-RING 

zinc finger motif forms a functional module with E3 ligase activity; an SP-RING zinc 

finger motif similar to those found in ubiquitin E3 ligases; and a SIM, SXS, motif 

which interacts non-covalently with SUMO (Johnson 2004; Sharrocks 2006; Cheong 

et al. 2010).  PIAS work as transcriptional co-regulators with activating or repressive 

effects, depending on the target gene and/or interacting transcriptional regulator 

(Sharrocks 2006).  PIAS proteins are highly conserved and are present in yeast (Siz1, 

Siz2), humans (PIAS1, PIAS3, PIASXa, PIASXb and PIASy) and plants (AtSIZ1) 

(Johnson 2004; Sharrocks 2006; Cheong et al. 2010).  PIAS, as an E3 SUMO ligase, 

enhances the interactions between the E2-SCE and the substrate protein.  PIAS 
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proteins seem to also perform functions that are independent of their SUMO ligase 

activity (Johnson 2004; Sharrocks 2006; Cheong et al. 2010).  

 

RanBP2 

RanBP2 is the major component of the cytoplasmic filaments of the nuclear pore 

complex and a SUMO E3 ligase protein (Johnson 2004).  The SUMO E3 ligase 

domain of RanBP2 consists of two repeats of around 50 amino acids each called 

internal repeat (IR) domain(s), which have not been found in any other protein 

(Johnson 2004).  The RanBP2 IR domains can interact with the SUMOylated version 

of RanGAP1.  RanGAP1 is the GTPase-activating protein for Ran, a nuclear Ras-like 

GTPase involved in nucleocytoplasmic transport of proteins and ribonucleoproteins. 

RanBP2, the SUMO1- RanGAP1 and Ubc9/E2 form a ternary complex that plays an 

important role in nuclear trafficking (Matunis et al. 1996).   

 

Pc2 

Some Polycomb group (PcG) proteins are evolutionarily conserved in animals and 

plants.  PcG form large multimeric complexes involved in the remodeling and 

maintenance of the chromatin state by the methylation of histones, inducing an 

epigenetic gene silencing effect.  Pc2 is a component of one of the two known PcG 

repressor complexes, the PRC1.  Pc2 establishes an association between the 

transcriptional corepressor CtBP (C-terminal Binding Protein) and the PcG bodies.  

Pc2 can also interact with SUMO and the E2 functioning as a scaffold facilitating 

CtBP SUMOylation (Wilkinson & Henley 2010). 

 

1.1.1.4 SUMO Proteases 
 

SUMO proteases are enzymes that participate in the regulation of the SUMO-

conjugated protein levels in the cell by performing two main functions, maturation of 

the SUMO precursor by a C-terminal hydrolase activity (processing) and SUMO 

deconjugation from the substrates by an isopeptidase activity (deconjugation) (Li and 

Hochstrasser 2003).  SUMO maturation consists of the removal of a stretch of 

carboxyl terminal amino acids in the SUMO-precursor to expose a di-glycine motif 

necessary for the interaction with the downstream enzymes required for SUMOylation 

(Johnson 2004).  SUMO deconjugation consists of the removal of SUMO from the 
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protein substrate by hydrolysis of the isopeptide bond between SUMO and the protein 

substrate (Johnson 2004). 

 

SUMO proteases present a variable N-terminal domain and a conserved C-terminal 

domain of around 200 amino acids.  The N-terminal domain has been shown to be a 

determinant for cellular localization and substrate specificity (Li and Hochstrasser 

2003).  The C-terminal domain is highly conserved among the SUMO proteases, it 

contains the catalytic triad His-Asp-Cys which classifies them as the family of Cys48 

cysteine proteases of the clan CE (Drag and Salvesen 2008).  CE Cysteine proteases 

active site forms a cleft that binds to the C-terminal domain of SUMO and cuts after a 

di-glycine sequence, making these proteases one of the most specialized ones (Drag 

and Salvesen 2008). 

 

SUMO proteases have a strong impact on many functions within a cell, and therefore 

its expression and activity are tightly regulated (Mukhopadhyay and Dasso 2007; Kim 

and Baek 2009; Xu et al. 2009).  Some of these mechanisms occur at the 

transcriptional level and appear to be crucial for normal cell function as the alteration 

of expression of SENP is observed in several carcinomas (Bawa-Khalfe and Yeh 

2010).  Other mechanisms of regulation act at the protein level like the subcellular 

localization directed by intrinsic protein sequences localized at the N-terminal region 

(Li and Hochstrasser 2003), or protein modifications.  For example, oxidative stress 

inactivates the active site of the SUMO protease (Xu et al. 2009).  On the other hand, 

SUMO itself can regulate the action of SUMO-proteases in mammals and plants.  In 

this case, the amino acids that are located before and after the di-glycine motif in 

SUMO, which vary among the different SUMO paralogs, affect the affinity of the 

SUMO proteases for SUMO and therefore influence the maturation efficiency (Colby 

et al. 2006; Xu et al. 2009). 

 

Yeast present two SUMO proteases or Ubiquitin-like proteases, Ulp1 and Ulp2.  Ulp1 

is localized at the Nuclear Pore Complex (NPC) and performs important roles in 

nuclear-cytoplasmic trafficking (Li and Hochstrasser 1999; Li and Hochstrasser 

2003).  Ulp2 is localized at the nucleoplasm and seems to be more important for 

deconjugation and SUMO-chain disassembly (Li and Hochstrasser 1999; Li and 
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Hochstrasser 2000; Li and Hochstrasser 2003).  In mammals, the SUMO protease 

family is comprised of six members (SENP1-3, SENP5-7)(Kim and Baek 2009).  

SENP1 localizes at the nucleoplasm, SENP2 to the nuclear side of the NPC, SENP3 

localizes at the nucleolus and SENP6 localizes predominantly to the cytoplasm (Kim 

and Baek 2009).  Arabidopsis is predicted to present several potential SUMO 

proteases, until now four have been functionally characterized ESD4-LIKE SUMO 

PROTEASE 1 (ELS1, alternatively called AtULP1a), Early in Short Days 4 (ESD4), 

Overly Tolerant to Salt 1 (OTS1 or AtULP1d) and Overly Tolerant to Salt 2 (OTS2 

or AtULP1c) (Murtas et al. 2003; Conti et al. 2008; Lois 2010; Hermkes et al. 2011).  

ELS1 is localized in the cytoplasm, ESD4 is localized at the periphery of the nuclear 

envelope, while OTS1 and OTS2 are localized in the nucleoplasm (Murtas et al. 2003; 

Conti et al. 2008; Lois 2010; Hermkes et al. 2011). 

 

Analysis of the evolutionary relationships of the active site-protease domain, also 

referred to as Ulp-Domain (UD) of the SUMO proteases classifies them into two big 

evolutionarily related groups, the ULP1-like and Ulp2-like, these two groups share 

similar active site organization and cellular distributions (Li and Hochstrasser 2000; 

Mukhopadhyay and Dasso 2007).  The mammal SUMO-proteases grouped into the 

Ulp1-like branch consisted of SENP1-3 and SENP5 and the Ulp2 branch comprises 

SENP6 and SENP7 (Mukhopadhyay and Dasso 2007).  In Arabidopsis all the 

characterized SUMO proteases, namely ELS1, ESD4, OTS1 and OTS2, are members 

of the ULP1 type group (Murtas et al. 2003; Conti et al. 2008; Lois 2010; Hermkes, 

Fu, et al. 2011). 

 

1.1.1.5 SUMO isoforms 
 

SUMO is a small protein that forms part of the superfamily of ubiquitin-like 

modifiers.  Like Ubiquitin, SUMO is conjugated in three enzymatic steps: activation 

(E1), Conjugation (E2) and Ligation (E3) (Johnson and Hochstrasser 1997).  SUMO 

shares only 18% of sequence identity with Ubiquitin, but presents a highly similar 

three-dimensional structure characterized by a ββαββαβ fold, the so called Ubiquitin-

fold (Bayer et al. 1998).  The ubiquitin fold, also known as β–GRASP motif (β–Golgi 

reassembly stacking protein motif), is a characteristic globular and compact three-



INTRODUCTION 

10 

dimensional structure that can be found among functionally unrelated proteins 

(Orengo et al. 1994). 

 

There are two main features that distinguish SUMO from ubiquitin: the presence of an 

amino-terminal tail in SUMO and a distinct surface charge distribution (Bayer et al. 

1998).  The amino-terminal tail is a highly flexible appendix containing around 20 

amino acids (Bayer et al. 1998).  This tail extends out from the globular core of the 

protein and has been related to the formation of poly-SUMO chains and might also 

provide an interacting surface to guide SUMO-specific protein-protein interactions 

(Bayer et al. 1998; Tatham et al. 2001).  

 

The surface charge distribution on SUMO is mostly conserved among all human 

SUMO proteins and SMT3 in yeast (Bayer et al. 1998; Huang et al. 2004).  These 

zones provide the surfaces for the interaction with the SUMO modifying enzymes 

(Liu et al. 1999; Huang et al. 2004).  SUMO presents different charge surfaces, a 

mostly negative surface formed by four negatively charged amino acids and a positive 

surface provided by a conserved lysine, and a negative pocket at the junction of the 

tail and the globular core body of the protein (Bayer et al. 1998; Huang et al. 2004).  

The positive and negative surfaces are opposite to each other and have been shown to 

interact with the SUMO conjugating enzyme Ubc9 (Bayer et al. 1998; Liu et al. 1999; 

Tatham et al. 2003; Huang et al. 2004).  Finally SUMO presents a small flexible C-

terminal region where the glycines necessary for conjugation are located. This region 

is recognized by SUMO proteases as the crystal structure of yeast Ulp1-SMT3 

revealed (Mossessova and Lima 2000). SUMO dynamics depend on several factors 

like: rates of SUMO conjugation and deconjugation, substrate function and 

biochemical properties and the used SUMO-isoform (Ayaydin and Dasso 2004). 

 

Yeast contains a single SUMO, Smt3p (budding yeast) and pmt3 (fission yeast). 

Mammals present four SUMO isoforms, SUMO1-4 (Ayaydin and Dasso 2004).  

Plants have nine SUMO genes but only four are expressed (Kurepa et al. 2003; 

Saracco et al. 2007; van den Burg et al. 2010). 

 

In mammals, SUMO1 is the most commonly expressed and conjugated isoform. It 

localizes at the nuclear envelope and to the nucleolus and within cytosolic dots 
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(Ayaydin and Dasso 2004).  SUMO 2/3 are 96% identical, both are distributed 

throughout the nucleoplasm and can form polymeric chains (Ayaydin and Dasso 

2004).  SUMO4 is expressed only in the kidneys, spleen and lymph nodes (Wilkinson 

and Henley 2010).  Mammalian SUMO paralogues are functionally distinct and 

specifically regulated in vivo (Ayaydin and Dasso 2004).  Interestingly, the SUMO 

dynamics vary among substrates, SUMO2/3 are more rapidly deconjugated than 

SUMO1, which also coincides with a relatively larger free pool of SUMO2/3 

(Ayaydin and Dasso 2004).  SUMO2/3 can be readily conjugated to target proteins in 

reaction to stress stimuli (Johnson 2004). 

 

In Arabidopsis nine SUMO genes have been described (SUMO 1 to SUMO 9), where 

SUMO 9 is more likely to be a pseudogene (Kurepa et al. 2003).  Until now only 

SUM1-3 and SUM5 have been shown to encode for a functional mRNA (Kurepa et 

al. 2003; Saracco et al. 2007; van den Burg et al. 2010).  All SUMOs present a very 

similar two intron/ three exon structure, with the exception of SUMO 5 (which only 

presents the second intron) suggesting a common-ancestor origin and a recent tandem 

duplication (Kurepa et al. 2003).  In comparison to SUMO1, SUMO2 share 89% 

protein sequence identity, while SUMO3 shares a 48% and SUMO5 35% (Colby et al. 

2006; Budhiraja, Hermkes, et al. 2009). 

 

SUMO-chains 
 

SUMO, like Ubiquitin, can be attached to its protein substrate one or multiple times as 

a monomer, or multiple times as a polymer (Ulrich 2008).  The SUMO chain 

formation is proposed to be mediated by the E2 (Capili and Lima 2007).  The 

E2/Ubc9 can interact covalently and non-covalently with SUMO, the SUMO-Ubc9 

non-covalent interaction is via a SIM motif which is localized at the opposite side of 

the active site (Capili and Lima 2007).  It is likely that an Ubc9 homodimer forms 

where one protein would perform the SUMO activation while the other would 

position the SUMO as a target to form the SUMO chain (Capili and Lima 2007).   

 

The SUMO-attachment sites probed until now are localized within the unstructured 

N-terminal tail. Interestingly, these SUMO-attachment sites vary in number and 

localization among the different SUMO paralogs (Ulrich 2008).  In mammals, only 
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the SUMO2/3 paralogs can form poly-SUMO chains while the SUMO1 can not 

(Matic et al. 2008; Wilkinson and Henley 2010).  A similar scenario has been reported 

for Arabidopsis where SUMO1/2 form polymeric chains but neither SUMO3 nor 

SUMO5 (van den Burg et al. 2010; Lois 2010).  The SUMO paralogs that are unable 

or inefficient at forming chains may act as terminators of SUMO chains (Denuc and 

Marfany 2010). 

 

Substrate modification by poly-SUMO chains have different consequences than 

mono-SUMO modification.  In Yeast, the attachment of poly-SUMO chains serves as 

a signal for protein degradation (Uzunova et al. 2007).  Another level of complexity 

remains to be explored, the possibility of the formation of polymeric chains based on 

different SUMO-attachment lysines, this remains to be explored.  This phenomenon 

has been reported for Ubiquitin where identity of the linkage formation of Ubiquitin 

chains has a direct impact on the targeted protein, for instance if the polyubiquitin 

chain is linked via the K48 the protein is targeted for degradation by the 26S 

proteosome, while the consequences of the formation of polymeric chains based on 

the other six lysines in the Ubiquitin promote different effects (Ikeda and Dikic 2008). 

 

SUMO-targeted ubiquitin ligases (STUbLs) 
 

SUMO-targeted ubiquitin ligases (STUbLs) are ubiquitin-ligases that present several 

SUMO-interaction motifs in their sequence, these SIMs interact with the poly-SUMO 

chains in their targets (Uzunova et al. 2007; Miteva et al. 2010).  STUbLs target a 

SUMO substrate for degradation establishing in this way a link between the 

ubiquitylation and SUMOylation processes, and also demostrating that SUMOylation 

can function as a signal for degradation by the proteosome (Uzunova et al. 2007). 

 

SUMO-like domains 
 

SUMO-like domains are three-dimensional β–GRASP fold structures similar to 

SUMO despite a very low sequence identity (Novatchkova et al. 2005).  These 

domains are proposed to act as molecular mimics of SUMO and share its non-

covalent interactions with a subset of SUMO pathway enzymes that contain SIMs 

(Prudden et al. 2009).  These SUMO-like domains are part of multidomain proteins 
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involved in different processes (Novatchkova et al. 2005). 

 

1.1.1.6 SUMOylation and other Post-translational Modifications crosstalk 
 

SUMOylation can be induced or inhibited by other PTM that occur on the same target 

protein.  These PTM include phosphorylation, acetylation and Ubiquitination.   

 

Phosphorylation can either inhibit or induce SUMOylation.  For example, 

phosphorylation induces SUMOylation on phosphorylation-dependent SUMOylation 

motifs or PDSM (Hietakangas et al. 2006; Mohideen et al. 2009).  In PDSM the 

conventional consensus motif is followed by a serine and a proline residues which are 

target of phosphorylation (Hietakangas et al. 2006).  The phosphorylation serine and 

proline provide a negative charge that enhances the interaction with some positive or 

basic patches in the SCE, increasing the levels of SUMO conjugation of the substrate 

(Hietakangas et al. 2006; Mohideen et al. 2009).  This motif is present in proteins 

such as heat-shock factors (HSFs) and myocyte enhancer factor 2 (MEF2) 

(Hietakangas et al. 2006; Mohideen et al. 2009).  In addition, phosphorylation of a 

substrate may lead to its re-localization or conformational changes that expose the 

SUMO attachment sites (Gareau and Lima 2010).   

 

Acetylation establishes a complex crosstalk with SUMOylation during the control of 

gene expression.  One example of this mechanism is the control of p53, a tumor 

suppressor and transcriptional regulator in mammals.  p53 presents three lysine 

residues at its C-terminal end that are targets of acetylation and SUMOylation.  

Acetylation of these lysines enhances p53 binding to consensus DNA sites that are 

otherwise scarcely bound by unmodified p53.  On the other hand, SUMOylation can 

activate or repress the transcriptional activity of p53 depending on the promoter 

context or cellular type.  Interestingly, a recent report showed that SUMO-1 itself can 

be acetylated in a region that, according to the authors, resembles the acetylated site in 

the C-terminal region of p53, and that this SUMO-1 acetylation form can modify the 

p53 transcriptional program favouring apoptosis (Cheema et al. 2010). 
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Ubiquitination can compete for the same lysine residues with SUMOylation or act as 

a second PTM that targets the substrate to degradation (Wilkinson and Henley 2010).  

The crosstalk between SUMO and ubiquitin pathways was uncovered by the 

discovery of a conserved family of RING finger ubiquitin ligases, afterwards named 

SUMO-targeted ubiquitin ligases (STUbLs).  These ligases exhibit several SUMO 

interaction motifs or SIMs that recognize their SUMOylated targets and target them 

for degradation (Miteva et al. 2010). 

 
SUMO is also a target for PTM like phosphorylation  or acetylation (Matic et al. 

2008; Cheema et al. 2010).  The functional consequences of these modifications 

remain to be further explored but open a new and intriguing level of regulation in the 

SUMOylation process. 

 

1.1.1.7 Molecular effects of SUMOylation  
 

The effects that the attachment of SUMO has on a substrate protein are very variable.  

SUMOylation may affect protein stability, localization or activity (Johnson 2004). 

The first reported effect of SUMOylation on a protein substrate function was the 

localization in distinct subcellular domains of RanGAP1 (Matunis et al. 1996).  Other 

effects were later identified by characterizing the effects of SUMOylation on diverse 

proteins.  

 

SUMO can act as a molecular “glue” by providing an extra interacting surface that 

allows recruitment of new interacting proteins.  An example of this mechanism is 

provided by PML (Promyelocytic leukemia protein), a tumor suppressor protein in 

humans (Johnson 2004).  PML is modified by SUMO at three distinct Lysines, PML 

SUMO modification is necessary for the formation of morphologically normal nuclear 

bodies (NB) (Johnson 2004).  NB are dynamic molecular reservoirs that control the 

availability of certain transcription factors to active chromatin domains (Johnson 

2004). 

 

SUMO may also act as a steric hindrance modification or shield for protein 

interaction motifs or surfaces.  For example, the SUMOylation of the Ubiquitin 

Conjugating enzyme E2-25k impedes its interaction with the E1-Ubiquitin enzyme 
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(Wilkinson and Henley 2010). 

 

SUMOylation can lead to a conformational change in the target substrate.  A clear 

example of this mechanism is presented by TDG (thymine-DNA glycosylase).  TDG 

is a protein involved in the recognition and removal of mismatched bases in DNA.  

Once TDG removes the mismatched base it remains attached to the DNA with a high 

affinity, SUMOylation of TDG helps to decrease this TDG-DNA affinity by inducing 

a conformational change in TDG, which is mediated by the interaction of the SUMO 

and a SIM in the same TDG protein.  The removal of SUMO from TDG by SUMO 

proteases reconstitute TDG to its functional state for a new round of activity (Johnson 

2004). 

 

1.1.1.8 SUMOylation and Transcription Factor regulation 
 

The majority of the reported SUMO substrates are Transcription Factors (TF).  In 

addition, a large number of other transcriptional regulators are also targets of 

SUMOylation, suggesting a link between SUMO and the regulation of gene 

expression (Gill 2005).  The effects of SUMOylation on the TF function are mostly 

related to inhibition of TF activity or the promotion of TF repressor function.  

SUMOylation can regulate the activity of a transcription factor by different 

mechanisms, for example, competing with other PTM for the same lysine residue, 

impeding the interaction with other proteins or the DNA or allowing new interactions 

that are established based on the interaction surface of SUMO (Gill 2005).  SUMO 

can establish protein-protein interactions with co-repressors like histone deacetylases 

(HDACs), which remove acetyl groups from the DNA correlating with transcriptional 

repression, or with PcG proteins, which regulate gene expression through chromatin 

remodeling (Garcia-Dominguez and Reyes 2009).  Interestingly, the SUMO-

attachment site was previously identified as a repressor domain in some transcription 

factors (Gill 2005). 

 

SUMOylation takes place on lysines that can also be targets of other PTM like 

acetylation. HDACs can remove acetyl groups from lysines that may also be SUMO 

attachment sites (Gill 2005).  Interestingly, HDAC4 has been reported to function as a 

E3-SUMO ligase (Gill 2005; Garcia-Dominguez and Reyes 2009).  
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MEF2 

Myocyte enhancer factor-2 (MEF2) is a family of transcription factors (MEF2A-D) 

that regulate the expression of genes involved in the myogenesis and synaptogenesis 

in mammals (Santelli and Richmond 2000; Mohideen et al. 2009).  MEF2 presents 

three domains, a MADS-domain of around 58 amino acids that mediates DNA 

binding and dimerization, a MEF2 domain of 28-residues that restricts the formation 

of heterodimers within the family excluding their formation with other MADS-

proteins, and a C-terminal domain which has been related to transactivation activities 

(Santelli & Richmond 2000).  Some MEF2 proteins are targets of SUMOylation 

mediated by the class II HDACs (Garcia-Dominguez & Reyes 2009).  The 

characterization of the complex HDAC9/MEF2/DNA revealed that HDAC9 binds to 

the hydrophobic groove of the MEF2 dimer (Han et al. 2005).  MEF2A presents a 

phosphorylation-dependent SUMO consensus motif (PSDM), and its SUMOylation 

converts this transcription factor from activator to repressor, which promotes synapse 

maturation in neurons (Mohideen et al. 2009).  Remarkably, the SUMO-attachment 

lysine in the PDSM of MEF2A is also target of acetylation, this modification 

promotes the function of MEF2A as a transcriptional activator which results in 

synapse disassembly (Gareau & Lima 2010).  MEF2 is a good example of the level of 

complexity that PTM can reach, how the different modifications are integrated and 

how the sequential order of such modifications has a direct impact on the output-

function of the protein. 

 

1.2. SUMOylation in Arabidopsis thaliana  
 

SUMOylation in Arabidopsis combines diversity and specificity.  Diversity is given 

by different SUMO isoforms and the distinct regulatory domains present in SUMO-

proteases, whilst specificity is given by a combination of the selective function of 

SUMO ligases and SUMO-proteases as well as cellular location of components and 

expression patterns (Chosed et al. 2006).   

 

SUMO 

As mentioned before, only four SUMO genes (SUM1, 2, 3 and 5), out of the eight 

predicted, have been shown to be expressed (Kurepa et al. 2003; Saracco et al. 2007; 

van den Burg et al. 2010).  SUMO 1 and 2 share 93.5% amino acid sequence identity 



INTRODUCTION 

17 

and its correspondant genes are the most transcriptionally active (Kurepa et al. 2003; 

Saracco et al. 2007; van den Burg et al. 2010).  SUM1 and SUM2 present a similar 

broad spatial expression pattern and a related response to stress stimuli, while SUMO3 

and SUMO5 are expressed at much lower levels and only in certain organs suggesting 

that they could perform a specific role (Saracco et al. 2007; van den Burg et al. 2010).  

Mutant analysis showed that single homozygous mutants sum1 or sum2 are viable, 

while the double homozygous mutant sum1/sum2 is embryo lethal, suggesting that 

SUMO1 and SUMO2 are functionally redundant (Saracco et al. 2007).  The sum3 

mutant is late flowering while characterization of a sum5 mutant is lacking (Saracco 

et al. 2007; van den Burg et al. 2010).  In vitro reconstitution of the Arabidopsi 

SUMOylation cascade showed that SUMO1 and SUMO2 are able to form polymeric 

chains while SUMO3 is not (Colby et al. 2006).  The formation of homodimer 

SUMO1 chains has been confirmed in vivo by mass spectrometry analysis (Miller et 

al. 2010).  The surfaces of plant SUMO paralogues that interact with E1 and E2 and 

SIMs are well conserved in SUMO1/2, in a lesser extent in SUMO3 and being most 

divergent in SUMO5 (Castaño-Miquel et al. 2011).  SUMO3 and SUMO5 are 

deficient in establishing E2-non covalent interactions.  Consistent with this 

observation these SUMOs have low conjugation rates (Castaño-Miquel et al. 2011).  

Until now there are no efficient specific SUMO3 and SUMO5 antibodies and thus the 

conjugation patterns are still unknown.  Therefore there is a gap of information in the 

way those SUMOs act. 

 

Interestingly, in Arabidopsis, SUMO1 forms poly-SUMO chains and is a target of 

ubiquitination, this last modification occurs after heat-shock stress (Miller et al. 

2010).  This result suggests that SUMO can work as a signal for protein degradation 

as in yeast. 

 

SAE and SCE 

As previously mentioned the SUMO-activating enzyme (SAE) is a heterodimeric 

enzyme.  In Arabidopsis the large subunit (SAE2) is encoded by only one gene 

(SAE2).  The small subunit (SAE1) is encoded by two genes (SAE1a and SAE1b), 

which seem to be functionally redundant.  The SUMO-conjugating enzyme is 

encoded by only one gene, SCE (Kurepa et al. 2003; Murtas, Reeves, et al. 2003).  

The sae2 and sce mutants are embryo lethal (Saracco et al. 2007). 
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SUMO-ligases 

In A.thaliana multiple SUMO-ligases are predicted, but only two, SIZ1 (a protein that 

contains a SAP and a zinc-finger MIZ1 domain) and HIGH PLOIDY 2 (HPY2), have 

been characterized (Miura et al. 2005; Ishida et al. 2009; Miura and Hasegawa 2010). 

 

SIZ1 is the SUMO machinery component most extensively characterized, it is 

involved in several physiological responses like freezing tolerance, phosphate 

starvation, basal thermotolerance, innate immunity, abscisic acid (ABA) responses, 

nitrogen assimilation and flowering time regulation (Miura et al. 2005; Yoo et al. 

2006;  Miura et al. 2007; Jin et al. 2008; Park et al. 2011).  The transcript profile of 

SIZ1 shows that it is present in all the analyzed tissues (Saracco et al. 2007).  Protein 

analysis showed that SIZ1 compartmentalizes to nuclear speckles and that it is mainly 

involved in stress-responsive SUMO1/2 conjugation (Miura et al, 2005; Miura et al, 

2007).  Although SUMOylation through SIZ1 controls critical processes in plants it is 

not essential for survival.  This could be due to the presence of other SUMO-ligases 

not yet identified that might perform similar functions (Miura et al. 2005; Ishida et al. 

2009; Miura and Hasegawa 2010). 

 

Arabidopsis High Ploidy 2 (AtHPY2) also called Methyl methanesulfonate-sensitivity 

protein 21 (AtMMS21) is an E3 SUMO ligase with two characteristic domains, a SP-

RING domain exclusively found in SUMO E3s required for the SUMOylation 

activity and a binding motif that presents five conserved cysteine/histidine residues as 

Zn2+-coordinating ligands (Huang et al. 2009).  AtMMS21 is localized in the nucleus 

and cytoplasm and is specifically involved in cytokinin signalling necessary for root 

development (Huang et al. 2009).  AtMMS21 is expressed in almost all plant tissues 

and has been shown to directly interact with AtSCE1a in onion epidermal cells.  

mms21-1 presents reduced meristem activity and size indicating that AtMMS21 is 

actively involved in cell-cycle regulation during root meristem development (Huang 

et al. 2009).  Cytokinin signalling stimulates the G1/S transition of the cell cycle. 

mms21-1 presents a short root phenotype, downregulated levels of several cytokinin 

primary response regulators and a decreased sensitivity to exogenous cytokinin 

treatment suggesting that the root phenotype in mms21-1 is due to an alteration in 

cytokinin signalling (Huang et al. 2009). 
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Although the effects of SUMOylation in plants are diverse, only a few examples 

suggest the role of SUMOylation in the function of the modified proteins (Miura et al. 

2007; Miura and Hasegawa 2010).  AtSIZ1, for example, is needed for the freezing 

tolerance response in Arabidopsis.  Low temperatures induce the transcription of the 

transcription factor CBF3/DREB1A required to activate the expression of 

downstream genes involved in the low temperature tolerance response in the plant.  

CBF3/DREB1A is controlled in part by ICE1, a MYC transcription factor that is a 

target of ubiquitylation and SUMOylation.  SUMOylation stabilizes ICE1 and inhibits 

the ubiquitin-mediate degradation, allowing the activation of CBF/DREB1, which 

subsequently activates the expression of cold responsive genes (Miura, et al. 2007).  

 

1.2.1 ESD4, a SUMO specific protease 
 

ESD4 is composed of nine exons and eight introns, and is located on chromosome IV 

of the Arabidopsis genome.  ESD4 is ubiquitously expressed in roots, flowers, 

siliques, as well as in rosette and cauline leaves (Murtas et al. 2003).  ESD4 encodes a 

SUMO protease of 489 amino acids that is localized predominantly at the periphery of 

the nucleus and regulates the abundance of SUMO conjugates in Arabidopsis (Murtas 

et al. 2003). The esd4-1 mutant presents an increased level of SUMO-conjugates and 

reduced levels of free SUMO; the mutant plant presents an extremely early-flowering 

phenotype besides several developmental alterations like distorted phyllotaxy, 

expansion of the silique and a decrease in stature (Reeves et al. 2002; Murtas et al. 

2003). 

 

According to in vitro and in vivo studies, ESD4 acts as a major isopeptidase that 

recycles SUMO from conjugates in Arabidopsis (Murtas et al. 2003; Chosed et al. 

2006).  As mentioned before Arabidopsis contains several SUMO-specific proteases 

of which at least four have been functionally characterized.  All these SUMO 

peptidases present sequence similarity within the catalytic core but several differences 

within the amino-terminal regions.  The N-terminal region seems responsible for the 

specificity of SUMO protein conjugate recognition and for modulation of enzymatic 

activity (Chosed et al. 2006; Miura et al. 2007).  In yeast the distinct domains of Ulp1 

are required for localization and substrate specificity (Li and Hochstrasser 2003).  The 

functionally characterized SUMO proteases in Arabidopsis are classified as ULP1 
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type and include ELS1, ESD4, OTS1 and OTS2 (Murtas et al. 2003; Mukhopadhyay 

and Dasso 2007; Conti et al. 2008; Hermkes et al. 2011).  ELS1 is the closest 

homologue known of ESD4 (Hermkes, Fu, et al. 2011).  It shares 65% amino acid 

sequence identity and presents several functional similarities like the requirement of 

the N-terminal regulatory domain for peptidase activity in vitro and the ability to 

remove SUMO1 and SUMO2 from conjugates (Hermkes et al. 2011).  ELS1 also 

removes SUMO3 as well as other non plant SUMOs from conjugates, making this 

protease more promiscuous than other ULPs (Chosed et al. 2006).  Based on the 

strong mutant phenotype of esd4-1, it is clear that neither ELS1 nor other 

isopeptidases present in the plant complement ESD4 function.  

 

ESD4 localizes at the Nuclear Pore Complex 

The Nuclear Pore Complex (NPC) is a macromolecular structure formed by several 

proteins called nucleoporins (Nups).  Nups localize at the nuclear envelope and 

selectively connect the cytoplasm with the nucleoplasm (Xu et al. 2007; Palancade 

and Doye 2008).  Besides the regulation of the nucleocytoplasmic traffic, the NPC 

participates in cell division, DNA repair, DNA replication and mRNA quality control 

(Palancade and Doye 2008).  The NPC can be structurally divided into three elements: 

a nuclear basket, a central pore, and cytoplasmic fibrils (Xu et al. 2007).  Analysis of 

the ESD4:GFP recombinant protein indicated that ESD4 localizes at the NPC (Murtas 

et al. 2003; Xu et al. 2007; Palancade and Doye 2008; Xu et al. 2009).  Interestingly, 

mutants of a protein that forms part of the nuclear basket, Nuclear Pore Anchor 

(NUA), phenocopy the esd4 mutant in several aspects including an increase in SUMO 

conjugates, reduction of free SUMO, accumulation of nuclear poly(A)+RNA and 

alteration of the expression of flowering time genes (Xu et al. 2007).  NUA and ESD4 

proteins interacted in a yeast two-hybrid screen, however the localization of ESD4 

was not affected in nua mutants indicating that other proteins are involved in tethering 

ESD4 to the nuclear envelope (Xu et al. 2007).  However the characterization of the 

NPC components in plants is still in its infancy (Zhao and Meier 2011) and therefore 

ESD4 interacting partners have not been identified.  Nevertheless, until now 

characterized loss of function Nups mutants (namely Nup62, Nup133, Nup96, 

Nup160, Nup88 and Tpr) have shown a dwarf and early flowering phenotype (Zhao 

and Meier 2011), very similar to the one of the esd4 mutant, suggesting the existence 
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of a common underlying basis to these phenotypes.  Remarkably, the esd4 and siz1 

mutants accumulate nuclear mRNA indicating that alterations in SUMO homeostasis 

impair the mRNA export pathway (Muthuswamy and Meier 2011).  Whether Nups 

are targets of SUMOylation or function as anchors of the SUMO machinery 

components remains to be explored.  At least the human SENP2 and the budding 

yeast Ulp1 interact with Nups at the NPC (Li and Hochstrasser 2003; Palancade and 

Doye 2008). 

 

1.2.2 SUMOylation and floral transition 
 

Several SUMO machinery mutants present an early-flowering phenotype including 

siz1, ost1, ost2 and esd4 indicating that the imbalance of SUMO–levels in the plant 

has a direct impact on this important developmental transition (Reeves et al. 2002; Jin 

et al. 2008; Conti et al. 2008; Jin and Hasegawa 2008; Lois 2010).  As mentioned in 

the previous section, one of the causes of this phenotype might be the deregulation of 

the mRNA export pathway, which apparently has a direct effect on the regulation of 

the time to flower. 

 
In Arabidopsis six genetically defined pathways control the flowering time, these 

include the photoperiodic, vernalization and ambient temperature pathways, which 

respond to environmental cues; and the gibberellin, autonomous and aging pathways, 

which involve the integration of endogenous cues (Fornara et al. 2010).  

 

The photoperiodic pathway integrates and promotes flowering in response to changes 

in day length.  The core of the photoperiodic pathway is composed by three genes: 

GIGANTEA (GI), CONSTANS (CO) and FLOWERING LOCUS T (FT) (Turck et al. 

2008), all of which act in the leaves.  GI encodes a protein that does not show 

significant homology to other proteins.  CO encodes a zinc finger transcription factor 

that is essential for the photoperiod-dependent induction of flowering (Putterill et al. 

1995).  CO is tightly regulated at the transcriptional and translational levels by light. 

Its mRNA is increased at the end of a long day and its protein is stabilized in light 

(Turck et al. 2008).  FT encodes a protein similar to the RAF-kinase inhibitor-like 

protein (RKIP) and phosphatidylethanolamine binding protein (PEBP), and is a 
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potent floral promotor (Ahn et al. 2006).  FT is part of the long distance signal that 

induces flowering by being transported from the leaves to the shoot apical meristem 

(Turck et al. 2008).  Another important floral promotor is SUPPRESSOR OF 

OVEREXPRESSION OF CONSTANS 1 (SOC1) which not only integrates the signals 

from the photoperiodic pathway but also inputs from the gibberellin and vernalization 

pathways (Lee et al. 2000; Onouchi et al. 2000; Samach et al. 2000; Moon et al. 2003; 

Lee and Lee 2010). 

  

The vernalization pathway accelerates flowering in response to prolonged periods of 

cold.  The low temperatures induce the expression of VERNALIZATION 

INSENSITIVE 3 (VIN3) which interacts with components of the Polycomb-group 

Repressive Complex 2 (PRC2).  VIN3 and PRC2 repress the expression of 

FLOWERING LOCUS C (FLC), which encodes a MADS-box transcription factor 

that is a strong floral repressor (Boss et al. 2004; Srikanth and Schmid 2011).  

 

The gibberellin pathway refers to the plant hormone gibberellin which induces the 

floral transition under non-floral inductive photoperiods.  Mutations in the GA 

REQUIRING 1 (GA1) gene initially defined this effect.  GA1 encodes an ent-copalyl 

diphosphate synthetase enzyme that performs the first step in the biochemical 

synthesis of gibberellins.  ga1 mutants flower later than wild type plants under LD 

but never flower under SD unless gibberellin is exogenously applied, indicating that 

this hormone plays an important role in the promotion of flowering under non-floral 

inductive photoperiods (Wilson et al. 1992; Reeves and Coupland, 2001).   

 

The autonomous pathway refers to the genes whose proteins regulate the abundance 

of the FLC mRNA by various mechanisms (Boss et al. 2004).  This pathway includes 

seven genes, loss-of-function mutants for four of them (fca, fve, fy and fpa) flower late 

independently of the photoperiod and respond to vernalization treatment (Koornneef 

et al. 1991; Boss et al. 2004).  These genes form the core of the autonomous pathway, 

and are involved in different aspects of RNA metabolism or chromatin regulation 

(Amasino and Michaels, 2010). 
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More recently a plant-age flowering dependent pathway has been proposed, this 

pathway regulates developmental phase transitions by keeping a fine regulation of 

SQUAMOSA PROMOTER BINDING-LIKE (SPL) transcription factor expression 

mediated by a balance between two miRNA, miR-156 and miR-172 (Srikanth and 

Schmid 2011). 

 
The esd4 mutant was recovered in a genetic screen looking for plants that flowered 

early under short day conditions (Reeves et al. 2002).  The esd4 early flowering 

phenotype can be partly explained by the transcript levels of FLC being reduced in the 

mutant while the expression of the flowering-time promoter genes SOC1 and FT are 

upregulated (Reeves et al. 2002).   

 

FLC is a central floral repressor for the determination of flowering time in 

Arabidopsis (Sheldon et al. 1999; Desterro et al. 1999; Sheldon et al. 2000).  FLC 

expression is tightly regulated by different chromatin states, some of which depend on 

the developmental state of the plant and are included in the autonomous pathway 

while others are influenced by environmental signals particularly vernalization (He 

2009).  Interestingly, FLC has recently been found to interact with both AtSCE and 

ESD4 in the yeast two-hybrid assay and is SUMOylated in vitro (Elrouby, pers. 

Comm.), suggesting that FLC is a target of SUMOylation, however the regulation of 

this modification in vivo and its functional consequences remain to be explored 

 

Several genes are involved in the regulation of flowering, among them FWA and 

FLOWERING LOCUS D (FLD) are discussed below in more detail as they have been 

related to the SUMOylation process (Reeves et al. 2002; Jin et al. 2008).  

 

fwa is a semidominant mutation related to the long-day pathway (Koornneef et al. 

1991; Koornneef et al. 1998).  In previous work a mutant allele of fwa-1, which 

promotes an intermediate delay in flowering under LD conditions, was crossed to 

esd4-1 to test for epistasis (Koornneef et al. 1991; Reeves et al. 2002).  The double 

mutant esd4-1 fwa-1 showed a clear recovery in several of the pleiotropic aspects of 

esd4-1 including the time to flower (measured as the total leaf production at the time 
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of bolting) and phyllotaxy (Reeves et al. 2002).  Interestingly, the number of leaves 

produced by the esd4-1 fwa-1 double mutant was exactly the same as produced by the 

Wt under LD and SD conditions indicating that the esd4 early flowering effects are 

strongly suppressed by fwa-1 (Reeves et al. 2002).  In Wt plants under SD conditions 

the fwa-1 mutation has no effect on the time to flower indicating that in esd4-1 fwa-1 

has more effect in SD than in a Wt (Reeves et al. 2002).  The fwa mutants are epi-

alleles since they do not present changes in the nucleotide sequence of the FWA locus 

itself but instead a strong reduction in cytosine methylation across a region that 

includes the FWA promoter and the first two exons (Soppe et al. 2000).  This cytosine 

methylation reduction allows the ectopic expression of FWA, the ectopically 

expressed FWA protein is able to interact with FT impeding its proper function in the 

Shoot Apical Meristem (SAM), therefore the fwa mutant is in reality a gain-of 

function mutant (Soppe et al. 2000; Ikeda et al. 2007). 

 

FLD encodes the plant ortholog of the mammalian KIAA0601/Lysine-Specific 

Demethylase 1 (LSD1), a component of the histone deacetylase 1,2 (HDAC1/2) co-

repressor complexes, and is involved in H3K4 demethylation and deacetylation of 

FLC chromatin (He et al. 2003).  A recent report suggests that FLD is target of 

SUMOylation mediated by SIZ1, and that the SUMOylated FLD protein is less 

efficient in repressing FLC expression by deacetylating the H4 in FLC chromatin (Jin 

et al. 2008). 

 

1.2.3 SVP, a strong floral repressor  
 

SHORT VEGETATIVE PHASE (SVP) is a member of the MADS-box family of 

transcription factors, MADS-box genes are considered master regulators of plant 

development.  SVP is involved in the regulation of phase transitions in Arabidopsis in 

a dosage dependent manner (Hartmann et al. 2000).  These developmental transitions 

include the flowering time transition and the maintenance of the identity of the floral 

meristem before the establishment of the identity of the floral whorls (Hartmann et al. 

2000; Gregis et al. 2006; Liu et al. 2007; Gregis et al. 2008).   
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SVP interacts with FLC to form a floral repressor complex which binds the promoter 

regions of FT and SOC1 inhibiting their expression (Michaels and Amasino 1999; 

Searle et al. 2006; Lee et al. 2007; Li et al. 2008).  SVP is regulated by the 

autonomous, thermosensory and gibberellin pathways (Li et al. 2008), while FLC 

expression is controlled mainly by the vernalization and the autonomous pathways 

(Michaels and Amasino, 1999; Sheldon et al. 1999).  If SVP and FLC interact SVP 

therefore acts as a repressor of flowering and its function is closely related to that of 

FLC. 

 

As previously mentioned, SVP is not only involved in flowering time transition but it 

also prevents the precocious expression of floral organ identity genes mainly by 

repressing the expression of SEPALLATA3 (Liu et al. 2009).  SVP interacts with 

TERMINAL FLOWER 2/LIKE HETEROCHROMATIN PROTEIN 1 (TFL2/LHP1), 

a chromatin factor able to modulate trimethylation of histone H3 lysine 27 

(H3K27me3), and apparently this interaction promotes a nonpermissive chromatin 

environment for SEP3 expression (Liu et al. 2009). 

 

The SVP capacity to bind to the regulatory sequences of SOC1 and FT is partially 

modulated in the nucleus by DNAJ HOMOLOG 3 (J3), a chaperone protein that 

mediates the integration of floral promoting signals (Shen et al. 2011).  Apparently, J3 

perceives flowering signals from the photoperiodic, vernalization and gibberellin 

pathways and is able to regulate the expression of SOC1 and FT (Shen et al. 2011). 

 

How the interactions of SVP with proteins like FLC, J3 or TFL2 are being regulated 

and which are the mechanisms that promote or inhibit such interactions are questions 

that remain to be answered.  
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1.3. Aim of the Study  
 

The major goal of the thesis is a better understanding of the effects of SUMOylation 

on the regulation of floral transition in Arabidopsis.  For this purpose two main 

approaches were taken, one is a genetic approach focused on the isolation of 

suppressors of esd4.  The second approach is molecular based focused on the study of 

the role of SUMOylation in SVP function.  

 

Identification of suppressors of esd4 

 

In Arabidopsis, the alteration of SUMO-conjugate levels have a strong impact on 

plant development.  Particularly, abolition of the expression of ESD4, the gene that 

encodes the major SUMO protease in Arabidopsis, causes severe phenotypic 

alterations and extreme early flowering.  The aim of this project was to isolate and 

characterize mutants that suppress the early-flowering phenotype of esd4-1 using a 

classical forward genetic approach combined with Next-Generation Sequencing.  The 

isolation of suppressors of esd4 will help to better understand the molecular 

mechanisms by which SUMOylation participates in the control of flowering time in 

Arabidopsis thaliana and how these are deregulated in esd4.  

 

The role of SUMOylation in SVP function 
 

In most cases, SUMOylation has a negative effect on transcription mainly by 

recruiting or stabilizing repressor complexes.  SVP interacts with FLC to form a floral 

repressor complex that binds the promoter regions of FT and SOC1 inhibiting their 

expression.  Current research in our lab demostrates that FLC interacts with both 

AtSCE and ESD4 in the yeast two-hybrid assay and is SUMOylated in vitro (Elrouby, 

pers. Comm.).  The aim of this project is to determine if SVP is also SUMOylated and 

analyze the effects of this modification on SVP function by the analysis of transgenic 

plants expressing constructs aiming to hyperSUMOylate (translational fusions with 

SUMO or AtSCE) or hypoSUMOylate (mutations in the putative SUMO-attachment 

sites) SVP protein.  The molecular characterization of the effects of SUMO on SVP 

will help to understand whether this modification influences the activity of this floral 

repressor to regulate the transition to flowering in Arabidopsis. 
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2. Isolation and characterization of suppressors of esd4 (sed) 
 

2.1. Introduction 
 

Post-translational modification of proteins by SUMOylation is involved in the 

regulation of several important cellular processes (Johnson 2004).  The attachment of 

SUMO to a substrate protein is a reversible and dynamic process that is controlled by 

the action of SUMO conjugation enzymes (E1, E2, and E3) and SUMO proteases 

(Mukhopadhyay and Dasso 2007; Kim and Baek 2009).  SUMO proteases control 

SUMOylation rates in two different ways; by processing SUMO precursor proteins to 

remove a carboxyl-terminal extension (processing or maturation), and by removing 

SUMO from the modified conjugates (deconjugation) (Mukhopadhyay and Dasso 

2007; Kim and Baek 2009).  The maturation step is important to expose a di-glycine 

motif required for conjugation to substrate proteins (Johnson 2004).  By performing 

these maturation and deconjugation functions, SUMO proteases maintain balanced 

levels of SUMO conjugates in the cell, which is necessary for proper cellular function 

and development of organisms (Li and Hochstrasser 2003; Murtas et al. 2003).  The 

importance of SUMO proteases in the regulation of the SUMO cycle and its impact 

on cell function makes them important candidates for study of the regulation of the 

SUMOylation process and as tools for the isolation of SUMO substrates. 

 

Early in Short Day 4 (ESD4) encodes a SUMO-specific protease that regulates the 

levels of SUMO conjugates in Arabidopsis (Murtas et al. 2003).  The esd4-1 mutant 

was isolated as part of a screen after gamma irradiation of seeds to identify plants that 

flowered early under short-day (SD) conditions.  The esd4-1 mutation is caused by a 

deletion of 762 bp that removed a part of the 5’ untranslated region and the first 30 bp 

of the coding region, leading to a null mutant (Murtas et al. 2003).  The esd4-1 mutant 

plants exhibit an extreme early flowering phenotype and a suite of strong 

developmental alterations, including a reduction in size, general reduction in number 

and size of all types of leaves, fewer flowers, short club-shaped siliques, and an 

alteration of phyllotaxy (Reeves et al. 2002).  Interestingly, the strong phenotypic 

alterations presented by esd4 mutant have not being observed in other Arabidopsis 

SUMO-proteases mutants (Conti et al. 2008; Hermkes et al. 2011), where only 

specific phenotypes have been observed.  Additionally, esd4 mutant plants 
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accumulate SUMO conjugates to high levels, and overexpression of free SUMO in 

the mutant does not restore any of its developmental alterations suggesting that the 

accumulation of SUMO conjugates (due to impaired ESD4 function) is the cause of 

the esd4 phenotypes (Murtas et al. 2003).  Together, the phenotypic and molecular 

evidence suggests that ESD4 acts as the major SUMO protease in Arabidopsis 

(Murtas et al. 2003) 

 

Previous studies established the genetic interactions between ESD4 and some of the 

genes that promote flowering in response to photoperiodic signals (Reeves et al. 

2002), including FLOWERING LOCUS T (FT), CONSTANS (CO) and FLOWERING 

WAGENINGEN A (FWA) (Koornneef et al. 1991; Turck et al. 2008).  These studies 

established that the esd4 mutant early flowering phenotype and some of its pleiotropic 

effects can be partially suppressed by ft-1, co-2 and fwa-1 so the mutations delay 

flowering of esd4 mutant under short day photoperiods but were not fully epistatic to 

it (Reeves et al. 2002).  Nevertheless the photoperiodic pathway mutants ft-1 and co-2 

do not normally have a phenotype under SDs, so the hypersumoylated protein pool 

condition somehow makes the plant less photoperiodic responsive at least in part by 

causing the CO and FT genes to promote flowering under SDs.   

 

In Arabidopsis, the misregulation of the SUMO cycle (by impairing the function of 

ESD4) causes early flowering.  To investigate the role of SUMOylation in flowering 

time control, we sought to isolate and identify second-site mutations that would 

suppress the early flowering phenotype of esd4.  These suppressors of esd4 (or sed) 

may help identify genes involved in flowering time control and/or whose protein 

products are either SUMO substrates or regulate the SUMO cycle.  In this chapter, we 

describe the isolation of 120 sed mutants that restored different aspects of the esd4 

mutant phenotype.  Of these, 15 sed mutants were characterized further.  These 

mutants had the strongest and most consistent phenotypes.  We also report the 

morphological characterization of these mutants as well as analysis of the expression 

of SUMO-machinery genes and SUMO-conjugate levels.  
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2.2. EMS mutagenesis experiment 
 
 
Mutant screens are particularly useful to assign functions to genes whose functions 

are poorly understood or correlate already described genes with new processes (Page 

and Grossniklaus 2002).  These mutant screens help to better understand complex 

biological processes like developmental regulation and gene expression cascades 

(Kim et al. 2006). 

 

A diverse variety of mutagens with different efficiencies and specificities exist, 

allowing a suitable mutagen to be selected for different experimental designs and 

purposes (Kim et al. 2006).  Ethyl Methanesulfonate (EMS) is an extremely potent 

and specific chemical mutagen.  EMS is an alkylating agent that induces single base-

pair changes by chemical modification of nucleotides.  More than 95 % of these 

modifications provoke guanine (G) to adenine (A) transition mutations.  This is due to 

Guanine alkylation to O6_ethylguanine, an unusual base that preferentially pairs with 

thymine (T).  During the DNA repair process the O6_ethylguanine is replaced with 

adenine (A) by the DNA repair machinery, giving rise to stable A:T base pairs (Kim 

et al. 2006). 

 

EMS has several advantages so that it is often used in Arabidopsis mutagenesis 

experiments.  First, mutations are randomly distributed.  Second, chromosome break 

levels are low and therefore chromosomal rearrangements are very rare.  Third, 

isolation of weak-allele mutants is high (around 65%).  Such weak alleles are very 

useful in suppressor screens where the first mutation gives rise to a very sick 

phenotype (Greene et al. 2003; Kim et al. 2006). 

 

In this study, 20,000 esd4-1 seeds were mutagenized with 0.1% EMS to identify 

suppressors of esd4-1 (or sed).  M1 plants were grown under long day conditions and 

pooled into 15-20 plants per pool.  M2 seeds from individual M1 pools were screened 

under short day conditions for plants that flowered later and/or looked healthier than 

the parental esd4-1 plants.  The heritability of the sed mutations was confirmed by 

growing M3 seeds under short day conditions.  Suppressor mutant lines were assigned 

numbers that corresponded to the number of the pool batch. 
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2.3. Isolation of suppressors of early in short days 4 (sed) 

 

M2 seeds from individual M1 pools (section 2.2) were sown on soil and screened 

under short day conditions for plants that flowered later and/or looked healthier than 

the parental esd4-1 plants.  From this screen a total of 120 independent suppressors 

were isolated.  To confirm the inheritance and viability of these selected suppressor 

lines, around ten M3 plants from each of the 120 sed mutants were grown under long 

day (LD, 16-hours light/ 8-hours dark) and short day (SD, 16-hours light/ 8-hours 

dark) conditions, and their flowering times measured as the total number of leaves 

(rosette and cauline leaves) were compared with that of wild type and esd4-1.  In 

general, none of the sed mutants flowered as late as wild type plants under either SD 

or LD conditions suggesting that none of the suppressor mutations completely 

suppressed the early flowering phenotype of esd4-1.  Interestingly, more sed mutants 

flowered later than esd4-1 under short day conditions (fifty sed mutants, Figure 2.1B) 

than under long day conditions (thirty sed mutants, Figure 2.1A).  This is consistent 

with the fact that the early flowering phenotype of esd4-1 is more severe in short days 

than in long days. 
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Figure 2.1. The suppressors of esd4-1 exhibit a late flowering phenotype under Short 
Day (SD) and Long Day (LD) conditions.  Flowering time, reported as the Total Leaf 
Number (TLN, Y axis) was registered for independent sed lines under LD (A) or SD 
(B) conditions. X axis show the genotype or identification number for each one of the 
different lines analyzed. Error bars illustrates the means ± SE of n≥ 8 individuals. 
 

 

2.4. Phenotypic characterization of selected sed mutants 

 

The esd4-1 mutant exhibits a pleiotropic phenotype which includes an extreme early 

flowering phenotype, a small stature, and a reduction in size of different organs like 

flowers, siliques, and cauline and rosette leaves (Reeves et al. 2002; Murtas et al. 

2003)(Figure 2.2).  This pleiotropic phenotype is likely to be caused by a general 

deregulation of the function of many proteins that accumulate in the form of SUMO-

conjugates.  In support of that, ESD4 was found to interact with hundreds of proteins 

involved in a wide variety of processes (Elrouby and Coupland 2010).  It is likely that 

some of these proteins, and others not yet identified, may influence the different traits 

affected in esd4, including flowering time.  Some of the isolated suppressors may 
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affect the same genes or pathways.  Therefore morphological characterization of the 

sed mutants was carried out to determine whether they could be placed in subgroups 

that share similar phenotypes.  These subgroups can afterwards be used for genetic 

tests including the establishment of allelism. 

 

The fifty clear suppressor mutants that flowered later than esd4-1 under SD conditions 

(Figure 2.1B) were further screened for suppression of some other aspects of the 

parental esd4-1 phenotypes.  For example, sed mutants with bigger rosette and cauline 

leaves, increase in stature and overall robustness were selected.  As a result, fifteen 

independent sed mutants were chosen to be further characterized (Figure 2.3 and 2.4).  

In the following sections I will describe some of the phenotypes observed in these 

fifteen sed mutants.  

 

 
Figure 2.2. Phenotype of the esd4-1 mutant.  esd4 mutant exhibits a pleiotropic 

phenotype that includes an early flowering phenotype, reduced floral organ size, small 

and club-shaped siliques, reduction of leaves and plant size, and an accumulation of 

SUMO conjugates.  All phenotypes show the wild type (Wt) reference to the left and 

the esd4 mutant to the right. 
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2.4.1 Flowering time of sed mutants under LD and SD conditions 

 

To confirm the flowering time phenotype of the fifteen independent sed lines a new 

experiment was performed under the same conditions (LD and SD).  Consistent with 

the previous results, all 15 sed mutants flowered later than esd4-1 under SD 

conditions while only a few of them (sed111-1 and sed84-2 and sed33-1) also 

flowered also later under LD conditions (Figure 2.5). 

 
Figure 2.5. Flowering time of the fifteen selected suppressors of esd4-1. Flowering 
time, reported as the Total Leaf Number (TLN, Y axis) was registered for the 15 
independent sed mutants under SD (green tones) and LD (orange tones) conditions. X 
axis show the identification number for each one of the sed mutants analyzed. Error 
bars illustrates the means ± SE of n≥ 10 individuals. 
 

2.4.2 Flower, siliques and leaf phenotypes 

 

To determine if the sed mutants are able to suppress other phenotypic aspects of esd4, 

besides the early flowering time, I compared the general morphology and organ size 

of different structures like flowers, leaves and siliques among sed mutants, esd4 and 

wild type plants. 

 

Flowers 

Besides a reduced size, esd4 flowers are morphologically indistinguishable from those 

of wild type plants (Figures 2.2 and 2.6).  To determine if sed mutants exhibited small 

flowers as esd4, twenty flowers (in recent anthesis) obtained from ten independent 

plants per genotype were collected and examined.  This analysis revealed that sed 

flowers exhibit a regular number of floral organs when compared to the wild type and 

esd4.  On the other hand, all sed flowers were as large or just slightly larger (sed4-1 

and sed43-1) than the esd4-1 flowers, with the only exception of sed44-3, which 
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produce flowers as large as wild type (Figure 2.6). 

 

 
Figure 2.6. suppressors of esd4-1 present normal developed flowers that are larger 
than the flowers of esd4.  A representative flower from each sed mutant collected 
from plants grown under LD was photographed, genotypes are indicated below each 
flower.  White bar to the left is 5 mm long. 
 

Siliques 

The siliques of esd4-1 mutant plants are short and club-shaped (Reeves et al. 2002).  

To determine if these silique traits were conserved in the suppressors a comparison of 

six-day old post anthesis mature siliques (not abortive) was performed.  This 

comparison showed that seds siliques were longer than those of esd4 but still smaller 

than those of wild type.  The only exception to this is sed43-1, which presented 

siliques that were even smaller than those of esd4.  sed43-1 siliques were mostly 

abortive (Figure 2.7). 

 
Figure 2.7. Silique phenotypes of the fifteen selected suppressors of esd4-1 under LD 
conditions. White bar to the right represents 1 cm length. 
 

The club-shaped silique of esd4-1 was also observed in the sed mutants, but with a 

slight variation in the broadness of the silique tip (Figure 2.7).  Siliques of sed43-1 

and sed44-3 are narrow towards the basal part, a phenotype that correlates with lower 

seed production.  In these mutants (sed44-3 and sed43-1) a considerable number of 

basal siliques were aborted.  This is particularly apparent in sed43-1 where frequently 

we could not obtain any seeds.  Interestingly, sed43-1 is one of the strongest 
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suppressor mutants when other aspects of the esd4 phenotype are considered e.g. it is 

late flowering (Figure 2.5) and exhibits larger leaves and is overall enhanced in 

vegetative growth (see below, Figures 2.8 and 2.9). 

 

suppressors of esd4-1 mutants show larger leaves  

In general, sed mutants showed larger leaves than esd4-1 under LD (Figure 2.8A) and 

SD (Figure 2.8B) conditions.  Rosette leaf morphology varied among the sed mutants, 

some of them presented a wavy shape, like seds mutants sed45-1, sed49-1, sed163-1 

and sed211-2, or a downward curling of the leaf, like sed111-1.  In some cases like 

sed4-1, sed43-1, sed44-3 and sed111-1 leaves tend to look paler than those of wild 

type or esd4 (Figure 2.9).  In the case of the cauline leaves most of them looked 

broader than wild type cauline leaves with twists across the long axis under SD 

(Figure 2.9 and 2.4, Data not shown). 

 
Figure 2.8.  suppressors of esd4-1 produce larger leaves than esd4.  Leaf lengths of 
the fifteen selected suppressors of esd4-1 under LD (A) and SD (B) conditions.  The 
Longest cauline and rosette leaves from ten independent individuals from wild type (L 
er), esd4-1 and each one of the suppressor mutants were measured after the first 
anthesis.  Genotypes are indicated to the bottom of each column, for the sed mutants 
the identification number is indicated.  Error bars represent the means ± SE of n≥ 10. 
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Figure 2.9. Photograph illustrating the suppressors of esd4-1 leaf phenotypes under 
LD conditions.  Representative Cauline (Left) and Rosette (Right) leaves from Wild 
type (L er), esd4-1 and each one of the suppressor lines are presented.  Genotypes  are 
indicated to the upper left of each pair for clarity. The white bar represents 2 cm 
length as reference. 
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2.4.3 Pollen: viability and relative amount   
 

Several factors can have an impact on plant seed production, including environmental 

conditions like temperature and water availability (Blum 2011; Bartrina et al. 2011).  

On the other hand, environmental stress conditions like high temperature and 

desiccation triggers responses that have a negative impact on seed yield (Mittler and 

Blumwald 2010; Blum 2011).  SUMO-conjugate levels increase in plants subjected to 

different stresses like high temperatures and oxidative stress (Kurepa et al. 2003).  

Cells of esd4 plants accumulate a pool of constitutively sumoylated proteins that 

could be interpreted as a “constitutively stressed” phenotype, maybe as a consequence 

esd4 exhibits a low seed production among other phenotypes.  sed mutants are larger 

and present a more robust aspect than esd4 (see section 2.4.2), however, they seem 

more susceptible to environmental changes or stress.  sed43-1 and sed44-3 mutants 

show a negative correlation of increased vegetative development with low seed yield, 

sometimes to the point of producing no seeds.  As a consequence, the work with some 

sed lines has been hampered by low seed yield both in self and cross fertilizations. 

 

Low sed mutant seed yield may also be caused by developmental defects in the 

formation of either the male or female gametes, or both.  To determine if there was a 

difference in the pollen viability and/or pollen production between sed mutants and 

esd4 or the wild type, a pollen viability test was performed.  In brief, mature pollen 

from recently dehiscent anthers was extracted, distributed on a microscope slide and 

mounted in a solution of MTT (2,5-diphenyl tetrazolium bromide or thiazolyl blue), a 

chemical that is reduced to a purple compound (formazan) by metabolically active 

mitochondria (Khatun and Flowers 1995).  Viable pollen, identified by the presence of 

purple strips, was counted under the microscope.  In general, more than 80% of the 

total pollen produced by the sed mutants was viable. This value was also true for wild 

type plants (Figure 2.10A), indicating that pollen viability is not the cause of the low 

seed yield. 
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Figure 2.10. suppressors of esd4-1 produce viable pollen but in lower amount than 
esd4 under SD.  (A) Pollen viability.  Pollen of four flowers per genotype was 
mounted in a solution of MTT and counted.  The bars indicate the total of viable 
(gray) or inviable (black) pollen per line as a percentage of the total pollen obtained in 
the same line.  (B) Relative pollen amount.  The total pollen of four flowers per 
genotype was counted.  The percentage indicates total pollen in reference to the total 
pollen presented by the Wt.  Y axis indicates the percentage.  X axis indicates the 
genotypes analyzed. 
 

Another possibility for low seed yield could be reduced pollen production, to assess 

this, the total amount of pollen produced by the anthers of four flowers per sed mutant 

was counted and compared to that produced by the wild type.  In general esd4 

produces half the amount of pollen produced by the wild type plants, while the sed 

mutants produce less pollen than esd4-1, with the exception of sed48-1, sed163-1 and 

sed211-2 which produce equal or slightly more pollen than esd4 (Figure 2.10B; Table 

2.1). 

Table 2.1.  Pollen viability and relative amount in sed mutants under SD conditions 
Pollen 

Genotype 
 Viablea Non viable Total Relative Amountb 

Wt 1552 236 1788 1,00 
esd4-1   816 168   984 0,55 
sed4-1   700 128   828 0,46 
sed5-1   532 128   660 0,37 
sed23-1   202   12   214 0,12 
sed33-1   310   35   345 0,19 
sed44-3   494   62   556 0,31 
sed45-1   556 115   671 0,38 
sed48-1   996   55 1051 0,59 
sed49-1   202   30   232 0,13 
sed84-2   464   81   545 0,30 
sed108   315   51   366 0,20 
sed111-1   505   34   539 0,30 
sed163-1   874   92   966 0,54 
sed166-1   296   50   346 0,19 
sed211-2 1154 104 1258 0,70 
aViable pollen indicates the total number of pollen grains per genotype that presented purple 
strips on its surface after MTT treatment. 
bRelative Amount indicates the rate of Total pollen produced by the sed in reference to the 
Total amount of pollen produced by the Wt, which was set as the maximum or 1.  

 



CHAPTER II 

43 

2.5. Molecular characterization of selected sed mutants 
 
 
2.5.1 Expression of SUMO pathway components 
 
 
To test whether any of the sed mutants might be due to a mutation within one of the 

previously reported core SUMO-machinery genes (Kurepa et al. 2003) the expression 

of the full-length mRNA from each one of these genes (Table 2.2) was analyzed in the 

background of the fifteen isolated sed mutants by semi-quantitative reverse-

transcription polymerase-chain reaction (RT-PCR).  For this purpose the aerial parts 

of 15-day old seedlings grown in soil was collected for the analysis since all the 

SUMO machinery genes have been reported to be ubiquitously expressed (Saracco et 

al. 2007). 

 
Table 2.2.  SUMO pathway components in Arabidopsis 

Protein Gene Accession number 

SUMO 

 

 

 

 

E1 

 

 

 

E2 

 

E3 

AtSUM1 

AtSUM2 

AtSUM3 

AtSUM5 

 

AtSAE1a 

AtSAE1b 

          AtSAE2 

 

          AtSCE 

 

          AtSIZ1 

At4g26840 

At5g55160 

At5g55170 

At2g32760 

 

At4g24940 

At5g50580 

At2g21470 

 

At3g57870 

 

At5g60410 

 

 

SUMO 

In Arabidopsis eight SUMO genes have been identified, but only four are consistently 

expressed (Kurepa et al. 2003; van den Burg et al. 2010; Castaño-Miquel et al. 2011).  

Previous reports have shown that SUMO isoforms are expressed in most of the 

tissues, with SUMO1 being the most transcriptionally active followed by SUMO2, 

whereas SUMO3 and SUMO5 are weakly expressed (Kurepa et al. 2003; Budhiraja et 
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al. 2009; van den Burg et al. 2010).  Expression analysis of the SUMO isoforms in the 

fifteen sed mutants indicated that all SUMO genes are expressed, suggesting that none 

of the sed phenotypes are due to loss of the mRNA expression of these genes (Figure 

2.11).  Interestingly, while esd4 contains the same SUMO mRNA levels as the wild 

type, the majority of the seds showed a slight reduction in SUMO3 expression (Figure 

2.11C).  It is worth noting though that this gene was difficult to amplify and more 

PCR cycles were needed to detect it.  On the other hand, a clear and significant 

increase in SUMO5 expression was detected in sed43-1 and sed44-3 (Figure 2.11D).  

These expression differences require further testing, maybe under different 

conditions, of how the expression of the different SUMO isoforms is induced in the 

sed mutant background.  On the other hand it is also important to sequence these 

genes to exclude any possible point mutations that might alter gene expression or the 

encoded protein.  

 
Figure 2.11.  SUMO expression levels in sed mutants grown under LD conditions.  
The expression of SUMO1 (A), SUMO2 (B), SUMO3 (C) and SUMO5 (D) genes 
was analyzed in each sed line by RT-PCR.  Primers used were specific for each 
SUMO and include the complete cDNA and small parts of the 5´and 3´ UTR regions 
(see Appendix).  Genotypes  are indicated at the bottom of each column.  Wt 0.5 
indicates a 0.5 dilution of the Wt cDNA as fold control.  RNA samples were isolated 
from 15-day-old seedlings grown in soil under long days (LD) and collected 12h after 
dawn.  Actin was amplified and used as control to normalise the cDNA amounts. Data 
are based on one biological experiment. Results are presented as the mean of two 
repetitions ± SE.  
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SUMO Activating Enzyme (SAE) 

No difference in expression pattern of all subunits of the SAE (or E1) were detected 

when comparing sed mutants and wild type.  As in wild type, and as previously 

reported the subunit SAE2 is less expressed in comparison to the SAE1a and SAE1b 

subunits (Kurepa et al. 2003; Saracco et al. 2007; Figure 2.12).   

 
Figure 2.12.  SUMO Activating Enzyme (SAE) subunits expression levels in sed 
mutants grown under LD conditions.  The expression of SAE1a (A), SAE1b (B) and 
SAE2 (C) genes was analyzed in each sed line by RT-PCR.  Primers used were 
specific for each SAE subunit and include the complete cDNA and small fragments of 
the 5´and 3´ UTR regions (see Appendix).  Genotypes  are indicated to the bottom of 
each column.  Wt 0.5 indicates a 0.5 dilution of the Wt cDNA as fold control.  RNA 
samples were isolated from 15-day-old seedlings grown in soil under long days (LD) 
and collected 12h after dawn.  Actin was amplified and used as control to normalise 
the cDNA amounts. Data are based on one biological experiment. Results are 
presented as mean of two repetitions after standardization with respect to Actin levels 
± SE.  
 

SUMO Conjugating Enzyme (SCE) and SUMO E3 ligase SAP and MIZ1 (SIZ1) 

The Arabidopsis genome contains only one SCE (or E2)-encoding gene that, when 

mutated, leads to a lethal phenotype (Saracco et al. 2007).  On the other hand, it is 

predicted that the Arabidopsis genome contains several E3 SUMO ligases, while until 

now SIZ1 is the best characterized (Miura et al. 2009; Miura and Hasegawa 2010).  

Both SCE and SIZ1 are expressed in all sed mutants (Figure 2.13).  esd4 exhibits the 



CHAPTER II 

46 
 

same expression levels of the SCE in comparison to the wild type while it is 

significantly more expressed in sed44-3 (Figure 2.13A).  On the other hand, SIZ1 

expression levels show a tendency to be more expressed in esd4 and all sed mutants in 

comparison to the Wt (Figure 2.13B and 2.13C).  

 

 
 
Figure 2.13.  SUMO Conjugating Enzyme (SCE) and E3 Ligase Siz1 expression 
levels in sed mutants grown under LD conditions.  The expression of SCE (A), SIZ1-a 
(B) and SIZ1-b (C) genes was analyzed in each sed line by RT-PCR.  SIZ1-a and 
SIZ1-b represent only the amplification of different regions of the gene.  Primers used 
were specific for each gene including the complete cDNA and small parts of the 5´and 
3´ UTR regions (see Appendix).  Genotypes  are indicated to the bottom of each 
column.  Wt 0.5 indicates a 0.5 dilution of the Wt cDNA as fold control.  RNA 
samples were isolated from 15-day-old seedlings grown in soil under long days (LD) 
and collected 12h after dawn.  Actin was amplified and used as control to normalise 
the cDNA amounts.  Data are based on one biological experiment.  Results are 
presented as mean of two repetitions after standardization with respect to Actin levels 
± SE.  
 

 

2.5.2 Protein SUMOylation levels 
 

As described earlier, none of the sed mutations restores the esd4-1 parental 

phenotype to wild type.  Additionally, the different SUMO machinery genes are 

expressed in all fifteen sed mutants analyzed (Section 2.5.1).  Therefore, the mutations 
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in the sed mutants were thought unlikely to cause a major change in the SUMO-

conjugate pattern observed in esd4-1.  To determine if the levels of SUMO-conjugates 

of the sed mutants change in comparison to the esd4 mutant, crude protein extracts 

from 15-day old seedlings grown under LD from each one of the 15 sed mutants (plus 

esd4-1 and wild type as controls) were extracted and analyzed with an anti-SUMO1-

antibody.  In general the levels of SUMO-conjugates in the seds are more similar to 

those of esd4-1 than to the wild type.  This is in agreement with the morphological 

characterization of these mutants where none of them recovered to the wild type 

phenotype (Figures 2.3 and 2.4).  However, some small differences can be 

appreciated, for example, esd4 presents a clear strong band of approximately 55 kDa 

which is shared by the majority of the suppressors except for sed4-1, sed5-1, sed33-

1, sed84-2 and sed166-1 where is much reduced.  On the other hand sed23-1 and 

sed84-2 present extra bands at around 45 kDa and 60 kDa, respectively.  These bands 

are more abundant in sed23-1 and sed84-2 than in either wild type or esd4 plants 

(Figure 2.14). 

 
 

Figure 2.14.  Analysis of SUMO-conjugate protein levels in the sed mutants under 
LD. SUMO conjugate levels were determined by Western-blot analysis with anti-
SUMO1. Genotypes are indicated to the top of each column.  Numbers to the left 
indicate Molecular Weight in kDa. 
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2.6. Discussion 
 
 
ESD4 is the major SUMO protease in Arabidopsis.  The esd4 mutant is pleiotropic 

and flowers extremely early under both SD and LD conditions (Murtas et al 2002).  

Here I describe the first suppressor screen for esd4, focusing on the isolation of 

suppressors that reduce the extreme early flowering phenotype of this mutant.  For 

this purpose esd4 seeds were mutagenized with EMS and M2 populations visually 

screened for suppressors that flower later and look healthier than their esd4 parents.  

In this way, 120 suppressors were isolated, these suppressors showed a wide range of 

phenotypes suggesting that they may be independent mutations at different loci that 

alleviate to varying degrees the esd4 mutant phenotype. 

 

Of the 120 suppressors, fifty partially suppressed the early flowering phenotype of 

esd4 under SD conditions, and thirty out of these fifty also flowered late under LD 

conditions (Figure 2.1).  This result suggests that in some cases the mechanisms that 

can bypass the esd4 effects may be dependent on daylength.  Alternatively, SD 

conditions may cause a degree of stress to Arabidopsis plants that normally grow in 

northern latitudes (with longer days), and these suppressors may alleviate some of the 

stress caused by both the first-site mutation (esd4) and SD conditions. 

 

The esd4 mutant offered several advantages and disadvantages for a second-site 

suppressor screen.  Among the advantages are the strong developmental phenotype, 

namely the extreme early flowering time which allowed a relatively easy visual screen 

for later flowering plants.  Additionally, the esd4 mutation is a deletion of 762 bp, 

which eliminates the risk of isolating suppressor mutants caused by reversion at the 

esd4 locus.  Finally, the early flowering phenotype also allows for a rapid generation 

time.  On the other hand, the disadvantages include a strong pleiotropic phenotype 

which does not allow for one suppressor mutation to completely restore the esd4 

parental phenotype to wild type.  In addition, the esd4 mutation causes a certain 

degree of stress in the plant, and hence, it has low tolerance to the manipulation and 

stress caused by crosses required for gene mapping- in many cases this results in 

reduced fertility. 
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Of the fifty late flowering suppressor of esd4, fifteen were selected based on their late 

flowering phenotypes (Figure 2.5), taking also into account a general partial recovery 

in overall health and viability.  The morphological characterization of these 

suppressors indicated that they were able to alleviate other aspects of the pleiotropic 

esd4 mutant phenotype (see Figure 2.2), in particular a general increase in size 

(Figures 2.3 and 2.4).  In general esd4 flowers, siliques and leaves are approximately 

half of the size of those of wild type plants.  The suppressor mutants exhibit organs 

with intermediate sizes (Figures 2.6 to 2.9).  This partial recovery towards a wild type 

phenotype in all the supressors suggests that these mutations might act in several 

pathways in which esd4 may function.  Interestingly, the club-shaped silique 

phenotype was retained in the majority of the suppressors (Figure 2.7).  The retention 

of the club-shaped silique phenotype has been previously observed in double mutants 

(like esd4 co-2, esd4 ft-1 and esd4 fwa-1) which alleviate the early flowering 

phenotype of esd4 under LD conditions (Reeves et al. 2002), indicating that the 

mechanism regulating this phenotype is independent of that regulating the time to 

flower.  Two sed mutants (sed43-1 and sed44-3), on the other hand, are remarkably 

the healthiest of all fifteen sed mutants as far as vegetative growth is involved.  

However, these mutants exhibit low fertility, small siliques and very low seed 

production.  

 

All fifteen suppressor mutants analyzed express the full-length mRNA of each one of 

the previously reported core SUMO-machinery genes (Section 2.5.1), it remains to 

sequence these core SUMO-machinery genes to exclude the possibility of point 

mutations that might alter the encoded protein.  Interestingly, null mutants of the 

SUMO machinery pathway genes like SUMO1 in combination with SUMO2, the 

SUMO-activating enzyme subunit SAE2 and the SCE, are embryo lethal; while 

mutants of the SUMO E3 ligases HIGH PLOIDY (HYP2), SAP and MIZ1 (SIZ1) 

show a dwarf phenotype as in esd4 (Murtas et al. 2003; Miura et al. 2005; Ishida et al. 

2009; Huang et al. 2009; van den Burg et al. 2010), indicating that at least for these 

genes the imbalance of SUMO levels affects viability or plant size.  

 

In general, all the sed mutants exhibit wild type expression levels for the different 

SUMO machinery genes analyzed, with the exception of the SUMO ligase SIZ1, 

which appeared to be slightly increased in both the sed lines as well as their 
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progenitor esd4-1 (Section 2.5.1 and Figure 2.13).  This indicates that the partial 

recovery of the early flowering phenotype of esd4-1 observed in sed mutants is 

unlikely due to a specific increase in SIZ mRNA expression.  SIZ1 is a flowering time 

repressor that acts through two mechanisms: reduction of salicylic acid (SA) levels 

and SUMO modification of FLOWERING LOCUS D (FLD), a repressor of the 

strong floral repressor FLOWERING LOCUS C (FLC) (Jin et al. 2008).  

 

Interestingly, sed43-1 and sed44-3 showed high levels of SUMO5 and low levels of 

SUMO3 mRNAs (Figure 2.11).  SUMO5 was reported to be highly expressed in 

shoot tips and flowers, specifically carpels (Saracco et al. 2007).  It is possible that 

this gene has a specific function in these tissue types which could affect flowering 

time.  On the other hand, previous reports have shown that sum3 mutants display a 

late flowering phenotype under SD conditions, and that attempts to overexpress 

SUMO3 were hampered by low expression levels of the transgene (van den Burg et 

al. 2010).  It is possible that the low levels of SUMO3 observed in sed43-1 and sed44-

3 are caused by the mutations in these lines, with the implication that the genes 

affected might act to regulate the expression levels of this gene (SUMO3), and 

possibly SUMO5. 

 

sed33-1 has severely reduced levels of SAE2 mRNA (Figure 2.12).  sed33-1 also 

exhibits a low relative pollen production (Figure 2.10).  Previous studies suggest that 

null mutants of SAE2 are embryo lethal suggesting that it is essential for growth and 

development (Saracco et al. 2007).  Our results suggest that the mutation in sed33-1 

reduces expression levels of SAE2, which in turn may lead to reduced pollen 

production.  Alternatively, the mutation in sed33-1 may directly affect genes involved 

in pollen development.  

 

The analysis of the SUMO-conjugate levels in the sed mutants showed that they are 

more similar to those of esd4 rather than those of wild type.  Interestingly esd4 

presents a clear strong band of approximately 55 kDa which is shared by the majority 

of the suppressors except for sed4-1, sed5-1, sed33-1, sed84-2 and sed166-1 where is 

much reduced.  The identity of this band and why its level is reduced in these mutants 

is unclear.  On the other hand sed23-1 and sed84-2 present extra bands at around 45 

kDa and 60 kDa, respectively.  These bands are more abundant in sed23-1 and sed84-
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2 than in either wild type or esd4 plants.  Despite these minor differences, it is 

noteworthy that none of the sed mutants characterized in this study completely 

restores SUMO-conjugate levels to those of wild type plants.  This is in agreement 

with the morphological characterization of these mutants where none of them 

recovered to the wild type phenotype. 

 

In this chapter I describe a suppressor screen to identify genes that are likely to be 

regulated by SUMO and may control floral transition in Arabidopsis.  The 

morphological and molecular characterization of sed mutants show that in these 

mutants several phenotypes of the parental esd4 were partially restored, including the 

early flowering phenotype and body and organ size.  A major change in SUMO-

conjugate levels was not observed though in the sed mutants.  This result, together 

with the fact that all the SUMO-machinery components are expressed at the mRNA 

level, suggest that the sed mutations are not in genes that are part of the SUMO 

machinery.  Although the identity of these genes is still to be determined, it is 

tempting to speculate that some of them may encode SUMO substrates or proteins 

that regulate their expression or activity. 
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3. Molecular Identification of suppressors of esd4 
 

3.1. Introduction 
 

Posttranslational modification of proteins is a common cellular mechanism to control 

the activity, stability and localization of target proteins, and therefore has a direct 

impact on protein function as well as potential protein-protein interactions (Johnson 

2004; Walsh et al. 2005).  SUMOylation is a reversible posttranslational modification 

involved in the control of several important cellular activities (Johnson 2004).  

SUMOylation occurs on a lysine residue usually located within a highly conserved 

motif called SUMO-attachment motif (ΨKxE/D) where Ψ is a hydrophobic amino 

acid, K is a lysine, x any amino acid and E or D are acidic amino acids (Rodriguez et 

al. 2001).  SUMO attachment to substrate proteins involves three enzymatic reactions 

referred to as activation, conjugation and ligation or E1, E2 and E3, respectively.  

SUMO is produced as a precursor protein, and its maturation (removal of a C-

terminal extension) as well as the removal of SUMO from conjugates is performed by 

SUMO-specific proteases also known as Ubiquitin Like specific Proteases (ULP) (Li 

and Hochstrasser 1999).  SUMO can also interact non-covalently with the proteins 

through SUMO-Interacting Motifs or SIMs, which are short-stretches of hydrophobic 

amino acids (Kerscher 2007).  This non-covalent interaction provides another layer of 

complexity in the effects of SUMO modification on the proteins. 

 

In plants, SUMOylation is important for proper development since mutants of the 

SUMO activating enzyme large subunit (E1, SAE2), SUMO conjugating enzyme 

(SCE or E2), or the double mutant sumo1/sumo2 are embryonic lethal (Saracco et al. 

2007; van den Burg et al. 2010; Lois 2010).  Additionally, mutations in the SUMO-

specific protease ESD4 or the SUMO ligase SIZ1 cause gross developmental and 

physiological defects (Murtas et al. 2003; Miura et al. 2005; Miura et al. 2007; Lee et 

al. 2007).  Despite its importance, few substrates have been identified and 

characterized using traditional genetic approaches.  These include PHR1, ICE1, FLD 

and ABI5 (Miura et al. 2007; Miura et al. 2007; Miura et al. 2009).  Consequently, 

large-scale proteomic approaches have been taken to identify potential SUMO 

substrates including bioinformatic analysis, yeast two hybrid screens, biochemical 

purification and in plant screens based on 2-DE analysis (Miller et al. 2010; Elrouby 
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and Coupland 2010; Park et al. 2011).  These screens have shown that SUMO 

substrates are involved in chromatin and genome stability, transcription, nucleic acid 

metabolism, protein translation, folding, stability, trafficking, metabolism, and stress 

response –mainly heat shock.  Interestingly, among the hundreds of different proteins 

identified by these approaches, only a very small set is shared between them 

indicating that the experimental design affects the identity of SUMO substrates found.  

This notion supports the idea that SUMO is involved in the regulation of a variety of 

cellular processes and also that it can act on a specific pool of substrates according to 

the stimulus provided- or the mechanism under study.  

 

Genetic screens help uncover parallel pathways, novel genetic interactions and 

molecular regulatory components, with the advantage of exploring these interactions 

and pathways directly in planta, avoiding the manipulation that in vitro studies 

require.  In the previous chapter I described a suppressor screen to identify genes that 

are likely to be regulated by SUMO and may control floral transition in Arabidopsis.  

The morphological and molecular characterization of these suppressors of esd4 (sed) 

mutations showed that they partially restored several phenotypes of esd4, including 

early flowering and body and organ size.  Interestingly, no general change in the 

SUMO-conjugate levels nor in the expression of the major SUMO-machinery 

components at the mRNA level was observed in these lines suggesting that the sed 

mutations are not likely to be in genes that are part of the SUMO machinery.  In this 

chapter I aimed to uncover the molecular basis for some of these sed mutants.  Using 

classical map-based cloning I established rough map positions for four independent 

sed mutations.  To speed up the cloning process I used Next Generation Sequencing 

to fine map one of these mutations, sed111-1.  I could delimit the mutation to a region 

of chromosome that contains six candidate genes.  Finally, T-DNA mutant lines for 

four potential candidates were crossed to the esd4 mutant allele to test whether they 

confer the suppressor phenotype. 
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3.2. Generation of Mapping Populations 
 

To identify the causative mutations of the different sed mutants (in esd4-1, accession 

Landsberg erecta – L er), mapping populations were established by crossing each 

independent sed mutant line with a heterozygous esd4-2/+ (accession Columbia –Col; 

Figure 3.1A).  esd4-2 is a SALK line carrying a T-DNA insertion within the fourth 

intron of ESD4 and has been previously reported (Murtas et al. 2003; Figure 3.1B).  

All the F1 plants were genotyped by PCR for the esd4 allele, plants that presented an 

esd4-1/esd4-2 genotype were kept and seeds from each plant harvested independently. 

 
Figure 3.1. Generation of mapping populations of sed mutants. (A) Mapping 
populations were generated by crossing each one of the independent sed mutant lines, 
genotype sed/sed; esd4-1/esd4-1, which are in the L er accession, to heterozygous 
plants of the esd4-2 mutant, which is an allele in the Col accession. sed mutants were 
used as pollen donors. Only F1 plants that presented an esd4-1/esd4-2 genotype, 
denoted by a rectangle, were selected to be further analyzed.  In this way it is assured 
that they were derived from a real cross. (B) ESD4 genomic sequence representation.  
esd4-1 is a gamma radiation mutant allele in the L er accession, this allele presents a 
deletion of 762 bp which includes 30 bp of the coding region starting from the ATG 
(Murtas et al. 2003).  The esd4-2 allele is in a Columbia background and is a SALK 
line carrying a T-DNA insertion within the fourth intron of ESD4. 
 

3.3. Map based cloning of sed mutants 
 
To assess the nature of segregation in the sed F2 mapping populations a first 

exploratory analysis was performed.  For this purpose 86 F2 seeds from each one of 

the independent sed mapping populations generated were sown on soil and grown 

under SD conditions.  This analysis revealed that the plants segregating from the 

mapping populations showed a considerable variation in phenotype.  Flowering time 

looked more as a continuum instead of a discrete trait.  This phenotypic variation 

could be due to the combination of alleles from the Col and L er accessions in the 

hybrid population.  This form of heterosis has been reported before (Koornneef et al. 

2004).  To distinguish among the plants that present a suppressor phenotype from the 

ones that are only due to heterosis we generated a control cross of esd4-1 (L er) and 
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esd4-2 (Col) mutants and determined the effect on flowering time and plant size in the 

F1 and F2 hybrid populations.  Interestingly, the F1 hybrids showed a recovery of 

different aspects of the esd4 mutant phenotype such as recovery of stature, leaf and 

silique size (larger and more similar to the wild type) (Figure 3.2A-B).  A subtle delay 

in flowering in the F1 hybrid plants was also observed, however, these F1 hybrids 

were still early flowering in comparison to the wild type (Figure 3.2C).  All these 

phenotypic aspects were very homogeneous among the independent F1 hybrids, 

indicating that somehow the combination of esd4-1 (L er) and esd4-2 (Col) genotypes 

has a certain compensatory effect over the esd4 mutation or combining background 

alleles from L er and Col can partially suppress the effect of esd4.  However, the 

phenotypic recovery in the F1 hybrids was surprising since the esd4 mutation causes 

a very strong dwarf phenotype in both Col and L er accessions, which is even more 

dramatic under SD conditions under which the mapping populations were grown. 

 
Figure 3.2. Phenotype of the F1 hybrid of the esd4-1 (L er), esd4-2 (Col) mutants.  
(A) esd4 mutants exhibit a dwarf phenotype in L er and Col backgrounds. (B) F1 
esd4-1 (L er), esd4-2 (Col) hybrid grown under SD conditions. Arrows denote several 
aborted flowers and siliques along the main and secondary inflorescence stems. Letters 
below the siliques to the bottom left indicate L=Landsberg erecta, e= esd4-1 and F1= 
F1 hybrid of esd4-1 (L er) x esd4-2 (Col). (C) Flowering time for the esd4 mutants as 
well as the F1 hybrid registered as the total leaf nuber (TLN) produced under SD 
conditions. The asterisk denotes a set of F1 hybrids that were grown under SD 
conditions in the glasshouse. Error bars illustrate the means ± SE of n≥12 individuals. 
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Since the F1 hybrid population presented a weaker esd4 homogeneous phenotype, 

most likely due to heterosis, we wondered if in the F2 generation strong and weak 

esd4 phenotypes would segregate.  To determine this, 86 esd4-1 (L er) x esd4-2 (Col) 

F2 mutant plants were grown under SD conditions and flowering time was scored.  

This experiment revealed a bell shaped frequency distribution of flowering time, 

which ranged from 10 to 25 total leaf number (TLN) in the F2 population, much later 

than the esd4-1 (L er) x esd4-2 (Col) F1 hybrids which flowered from 6 to 12 TLN or 

the parental single mutant lines, esd4-1 (L er) or esd4-2 (Col), which flowered within 

a range of 6 to 14 TLN (Figure 3.3).  These results indicated that the esd4-1 (L er) x 

esd4-2 (Col) F2 population present a transgressive segregation and suggest that the 

combination of background alleles from L er and Col can partially suppress the effect 

of esd4.  Interestingly, besides the variation in flowering phenotype other 

morphological phenotypes like variation in leaf size and shape were observed (Figure 

3.4).   

 

Figure 3.3. Frequency distribution of the flowering time of esd4-1 (L er) x esd4-2 
(Col) F2 population under SD conditions. X axis indicates the TLN and Y axis the 
number of individuals. F2 population includes 86 individuals. 
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Figure 3.4. The esd4-1 (L er) x esd4-2 (Col) F2 population presents a broad 
phenotypic variation.  This photograph ilustrates the phenotypes of recombinant 
plants growing under SD conditions. 
 

 

Since the esd4-1 (L er) x esd4-2 (Col) F2 population, from now on called control 

cross, presented a large variation in flowering time I wondered if it would be possible 

to discriminate late-flowering individuals in the sed (L er) x esd4-2 (Col) F2 mapping 

populations.  For this purpose the F2 populations from sed4-1 x esd4-2, sed5-1 x 

esd4-2, sed43-1 x esd4-2, sed44-3 x esd4-2, sed45-1 x esd4-2, sed111-1 x esd4-2 as 

well as the control cross were grown under SD conditions and the flowering time 

compared.  This experiment revealed that late-flowering individuals were 

distinguishable in the mapping F2 populations of sed4-1, sed43-1, sed44-3 and 

sed111-1 indicating that these populations are useful for mapping (Figure 3.5).  On 

the other hand, the flowering time frequency distribution of the sed5-1 and sed45-1 

populations fully overlapped with the one of the control cross, meaning that the effect 

of the suppressor was not strong enough to overcome the hybrid genotype 

background variation and therefore these populations were not analyzed further 

(Figure 3.6).   

 

Interestingly, the late flowering individuals in the F2 segregating populations of sed4-

1, sed43-1, sed44-3 and sed111-1 also presented large rosette leaves in comparison to 

the segregating plants of the control cross; this trait became useful for selecting the 

individuals to be genotyped for establishing rough map positions (next subsection).   
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Figure 3.5. Flowering time frequency distribution of four independent sed (L er) x 
esd4-2 (Col) F2 segregating populations. Flowering time frequency distribution of the 
F2 populations of sed4-1 x esd4-2 (A), sed43-1 x esd4-2 (B), sed44-3 x esd4-2 (C) 
and sed111-1 x esd4-2 (D). Plants were grown under SD conditions and the flowering 
time registered as the Total Leaf Number produced (TLN). X axis indicate the 
number of leaves and Y axis the number of individuals. 
 
 
 

 
Figure 3.6. Flowering time frequency distribution of the sed5-1 x esd4-2 and sed45-1 
x esd4-2 F2 segregating populations. Flowering time frequency distribution of the 
sed5-1 x esd4-2 (A) and sed45-1 x esd4-2 (B) populations. Plants were grown under 
SD conditions and the flowering time registered as the Total Leaf Number produced 
(TLN). X axis indicate the number of leaves and Y axis the number of individuals. 
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500 F2 plants from each F2 segregating population of sed4-1 x esd4-2, sed43-1 x 

esd4-2 and sed44-3 x esd4-2 were grown under SD conditions and 100 plants, from 

each population, that presented a late flowering and big rosette area were selected to 

be genotyped (Figure 3.7 A-C, next section).  To assure that the selected plants 

contained the suppressor mutation individuals that presented a late flowering 

phenotype and a bigger rosette area than the hybrid genetic control cross were 

selected since the presence of both characters was never found in the esd4-1 x esd4-2 

F2 population (Figure 3.7D).  In all cases the F2 esd4-1 x esd4-2 hybrid populations 

were grown alongside to compare as a phenotypic control.  For the sed111-1 a 

different strategy was followed and therefore it will be addressed in a later section 

(3.4.1). 

 
Figure 3.7. Flowering time of the F2 mapping populations of the sed4-1, sed43-1 and 
sed44-3 suppressor lines. Flowering time frequency distribution of the F2 mapping 
populations from the sed4-1 x esd4-2 (A), sed43-1 x esd4-2 (B) and sed44-3 x esd4-2 
(C).  Photograph of the F2 segregating plants from the sed43-1 x esd4-2 and the esd4-
1 x esd4-2 populations.  White arrows indicate representative plants showing a late 
flowering phenotype and a big leaf area, only present in the sed43-1 x esd4-2 
population.  Black arrows indicate plants morphologically similar between the sed43-
1 x esd4-2 and the esd4-1 x esd4-2 populations, in the last case this plant represent 
one of the latest and biggest plants found in the control population.  All plants were 
growth under SD conditions.  
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Table 3.1. Suppressor mapping crosses and backcrosses synthesis 

sed x esd4-2 
Mapping population 

sed x L er sed x esd4-1 
Backcross 

Suppressor 
Line 

G A G A G A 
sed43-1 
 
sed44-3 
 
sed4-1 
 
sed111-1 
 
sed5-1 
 
sed45-1 
 
 
sed23-1 
 
sed33-1 
 
sed48-1 
 
 
sed49-1 
 
sed84-2 
 
sed108 
 
sed163-1 
 
sed166-1 
 
sed211-2 
 

F2 
 

F2 
 

F2 
 

F2 
 

F2 
 

F2 
 
 

F2 
 

F2 
 

F2 
 
 

F2 
 

F2 
 

F2 
 

F2 
 

F2 
 

F2 

RM 
 

RM 
 

RM 
 

RM 
 

NA 
 

NA 
 
 

ND 
 

ND 
 

ND 
 
 

ND 
 

ND 
 

ND 
 

ND 
 

ND 
 

ND 

No 
 

F2 
 

No 
 

F2 
 

F2 
 

F2 
 
 

No 
 

No 
 

F2 
 
 

F2 
 

No 
 

No 
 

No 
 

F2 
 

F2 
 

- 
 

NP 
 
- 
 

NP 
 

P 
 

NP 
 
 
- 
 
- 
 

ND 
 
 

ND 
 
- 
 
- 
 
- 
 

NP 
 

NP 
 

- 
 
- 
 

F1 
 

F4 
 

F2 
 
- 
 
 

No 
 

No 
 

No 
 
 

No 
 

No 
 

No 
 

No 
 

No 
 

No 

aborted 
 

aborted 
 

ND 
 

Yes 
 

NA 
 

aborted 
 
 
- 
 
- 
 
- 
 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 

Three different groups were established according to the strength of the phenotype, from top to bottom 
in High, Medium and Low. 
G= generation; A= analysis; No= not cross performed 
F2 indicates the generation; RM= Rough Map position established;  
NA=Not analyzable; ND= not data, population has not been analyzed yet 
NP= No visible phenotype detected; P=phenotype detected 
 
 
Beside the mapping populations sed lines were also crossed to L er in order to look 

for a possible phenotype independent of the esd4-1 mutation.  In this case only sed5-1 

segregated a clear and distinctive phenotype, this will be addressed in another section 

(3.5).  
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Mapping 

 

DNA from the 100 F2 late flowering plants potentially sed/sed , esd4/esd4 lines from 

each mapping population of the sed4-1, sed43-1 and sed44-3 suppressor lines were 

analyzed using a set of simple sequence length polymorphism markers (SSLP) to 

establish rough map positions.  This analysis revealed several genomic regions 

enriched for the homozygous L er genotype in the mapping populations of sed4-1 and 

sed44-3, but not sed43-1 line (Data not shown).  Remarkably, no single marker or 

region was absolutely linked to sed4-1 and sed44-3.  Therefore in order to distinguish 

the markers that are linked to the flowering time phenotype and the sed mutation, a 

basic marker-trait association analysis was performed using the GGT program (van 

Berloo 2008).  This program calculates the correlation between marker data and trait 

values and the associated probabilities of the correlation values (van Berloo 2008).  

This analysis revealed that for the sed4-1 mapping population, markers CIW11 and 

MUO22 (9.8 - 11.40 Mbp) on the upper arm of Chromosome III present a positive 

correlation with the flowering time (Figure 3.8A), and for the sed43-1 mapping 

population markers F26K10 and T9A14 (13.0 - 17.0 Mbp) on the lower arm of 

Chromosome IV, and F4P9 (14.20 Mbp) in the lower arm of Chromosome II present 

a positive correlation with flowering time (Figure 3.8B).  Finally the sed44-3 mapping 

population showed a strong linkage to the upper arm of Chromosome V, between 

T32M21 and NGA139 (1.4 – 8.4 Mbp), but also the upper arm of Chromosome II 

and lower arm of Chromosome III might have a positive or additive effect (Figure 

3.8C).  Interestingly, these three sed mutations presented a positive marker-flowering 

time correlation in different marker intervals suggesting that the genetic basis might 

be different.  To corroborate that these marker-trait associations were not related to 

the hybrid genetic background, namely esd4-1 (L er) x esd4-2 (Col) background, we 

also analyzed the same set of molecular markers in this population.  This analysis 

revealed a relatively homogeneous heterozygous background where no single 

correlation was found (Figure 3.9). 

 

As previously shown (Figures 3.2, 3.3 and 3.4), it seems that the hybrid genetic 

background is very variable and might affect the mutant phenotype.  The selected 
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plants that present big leaves and late flowering phenotype are enriched in the L er 

background at several positions.  A possible explanation for this is that the mutations 

may interact with alleles present in the Landsberg erecta background, and therefore 

the selected plants are enriched on this genotype at several positions.   

A 

 
B 

C 

 
Figure 3.8. Marker-trait association plot of the sed4-1, sed43-1 and sed44-3  
mapping populations. Marker-trait association plot of the sed4-1 (A), sed43-1 (B) 
and sed44-3(C). Each horizontal bar represents a chromosome, the vertical ticks on 
top represent each one of the analyzed markers. Each horizontal block represent a 
specific trait, in this case number of rosette leaves, cauline leaves and total leaf 
number. Red ticks signal the markers that present a positive association with the trait 
according to a correlation analysis. Correlation significances are corrected by a false 
discovery rate which establishes a threshold for the p-values of individual association 
tests (van Berloo 2008). 
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Figure 3.9. Consensus genotype map of F2 esd4-1 x esd4-2 hybrid population. The 
map is defined by 26 SSLP markers. The L er genotype is represented in red, 
Columbia in blue, and heterozygous regions in green. Gray regions are non determined. 
Each bar represents one chromosome from I-V from left to right. Marker name is 
depicted to the left of each chromosome and the percentage of individuals that present 
the most common genotype is written to the right. 
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3.4.  sed111-1 and Next Generation Sequencing strategy 
 

3.4.1 Rough Map position established by bulk segregation analysis 
 

The sed111-1 mapping population was genotyped by bulked segregant analysis 

(BSA) (Michelmore, Paran, and Kesseli 1991) to determine a rough map position.  

The original BSA method consists of making two bulks of DNA obtained from a 

population that is segregating for a particular trait; one bulk would be constituted from 

individuals that share a trait, and another bulk would be individuals that do not 

present such trait.  These two bulked DNA samples are afterwards analyzed with a 

set of molecular markers to establish linkage or a rough map position.  Segregant 

populations derived from three independent F1 crosses of M3 sed111-1 to the esd4-2 

mutants were used instead of a population segregating from a single cross.  DNA from 

94 F2 late flowering plants was pooled; two independent controls were used, one 

consisted of a 50-50 percent of a mix of Columbia and Landsberg erecta wild type 

DNA and the other was a 50-50 percent of a mix of esd4-1 (L er) and esd4-2 (Col) 

mutants.  This BSA analysis showed that the sed111-1 was linked to the bottom of 

Chromosome I (Figure 3.10), because sed111-1 parental polymorphism was strongly 

overrepresented in this region. 
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Figure 3.10. sed111-1 rough map 
position by bulk segregant analysis. 
Chromosome I is represented by the 
red line, molecular markers name is 
depicted to the left of the chromosome 
while the position in mega base pairs 
(Mbp) is depicted to the right. The gel 
electrophoresis of PCR products for 
each molecular marker is shown, 
numbers on the top of these 
photographs refer to the genotype 
analyzed, Col / L er (1) consist of a 
mix of 50% of each accession DNA as 
control, esd4-1 / esd4-2 F2 (2) consist 
of a mix of the DNA from 90 F2 
individuals from this cross as a 
background control, sed111-1 (3) 
works as the original parental control, 
sed111-1 x esd4-2 F2 (4) consist of a 
mix of the DNA from 93 F2 
individuals from this cross that 
constitute the mapping population. 
Black arrows indicate the markers that 
defect preferentially L er. 
 
 

3.4.2 Background cleaning  
 

The sed111-1 suppressor mutant line was backcrossed with the parental esd4-1 

mutant to reduce the number of unlinked extra mutations induced by the EMS 

mutagenesis.  The F1 BC1 seeds were sown on soil and individual F1 plants selfed. 

The resultant F2 seeds were grown under SD conditions to analyze sed111-1 

segregation.  Individual F2 plants were predicted to be homozygous esd4-1/esd4-1; 

sed111-1/sed111-1, heterozygous esd4-1/esd4-1; sed111-1/SED or only esd4-1/esd4-

1; SED/SED according to the phenotype observed, namely, late flowering phenotype 

and bigger leaves for the homozygous sed111-1 segregating plants and early flowering 

and dwarf for the esd4-1/esd4-1; sed111-1/SED and esd4-1/esd4-1; SED/SED plants.  

To confirm the predicted genotypes F3 seeds obtained from individual F2 plants were 
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sown and grown under SD conditions, as expected the progeny of the predicted 

homozygous sed111-1 plants presented a late flowering and big leaves phenotypes. 

The phenotypes were once more confirmed in the F4 generation (Figure 3.11).   

 

 
Figure 3.11. sed111-1 suppressor mutant background cleaning, F3 BC1 segregants.  
The sed111-1 line was backcrossed with the parental esd4-1 mutant and the resultant 
progeny segregated in the F2 population.  F2 plants predicted to be homozygous for 
the sed111-1 mutation gave place to homogeneous late flowering plants with big 
leaves in the F3 generation (second and third rows) in comparison to the plants 
predicted to be esd4-1/ esd4-1 ; SED/SED (third row). Plants were grown under SD 
conditions. 
 

 

3.4.3 DNA extraction, sequencing and data analysis 
 

Genomic DNA was extracted from sed111-1 F3 BC1 (backcrossed to esd4-1) 

seedlings obtained from a single F2 BC1 family that showed a consistent segregation 

and homogeneous phenotype (section 3.4.2).  Genomic DNA was also extracted from 

the parental esd4-1 mutant to use as control.  Whole-genome sequencing was 

performed using Illumina/Solexa Genome Analyzer II.  A total of 2 x 40 million 95 bp 

long paired-end reads were generated, this is equivalent to an average of 61-fold 

sequence coverage across the entire genome.  The obtained reads were mapped to the 

TAIR9 version of the Arabidopsis thaliana reference genome (Columbia ecotype) for 

variation discovery (Single Nucleotide Polymorphisms-SNPs, indels and Copy 

Number Variations-CNV) using the aligner program Burrows-Wheeler Aligner (BWA).  

BWA is an aligner that achieves a good balance between performance and accuracy for 

SNP calling (Li and Durbin 2009).  Since the assembled reference genome is in the 

Columbia background while the sed111-1 as well as their progenitor esd4-1 are in the 
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Landsberg erecta (L er) ecotype, all the SNPs reported for L er in the TAIR database 

were also included in the analysis to determine the unique SNPs for sed111-1 and 

esd4-1.  A score matrix was generated from the BWA analysis and used to call 

homozygous SNPs in sed111-1 and homozygous as well as heterozygous SNPs in 

esd4-1 mutant.  The esd4-1 mutant heterozygous SNPs were necessary to get the 

maximum variation since this is the background genotype.  The esd4-1 mutant 

homozygous and heterozygous SNPs list was compared to the homozygous SNPs list 

of sed111-1 to identify the SNPs that were homozygous and unique for sed111-1.  

The sed111-1 SNPs were required to be covered with reads in esd4-1 to exclude 

regions that are not covered by the sequencing or are difficult to align because either 

they contain many variations or large insertions or deletions. 

 

 
3.4.4 Generation of de novo dCAPS markers, genetic interval, gene candidates 
 

Generation of de novo dCAPS markers 
 

CAPS (Cleaved Amplified Polymorphic Sequences) markers are amplified DNA 

fragments that contain one or more polymorphisms differing between two accessions. 

When these PCR fragments are digested with a restriction endonuclease they display a 

Restriction Fragment Length Polymorphism (RFLP) that differentiates the genotype 

of origin (Konieczny and Ausubel 1993).  These markers are PCR-based and are co-

dominant, meaning that both chromosomes/alleles may be genotyped (Lukowitz et al. 

2000).  dCAPS markers are derived CAPS markers where a synthetic restriction site is 

created by a combination of a mismatched PCR primer, which introduces a new-

synthetic polymorphism, with the naturally occurring polymorphism in one of the 

accessions (Neff et al. 1998).  de novo dCAPS markers are simply dCAPS markers 

that are created based on the SNPs produced by the EMS mutagenesis.  In our case, 

these SNPs were detected by next generation sequencing in a segregant mutagenized 

population that presented the phenotype of interest (Figure 3.12).  In particular for 

this work, several de novo dCAPS were designed to fine-map the causative mutation 

of the sed111-1 suppressor phenotype. 
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Figure 3.12. de novo dCAPS markers. CAPS markers consist of PCR amplicons that 
contain one or more polymorphisms between two different accessions, in this case 
Col and L er, and can be digested enzymatically giving place to different restriction 
fragment patterns. In this example the enzyme used is EcoRI and only one site is 
predicted to exist for Col. dCAPS is a variation of CAPS where a base pair change is 
introduced by a mismatched primer in order to create a synthetic restriction site when 
combined with the SNP already present in the accession. In this case the Columbia 
presents an adenine (A) whereas the L er presents a guanine (G), the synthetic 
introgression of G instead of A in both ecotypes generates an EcoRI site only in the 
Col accession.  de novo dCAPS are the same as dCAPS with the only variation that 
the SNP variation is the product of the mutagenesis, in this case EMS depicted as a 
small lightening sign. This dCAPS marker distinguishes the genotype and at the same 
time corroborates the presence of the SNP in the mutant. GE is an abbreviation for 
Gel Electrophoresis. Adapted and modified from (Lukowitz et al. 2000). 
 
 
Analysis of sed111-1 x esd4-1 F2 Backcross segregants by de novo dCAPS 
 

In the previous section I explained how the de novo dCAPS are designed.  In this 

section these molecular markers were used to narrow down the genetic interval that 

encompasses sed111-1 to a few candidate genes.  de novo dCAPS markers work as 

the normal dCAPS markers with the advantage that here the analysis is performed in 

the same background where the mutation was generated, avoiding complications in 
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scoring phenotypes due to heterosis in the hybrid populations as previously shown 

(Section 3.3, Figures 3.2, 3.3 and 3.4).  Another advantage is that the marker itself 

corroborates the existence of the mutation.  The bulk segregant analysis of the 

sed111-1 F2 mapping population established linkage to the bottom arm of 

Chromosome I, below 24.0 Mbp (Section 3.4.1).  To corroborate this genetic interval 

several de novo dCAPS were designed based on different high score-quality SNPs 

that were distributed along chromosome I and tested on 30 F2 plants showing the 

sed111-1 phenotype.  This analysis confirmed the linkage to the bottom of 

chromosome I (Figure 3.13), the analysis of another 166 F2 plants narrowed down the 

genetic interval to 26.49 -28.07 Mbp.  In this interval 13 SNPs were present.  Five of 

these SNPs lead to non-synonymous mutations, five give rise to synonymous 

mutations, two are located in intronic/non coding regions and one is located at the 

5’UTR (Table 3.2).  Currently the SNPs located in the outer limits of the interval, 

At1g70320 and At1g74710, are being used to look for recombinants to narrow down 

the genetic interval containing the sed111-1.  

 
Figure 3.13. Linkage analysis of some of the SNPs found in Chromosome I in 
sed111-1 plants.  In order to asses some of the candidates in the linked area de novo 
dCAPS markers were generated based on the sequencing data and analyzed in the F2 
segregants from a backcross to esd4-1 (Figure 3.11).  This analysis confirmed the 
previous mapping data (Figure 3.10).  Numbers at the bottom of the graph and on top 
of the green bar are references to localize the physical position of each marker. Green 
bar represents Chromosome I and each white tick on it corresponds to one SNP-
Marker.  Plant photographs present the phenotypes for a representative plant that 
showed linkage or not to the marker depicted as number 15 in the graph. 
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Table 3.2. Mutated genes within the linked genetic interval containing the sed111-1 

AGI gene 

code 

Mutation nature  Protein function 

AT1G70320 

AT1G70460 

AT1G70940 

AT1G71240 

AT1G71340 

AT1G72100 

AT1G72410 

 

AT1G73130 

AT1G73500 

AT1G74170 

 

AT1G74450 

AT1G74540 

 

AT1G74710 

Non synonymous 

five_prime_UTR 

Synonymous 

Intronic/non coding 

Intronic/non coding 

Synonymous 

Non synonymous 

 

Synonymous 

Non synonymous 

Non synonymous 

 

Synonymous 

Synonymous 

 

Non synonymous 

R 

- 

T 

- 

- 

A 

P 

 

L 

T 

S 

 

E 

R 

 

G 

Stop 

- 

T 

Stop 

- 

A 

L 

 

L 

P 

F 

 

E 

R 

 

R 

E3 ubiquitin-protein ligase UPL2 

Similar to protein kinase 

Auxin efflux carrier component 3 

Unknown protein 

Glycerolphosphodiesterase 4 

LEA domain containing protein 

similar to COP1-interacting protein-

related 

Unknown protein 

AtMKK9 

leucine-rich repeat family protein 

AtRLP13 

Unknown 

similar to CYP98A9 (cytochrome P450, 

family 98, subfamily A, polypeptide 9) 

Isochorismate synthase 1 

 

Analysis of L er x sed111-1 F2 segregants 
 

Eight F2 segregants were selected from a 90-individual population of L er x sed111-1.  

These individuals were analyzed with de novo dCAPS markers outside and within the 

genetic interval containing the sed111-1 to confirm that they inherited all or some of 

the mutations in the genetic interval.  All eight F2 segregants presented a heterozygous 

genotype for the complete or part of the linked interval but were mostly wild type 

outside this genetic interval, they were also heterozygous for the esd4-1 mutation.  

These individuals will serve for three purposes: first to increase the number of 

potential recombinants to narrow down the genetic interval containing the sed111-1 

since only few seeds are produced by the sed111-1 x esd4-1 cross, second to isolate 

the mutation in the same L er genotype in case the phenotype is only visible in this 

accession, and third, the F3 generation will also allow to test more directed and 

intensively the candidates than was done before (Table 3.1) to determine whether they 

have a phenotype in the absence of the esd4-1 mutant background. 
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sed111-1 candidate genes 

 
The suppressor screen of the null mutant esd4-1 is expected to allow the recovery of 

new mutations that overcome the effect of esd4-1 on plant development.  I focused on 

flowering time and overall growth. The combination of classical forward genetics, 

map based cloning and whole genome sequencing allowed me to reduce the number 

of genes linked to sed111-1 to 13 candidates from which only six caused a non-

synonymous mutation (Table 3.2).  This reduced the number of candidate genes 

dramatically, because the original interval contained 469 loci (26.49 -28.07 Mbp). 

 

Since esd4-1 is a null mutant, recovery of mutations in genes that directly interact 

with ESD4 was not expected.  In agreement with this idea, none of the six candidates 

of the sed111-1 line are found in the database of SUMOylated proteins that interact 

with ESD4 (Elrouby and Coupland 2010), nor with the SUMOylated proteins 

reported in other studies (Miller et al. 2010; Park et al. 2011). 

 

Four out of the six genes that induce a non-synonymous mutation have been reported 

in the literature.  This information is valuable to determine what these genes do and 

how much they might contribute to the observed phenotype.  Here I present a general 

description of these four genes. 

 

At1g70320 E3 Ubiquitin-protein ligase UPL2 (Stop).  UPL2 is a member of the 

HECT-E3 family in Arabidopsis, which consists of seven members that are grouped 

into four subfamilies according to the presence of domains upstream of the HECT 

domain (Downes et al. 2003).  HECT domain Ubiquitin-protein ligases promote the 

transfer of Ubiquitin to appropriate targets by directly interacting with Ubiquitin via a 

conserved Cysteine in the HECT domain to which a high energy Ub-E3 thiol-ester 

intermediate is formed (Bates and Vierstra 1999).  UPL2 encodes a protein of 405 

kDa that is 94% identical to UPL1, indicating that it is a recently duplicated gene 

(Bates and Vierstra 1999).  Both UPL1 and UPL2 are located on Chromosome I, 26 

cM apart, on the upper and lower chromosome arms, respectively, and are products of 

a recent duplication (Bates and Vierstra 1999).  The functionality of the HECT 

domain of UPL1 was tested by Ubiquitin conjugation assays in vitro (Bates and 

Vierstra 1999). 
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At1g73500 Mitogen-activated protein kinase 9 AtMKK9.  MAPK cascades are 

important means of signal transduction; they are involved in pathways that regulate 

plant growth, development, and responses to various stress stimuli.  Studies of 

transgenic plants that express an active version of MKK9 showed that this kinase-

kinase activates MPK3 and MPK6 proteins, the activation of these proteins leads to 

an induction of the synthesis of ethylene (important phytohormone induced by biotic 

and abiotic stresses) and camalexin, an indole phytoalexin (sulfur-containing indole 

alkaloid) employed in defense against infection by microorganisms (Glawischnig et 

al. 2004; Xu et al. 2008). 

 

At1g74170 leucine-rich repeat family protein AtRLP13.  Receptor like proteins 

(RLP) are cell surface receptors that consist of an extracellular leucine-rich repeat 

domain, a transmembrane domain and a short cytoplasmic tail (Wang et al. 2008).  

These receptors have been related to disease resistance, plant growth and 

development, and sensitivity to various stress responses and abscisic acid (Wang et al. 

2008).  Until now 57 RLP have been identified in the Arabidopsis genome, and all are 

expressed.  Some of the interesting representatives are CLAVATA 2, an important 

gene in the regulation of meristem maintenance, and TOO MANY MOUTHS 

(TMM), a gene involved in the regulation of stomatal distribution (Wang et al. 2008). 

 

At1g74710 Isochorismate synthase 1 (ICS1).  ICS1 is an essential enzyme for 

Salicylic Acid (SA) synthesis following pathogen recognition (Wildermuth et al. 

2001).  SA deficient plants are late flowering under SD conditions.  This phenotype 

seems to involve the photoperiod pathway but without the requirement of CO, FCA or 

FLC (Martínez et al. 2004).  Interestingly, ICS1 mutants called sid2-1, suppress the 

growth defect of leaf curling in 35S::SUM2 plants but not the dwarfness nor leaf 

elongation (van den Burg et al. 2010).  Remarkably, a previous study showed that sid-

2 does not suppress the esd4-2 mutant growth phenotype (Hermkes et al. 2011) under 

LD conditions where presumably the sid-2 mutant has minimal or no effects.  
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esd4 complementation by crossing with the candidate genes  
 
As a second strategy the sequence-indexed insertion line database of the Salk Institute 

Genomic Analysis Laboratory was screened for T-DNA insertions in the six genes 

containing non-synonymous mutations and that were identified in the previous 

section.  These include similar to COP1-interacting protein related (At1g72410;  

SAIL_182_A11) with an insertion in the middle of the ninth exon, AtMKK9, 

(At1g73500; SAIL_60_H06) with an insertion in the middle of the gene (encoded by 

only one exon), AtRLP13 (At1g74170; GABI_574F03) in the middle of the eigth and 

last exon, (SALK_122999.30.40 and SALK_020984.49.10) both in the fifth exon.  I 

also identified a T-DNA insertion for Isochorismate synthase I (At1g74170; 

SALK_042603.55.70) at the end of the fourth exon.  These lines were ordered, 

screened to identify homozygotes and crossed to the esd4-2 (Col) allele (since all 

these lines are in the Col background) to test whether any of them recapitulate the 

sed111-1 suppressor phenotype.  

 

3.5.  sed5-1 backcross mapping strategy 
 

In a previous section (3.3) I mentioned that in addition to the mapping populations 

that were generated by crosses to esd4-2 (Col) mutant, sed lines were also crossed to 

L er in order to segregate the sed mutation away from the esd4-1 first-site mutation. 

The purpose of this experiment was to both assess the phenotype independent of the 

esd4-1 mutant phenotype, and to eventually generate mapping populations by 

crossing to Wt Col.   In this case the phenotypic characterization would be easier 

since only one mutation would have an effect on the plant.  From the different sed 

lines backcrossed to L er (Table 3.1), only the sed5-1 line segregated a clear 

phenotype independent of the esd4-1 mutation in the F2 generation.  From 80 F2 

sed5-1 x L er plants three presented the same mutant phenotype.  To confirm the 

inheritance of these mutant phenotypes seeds from each one of the three plants were 

sown on soil and the phenotypes analyzed.  All plants presented the same mutant 

phenotype indicating that they were homozygous.  These mutants were called A6-C6 

(in reference to the coordinates where they were growing on the tray).  A6-C6 was 

backcrossed to L er to follow segregation of the phenotype in the F2 plants. A6-C6 
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plants presented diamond-shaped cotyledons, narrower and pale green rosette leaves, 

an apical inflorescence which dies without elongation, several flowers and siliques 

that do not mature or are aborted, and very often ball-shaped structures instead of 

trichomes are formed at the abaxial side of the leaves.  Interestingly all these 

phenotypes are stronger under SD (Figure 3.14). 

 

A rough mapping analysis by BSA from the sed5-1/ sed5-1; ESD4/ESD4 x Col 

showed a clear linkage to the molecular marker K9P8 (20,0 Mbp) at the bottom of 

Chromosome V.  Analysis of a larger population allowed narrowing down the linked 

genetic interval with two recombinants; one at K9P8 (20,0 Mbp) and the other at 

M322 (dCAPS marker at 20,75 Mbp).  This region contains 295 loci.  Analysis of a 

much larger mapping population is required to narrow down this linked region  (Figure 

3.15). 

 

Once a rough map position was established for A6-C6 mutant, the putative sed5-1 

line, a cross to the esd4-1 mutant was performed to confirm that the isolated mutant is 

indeed the suppressor sed5-1.  All F1 plants presented a L er phenotype indicating the 

recessiveness of both mutants, namely esd4-1 and A6-C6.  The F2 population is yet to 

be analyzed. 
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Figure 3.14. A6-C6 plants phenotypes. (A) A6-C6 plants present several aborted 
siliques and frequently the main inflorescence dries out. (B) A6-C6 rosette leaves 
(right) show longer petioles, small, pale and inward growth in comparison to the Wt. 
(C) A6-6C cotyledons show a diamond shape in contrast to the more circular shape of 
the Wt cotyledons. (D) Ball-shaped structures on the abaxial part of the rosette 
leaves. (E) Secondary inflorescences frequently present aborted siliques. (F) Primary 
inflorescence detail showing all the senesced flowers. Arrow heads serve to indicate 
the structures. All photographs, except C, are from plants growing under SD 
conditions. 
 



CHAPTER III 

77 

 
Figure 3.15. Bulk Segregant Analysis and rough map position of A6-C6. (A) 
Chromosome V is depicted as a red line, molecular markers name and their position in 
mega base pairs (Mbp) are indicated. The GE of PCR products for each molecular 
marker is shown. Col/L er indicates a  50-50 percent mix of Col and L er DNA, A6-
C6 mutant DNA, and A6-C6 x Col F2 is a mix of 20 segregants presenting the mutant 
phenotype from a mapping population. Arrows indicate the linked markers. (B) 
Recombinant analysis from 138 individuals from an F2 mapping population showing a 
100 percent linkage to the K9P8. (C) Genetic interval linked to the A6-C6 mutation 
showing the only two recombinant individuals found. (D) F3 plants from two 
independent F2 segregant plants from the mapping population. Upper row shows the 
progeny of a plant homozygous L er for the linked region. Lower row shows the 
progeny of an heterozygous plant. The white asterisk indicates a plant that presented 
a Wt phenotype, this plant was heterozygous for the linked region. Plants grown 
under SD conditions. 
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3.6. Discussion 
 
 
SUMOylation, the post-translational attachment of SUMO (Small Ubiquitin-like 

Modifier) to a substrate protein, regulates the activity of several proteins involved in 

critical cellular processes.  SUMO is subsequently removed from substrates by 

SUMO-specific proteases, making this modification reversible.  In plants, 

SUMOylation has been implicated in several physiological responses and flowering 

time control.  ESD4 (Early in Short Days 4) encodes a SUMO-specific protease that 

prevents the accumulation of SUMO-conjugates in Arabidopsis.  The esd4-1 mutant 

shows a very early flowering phenotype as well as several shoot developmental 

distortions suggesting an important role of SUMOylation in the regulation of plant 

development.  In order to identify potential SUMO-substrates involved in the 

regulation of flowering, an enhanced mutant screen was performed.  In this way 120 

independent suppressors of esd4 (sed) were isolated and 15 of them further 

characterized (Chapter II).  Rough map positions for five of these sed mutations using 

classical genetic methods were established (this Chapter).  As an alternative approach 

we used Next Generation Sequencing technology to fine map one of these sed 

mutations to high resolution.  Doing this, we were able to use the whole genome 

sequencing data of an EMS mutagenized plant to generate de novo dCAPs markers to 

fine map the causative mutation of the suppressor phenotype.  This powerful and fast 

sequencing technology in combination with state of the art bioinformatic analysis 

reduced the 469 genes localized within the linked interval to only six clear candidate 

genes that are being currently tested in independent segregant populations and reverse 

genetics.  T-DNA insertion lines were ordered for these genes, screened to identify 

homozygotes and crossed to the esd4-2 (Col) allele (since all these lines are in the Col 

background) to recapitulate the sed111-1 suppressor phenotype. 

 

Mapping populations 

 

The control cross esd4-1(L er) x esd4-2 (Col) leads to partial suppression of the 

esd4 phenotype  

In order to identify the causal mutations of the sed mutants a map-based cloning 

strategy was followed.  Contrary to what was expected the genetic mix of the two 
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accession genomes, Columbia and Landsberg erecta, led to a considerable recovery of 

the esd4 mutant phenotype in the F1, and a surprising phenotypic variation in the F2 

generation (Figures 3.2, 3.3 and 3.4).  Such phenotypes can be explained by 

phenomena like hybrid vigour, in the case of the F1 population, and a compensation 

result of an allelic combination in the F2 generation which can commonly occur when 

two accessions, like Col and L er, that are highly inbred are crossed (Koornneef et al. 

2004).  Despite the wide range of the flowering time frequency distribution (TLN 

range 11-26) in this esd4-1 (L er) x esd4-2 (Col) F2 control background cross, the 

population still represents an early flowering distribution if we compared to the 

flowering time of the Col or L er plants, which under SD normally flower with around 

50 and 35 total Leaves, respectively.  This indicates that the esd4 mutation is still 

exerting a strong effect on the flowering time in the segregating population.  

 

Only sed mutants that present a strong late flowering phenotype and big rosette 

leaves can be maped in the esd4-1(L er) x esd4-2 (Col) mutant background 

To reduce the phenotypic mis-scoring of the segregant plants containing the sed 

mutation (compared to the ones that were only caused by the allelic combination in 

the Col - L er background) two traits were taken into account, flowering time and 

rosette leaf area.  These traits were chosen because only few individuals in the 

background cross (esd4-1 (L er) x esd4-2 (Col)) present both traits in comparison to 

some of the sed mapping populations where almost a quarter of the population present 

plants with this combination of phenotypes (Figure 3.7D).  However, after 

establishing the selection method and analyzing different mapping populations I 

realized that not all the suppressors exert an effect strong enough to overcome the 

variability presented by the background, so that both the flowering time frequency 

distribution as well as the rosette leaf area were overlapping (Figure 3.6). 

 

Therefore only sed mapping populations that presented segregating individuals with a 

late flowering time and large rosette leaf area distinguishable from the control cross 

background were selected (Figure 3.7).  Since neither single region nor marker was 

absolutely linked to the sed4-1, sed43-1 or sed44-3, candidate areas were established 

by analyzing the positive correlations of the flowering time and candidate markers.  

The identified positions remain to be confirmed by analyzing F3 lines that segregate 
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for these putative linked regions (Figure 3.8).  The fact that several areas segregate 

with a L er constitution might indicate either that the trait is caused by more than one 

locus that can act in an additive fashion, in which case it would look more as a 

Quantitative Trait Loci (QTL), or that the effect observed in the suppressor is 

favoured in a L er background and the plants collected to generate the mapping 

populations were enriched in this genotype.  In both cases, it would be necessary to 

dissect the components that have an effect on the trait by reducing the complexity of 

the mapping population.  One way to do this could be by creating Recombinant 

Inbred Lines (RIL) where only one of the loci remains polymorphic and its effect on 

the trait can be tested separately. 

 

Remarkably, the flowering time trait and marker association analysis in the 

background esd4-1(L er) x esd4-2 (Col) did not show any association (Section 3.3, 

Figure 3.9), if only the late flowering individuals were analyzed, indicating that the 

patterns observed in the sed4-1 and sed44-3 mapping populations are due to the 

suppressor mutations, and that in this control cross the phenotypic variation can not 

be attributed to one gene but it is likely the product of a complex multiallelic 

interaction.  

 

Next-Generation sequencing as a method of fine mapping the sed111-1 suppressor 

After working with different mapping populations and establishing rough map 

positions for different sed mutations I realized that the advance to narrow down the 

linked areas would be hampered for different reasons like the variation in flowering 

time of the genetic background and the sensitivity of the mutant phenotype to the 

environmental conditions.  These inherent characteristics of the suppressors and the 

esd4 mutation therefore became a limiting factor to screen for larger populations to 

fine map the causative mutations.  I decided to accelerate the mapping process by 

using Whole-genome sequencing to identify the causative mutation in the sed111-1 

line.  This strategy provided information on all the SNPs exclusively present in the 

sed111-1 line.  The corroboration of the linked genetic interval in a cross of sed111-1 

back to the esd4-1 mutant avoided the need for a wide cross between accessions.  For 

this de novo dCAPS, designed to use the SNP as part of the restriction enzyme site, 
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were used and supported the validity of the established rough map position (Figure 

3.10 and 3.13).  This technology proved to be very useful since only 13 SNPs were 

found in the linked area even if the genetic interval established by the analysis of 

recombinants is relatively large (26.49 -28.07 Mbp).  These 13 candidates represent 

only 3% of the total number of loci (469) found in this area.  From these 13 mutant 

candidates five SNPs cause non-synonymous mutations and one is located at an 

intron/exon junction (At1G71240). 

 

Whole-genome sequencing has also unravelled complex genetic interactions by 

identifying mutants whose phenotypes depend on more than one mutation (Srivatsan 

et al. 2008; Harper et al. 2011).  In the extremely rare case that sed111-1 phenotype 

would be due to a synergic effect of independent mutations it would be necessary to 

analyze and determine the contribution of each mutation to the phenotype by 

generating individuals with single or combinations of the mutations.  A limitation for 

this procedure would be the proximity of the potential mutations which would not 

allow to generate double crosses of independent T-DNA lines in the candidate genes 

to generate the mutant combinations.  In this case the backcross to L er results are 

useful because the isolation of recombinants that only retain the genetic interval with 

the candidate genes will recapitulate the suppressor phenotype. 

 

Overall, our results demonstrate that the new sequencing technologies are well suited 

for the isolation of suppressors of a mutant with a pleiotropic phenotype as esd4.  

This approach helped to accelerate the identification of clear candidates for the 

sed111-1 causative mutation and proved very useful in a situation where the 

phenotype is restrictive, as in our case, where the plants have reduced fertility, low 

seed yields, and the mutant phenotype is susceptible to environmental influences, 

making precise scoring very difficult. 
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4. Analysis of a potential role of SUMOylation in the activity of the 
transcriptional and floral repressor protein Short Vegetative Phase   
 

4.1. Introduction 
 

During Arabidopsis development, the transition from the vegetative phase to the 

reproductive phase is controlled by a complex genetic network that includes a set of 

transcription factors acting upstream of effectors genes (Mouradov et al. 2002; 

Simpson and Dean 2002; Lee and Lee 2010).  Some of these transcription factors 

belong to the MADS-box protein family and play important roles during this 

developmental transition (Theissen et al. 2000; Simpson and Dean 2002; Michaels et 

al. 2003; Alexandre and Hennig 2008).  The MADS-box family is characterized by 

the presence of a highly conserved domain of about 60 amino acids, the MADS-box 

(Kaufmann et al. 2005).  This domain interacts directly with a conserved sequence, 

the CArG box, in the DNA of its target genes to regulate their expression (Shore and 

Sharrocks 1995; Pellegrini et al. 1995).  MADS-box genes are extensively involved in 

the regulation of different developmental processes in plants, remarkably in 

reproductive development (Kaufmann et al. 2005; Theissen et al. 2000; Hemming and 

Trevaskis 2011).   

 

SHORT VEGETATIVE PHASE (SVP), a member of the MADS-box family, is 

involved in the regulation of phase transitions in Arabidopsis in a dosage dependent 

manner (Hartmann et al. 2000).  These developmental transitions include the 

flowering time transition and the maintenance of the identity of the floral meristem 

before the establishment of the identity of the floral whorls (Hartmann et al. 2000; 

Gregis et al. 2006; Liu et al. 2007; Gregis et al. 2008).  SVP interacts with 

FLOWERING LOCUS C (FLC), another important negative regulator of flowering in 

Arabidopsis, to form a floral repressor complex which binds the promoter regions of 

FLOWERING LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF 

CONSTANS (SOC1) inhibiting their expression (Michaels and Amasino 1999; Searle 

et al. 2006; Lee et al. 2007; Li et al. 2008).  FT and SOC1 are two important floral 

integrators which promote flowering in response to internal and environmental signals 

(Turck et al. 2008; Lee and Lee 2010). 
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Regulation of transcription factor functions by SUMOylation has been reported (Gill 

2005).  In most cases, SUMOylation has a negative effect on transcription mainly by 

recruiting or stabilizing repressor complexes (Gill 2005).  FLC interacts with both 

AtSCE and ESD4 in the yeast two-hybrid assay and is SUMOylated in vitro (Elrouby, 

pers. Comm.).  In this study, I used the E.coli SUMOylation system developed in our 

lab (Elrouby and Coupland 2010) to show that SVP is also SUMOylated.  I also 

mapped the SUMO-attachment sites in SVP by site-directed mutagenesis.  In order to 

study the role of SUMOylation in SVP function, an svp-null mutant (svp-41) was 

transformed with constructs aiming to hyperSUMOylate (translational fusions with 

SUMO or AtSCE) or hypoSUMOylate (mutations in the putative SUMO-attachment 

sites) SVP protein.  
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4.2. SVP SUMOylation 

 
4.2.1 In silico analysis predicted seven SUMO-attachment sites in SVP 
 
 
SUMOylation takes place on lysine residues that usually reside in what is known as 

the SUMO-attachment site (Rodriguez et al. 2001; Xu et al. 2008).  This motif 

consists of a defined sequence of amino acids (ψKxE/D) and can be predicted by 

bioinformatic analysis (Xue et al. 2006; Xu et al. 2008).  Using SUMOplotTM, a 

publicly available program (http://www.abgent.com/tool/sumoplot), seven putative 

SUMO-attachment lysines were identified with different score probabilities (Table 

4.1). 

 

Table 4.1. Predicted SUMO-attachment sites in SVP 
Residue 
positiona 

 
SUMO-attachment contextb 

 
Scorec 

 
K78 

 
QSKNLEKLDQPSLE 

 
0.50 

K30 RRGLFKKAEELSVL 0.48 
K31 RRGLFKKAEELSVL 0.48 
K10 EKIQIRKIDNATAR 0.44 
 K155 EISELQKKGMQLMD 0.33 
 K156 EISELQKKGMQLMD 0.33 
K53 IFSSTGKLFEFCSS 0.32 

 
Amino acids are indicated by single-letter abbreviations.  aThe number to the right 
indicates the amino acid position in the primary sequence.  bSUMO motifs are 
highlighted in bold letters and the putative SUMO-target lysine is also underlined.  
cScore indicates the probability for the SUMO consensus sequence to be used in 
SUMO attachment based on two criteria: 1) direct amino acid match to SUMO 
consensus sites, and 2) substitution of the consensus amino acid residues with 
amino acid residues exhibiting similar hydrophobicity. 

 

 

MADS-MIKC proteins contain three conserved domains (MADS, Intervening and 

Keratin-like domains) and a C-terminal region (Ma et al. 1991).  The MADS domain 

guides the DNA-protein interaction and lies flat on the DNA minor groove (Pellegrini 

et al. 1995; Santelli and Richmond 2000).  The I domain plays a role as a key 

molecular determinant for the selective formation of DNA binding dimers 

(Riechmann et al. 1996).  The K domain provides specificity in the formation of 

protein-protein interactions (Zachgo et al. 1995; Yang et al. 2003; Yang and Jack 
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2004), and finally, the C-terminal region is likely to be involved in transcriptional 

activation or in the formation of multimeric transcription factor complexes 

(Riechmann and Meyerowitz 1997).  Interestingly, the majority of the predicted 

attachment lysines in SVP were located in the MADS domain (K10, 30, 31, 53), with 

only one in the I domain (K78) and two in the K domain (K155, 156; Figure 4.1). 

 

 

 

 

 
 
 
Figure 4.1. SVP protein conserved domains and potential SUMO-attachment sites.  
SVP presents the canonical three domains and a C-terminal extension of MADS-
MIKC proteins.  Four SUMO-attachment sites are located in the MADS domain 
(K10, 30, 31, 53), two are part of the K-box domain (K155, 156) and one (K78) is 
located in the I region.  MADS-box is represented by the red rectangle, the I-domain 
is in yellow and the K-domain is represented by the blue polygon. Red diamonds on 
top of each domain represent the SUMO-target lysines.  The small red triangles below 
the gray ruler represent amino acids that participate in the formation of DNA binding 
surface (upper), conserved phosphorylation site (middle) or the dimerization interface 
(bottom) (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).   
 
 
There are three parameters that can be taken into account to support the functionality 

of a protein motif: evolutionary conservation, surface accessibility and co-localization 

in the cell with the enzymes that carry out the posttranslational modification (PTM) 

(Diella et al. 2008; Diella et al. 2009).  To explore the conservation of the potential 

SUMO-attachment motifs in different SVP homologues, a protein-protein BLAST 

analysis was performed using the SVP protein sequence as query 

(http://www.ncbi.nlm.nih.gov/BLAST).  This analysis retrieved 100 homologous 

sequences that were then aligned using the Multiple Alignment tool COBALT 

(http://www.ncbi.nlm.nih.gov/tools/cobalt).  As expected, the lysines located within 

the MADS domain (K30, 31 and 53) were highly conserved while lysines 10, 78, 155 

and 156 were more variable (Figure 4.2). 
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Multiple sequence alignments indicated that three out of the seven potential SUMO-

attachment lysines were conserved. To determine whether the SUMO-attachment 

motifs were also conserved, the retrieved 100 putative SVP homologue sequences 

were used to identify conserved stretches of 10 amino acids in length, that might 

include the predicted SUMO-attachment sites using MEME, a tool designed to 

discover motifs in a group of related protein sequences (http://meme.sdsc.edu/meme).  

This analysis revealed that the SUMO-attachment motifs were among the 15 most 

conserved motifs, with motifs spanning K53, K30/K31, K10, K155/K156, and K78 

ranking 3rd, 4th, 9th, 11th, 15th, respectively) (Figure 4.3). 

 
Figure 4.3. Residue conservation of SUMO-attachment motifs in SVP homologues.  
Each letter represents an amino acid, the height of each letter shows the percentage of 
sequences that presented such amino acid in that particular position.  Since not all the 
sequences presented all the motifs, the probability is reported based on the number of 
sequences that did present such motif.  In this case all the motifs were present in a 
minimum 88 out of the 90 sequences and can be considered the same.  E-values, that 
report the statistical significance of the motif, are as follows: Motif A (1.4e-618, 
90/90 sites), Motif B (2.2e-576, 88/90 sites), Motif C (7.1e-447, 89/90 sites), Motif D 
(1.0e-381, 89/90 sites), Motif E (4.2e-325, 89/90 sites).  Numbers on the X-axis 
indicate the position on the 10 residues motif.  Numbers in the Y-axis indicate the 
“information content” of that position in the motif in bits or position probability 
matrix.  Letter colors indicate the biochemical properties of the various amino acids: 
Blue, most hydrophobic; Green, polar, non-charged, non-aliphatic; Magenta, acidic; 
Red, positively charged; Pink=H; Orange=G; Yellow=P; Turquoise=Y.  For clarity 
SUMO motifs are underlined and SUMO attachment lysines are denoted with a dot. 
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Amino acid residues need to be accessible or exposed to PTM enzymes in order to be 

posttranslationally modified (Diella et al. 2008).  In general, loops or coils are not 

“regular” protein secondary structures and most of the time are situated at the protein 

surface so that they are more likely to be targets of PTM (Bernier-Villamor et al. 

2002).  To determine which SUMO-attachment sites are putatively more accessible 

on the SVP surface I performed an in silico secondary structure prediction analysis 

using the sequence-based prediction of relative Solvent AccessiBiLitiEs (SABLE, 

http://sable.cchmc.org) for proteins of unknown structure and graphed the results with 

the protein structure visualization server POLYVIEW-2D 

(http://polyview.cchmc.org).  In general, SVP exhibits the two characteristic regular 

secondary structures predicted for the MADS-MIKC proteins: the MADS domain 

consisted of two antiparallel alpha helices (Santelli and Richmond 2000) and the K 

domain which is predicted to form three amphipatic alpha-helices (Yang et al. 2003; 

Yang and Jack 2004).  The SVP MADS-domain contains an alpha helix (residues 29-

38) and two antiparallel beta sheets (residues 4-28 and 43-56) which appear 

interrupted by two short coil sequences (residues 11-17 and 49-53; Figure 4.4).  The 

four SUMO-attachment motifs predicted within the MADS-domain (K10, K30, K31 

and K53) are part of structured domains and not likely to be exposed (Figures 4.4 and 

4.5).  The I-domain, here predicted to form an alpha helix (residues 61-108), seems to 

be interrupted by a coiled structure (residues 73-83; Figure 4.4).  K78 is localized in 

this I coil region which is also predicted to be disordered (Figure 4.5) and therefore 

suitable for interaction with the SUMOylating enzymes.  The K-domain appears as a 

long non interrupted alpha helix (residues 121-180; Figure 4.4) in agreement with 

previous structure predictions for this domain (Yang et al. 2003).  Here, lysines K155 

and K156 seem to be moderately exposed.  Finally, SVP shows a C-terminal region 

predicted as a long coiled structure, characteristic of all MIKC proteins (Figure 4.4).  

In this area there are no predicted SUMO-attachment sites.  
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Figure 4.4.  SVP secondary structure prediction. SUMO-attachment sites are 
highlighted in red bold letters.  Numbers above the amino acid sequence indicate the 
amino acid position while the numbers below the gray gradient indicate the Relative 
solvent accessibility.  POLYVIEW-2D: http://polyview.cchmc.org/ 
 

 

As mentioned before, surface accessibility is one of the parameters that can be taken 

into account to support the functionality of a protein motif (Diella et al. 2008).  The 

protein motif surface accessibility is necessary for the temporal interaction with the 

modifying enzymes (Perkins et al. 2010).  Some protein motifs occur outside the 

structured α-helices or β-strands domains, and are prone to be part of intrinsically 

disordered regions (Diella et al. 2008).  To identify the potential disordered regions in 

SVP that might contain SUMO attachment sites I analyzed the SVP protein sequence 

with DisEMBLTM (http://dis.embl.de/), a bioinformatic tool that predicts disordered 

peptide segments based on three different definitions (Linding et al. 2003).  This 

analysis revealed that K78 is the only SUMO-attachment lysine that was consistently 

found in a disordered region according to the loops and hot loops disorder definitions 
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and therefore is more likely to be modified.  On the other hand, K10, K78, and to a 

lesser extent K30 and K31 are predicted to be disordered based on the hot loops or 

high mobility loops prediction definition (Figure 4.5).  

 
 
Figure 4.5.  Disorder prediction for the SVP protein sequence.  Prediction of 
disordered peptide segments based on three different definitions of disorder.  
Loops/coils (blue line) are all secondary structures that are not forming an α-helix or 
β-strand.  Hot loops (red line) are loops with a high mobility and therefore predicted 
to be highly dynamic.  REMARK465 (green line) represent the amino acids for which 
there are no X-Ray structure coordinates reported in the PDB entries and therefore 
most likely to be intrinsically disordered regions.  The horizontal dashed lines 
represent the random “expectation level for each predictor” (http://dis.embl.de/). 
 

In general, the disorder prediction power of a bioinformatic tool can be increased by 

cross comparing the results with other bioinformatic programs that perform similar 

analysis based on different methods (Diella et al. 2008).  In this case the protein 

disorder prediction results of DisEMBLTM (Figure 4.5) were compared to the results 

of SPRITZ (http://protein.cribi.unipd.it/spritz), this second analysis supported the 

prediction that K78 is located in a disordered region (Data not shown).  In summary, 

the bioinformatic analysis of the predicted SUMO-attachment sites in SVP showed 

that these motifs exhibit characteristics that support them, in different degree, as real 

motifs.  K78 highest SUMOplot score and its location within an exposed and highly 

disordered region rank it as the most likely SUMO-attachment site (Table 4.2).  
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Table 4.2. SVP bioinformatic analysis and prediction synthesis 
DisEMBLTM 
Disordered 

region 

Residue 
position 

SUMOplot 
Score 

MEME motif 
conservation 

E-value 

POLYVIEW 
2ry 

Structure 
Coila Hotb 

K78 0.50 4.2e-325 Coil D D 
K30 0.48 2.2e-576 Alpha helix O D 
K31 0.48 2.2e-576 Alpha helix O D 
K10 0.44 7.1e-447 Beta sheet O D 
K155 0.33 1.0e-381 Alpha helix O O 
K156 0.33 1.0e-381 Alpha helix O O 
K53 0.32 1.4e-618 Coil O O 

Indicates the predicted results for Disordered (D) or Ordered (O) region based on the Coila 
or the Hot loopb disorder definitions 

 

 

4.2.2 in vitro analysis  
 

SVP  SUMOylation 
 

SVP sequence analysis revealed seven putative SUMO conjugation sites; each with 

different properties that would support them as SUMO-attachment sites (Table 4.2).  

To determine if SVP is a SUMO target, wild type SVP cDNA was cloned into 

pET32b, a bacterial expression vector that allows expression of recombinant proteins 

as fusions with bacterial thioredoxin (Trx).  Trx is used as a tag for immunodetection 

and to increase solubility of tagged proteins.  pET32b-SVP was transformed into 

E.coli strains that contain the genes encoding the SUMO-activating and SUMO-

conjugating enzymes as well as one of two SUMO-isoforms (SUMO1 or SUMO3) 

(Elrouby and Coupland 2010).  After induction of gene expression, recombinant 

proteins were purified, separated by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and subjected to western blotting for immunodetection.  

In addition to the expected 55 KDa Trx-SVP fusion protein, several high molecular 

weight forms distributed between 72 to 95 KDa were detected (Figure 4.6A).  These 

may correspond to SUMO-modified Trx-SVP.  Two very large forms (170 and 130 

KDa) were also observed and may represent Trx-SVP  multimers, that are possibly 

SUMOylated as well (Figure 4.6A).  The forms larger than 72 kDa did not appear if a 

mutant form of the E2 enzyme was used, providing support for them being 

SUMOylated forms of Trx-SVP.  To test further if those high molecular weight 
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entities were indeed  SUMOylated forms of SVP I performed immunoblot analysis 

again using anti-SUMO1 or anti-SUMO3 antibodies.  This experiment confirmed that 

the high molecular entities were SUMOylated versions of SVP and also revealed that 

the SVP SUMO1 and SUMO3 SUMOylation patterns were different (Figure 4.6B). 

 

 
Figure 4.6. SVP is SUMOylated in vitro by SUMO1 and SUMO3.  SVP exhibits a 
characteristic SUMOylation pattern in an E.coli SUMOylation system depending on 
the SUMO isoform provided.  Total protein extracts of different cell lines were 
obtained, recombinant proteins were purified on Ni-NTA and fractionated by SDS-
PAGE, blotted a membrane and probed using an anti-Trx (A) or anti-SUMO 
antibodies (B).  Lane 1, Negative control where the SUMOylation strain is impaired 
by a point mutation in the SCE.  Lane 2, SUMOylation strain using SUMO 1.  Lane 
3, SUMOylation strain using SUMO 3.  Asterisk indicate the Trx-SVP fusion protein 
and arrows indicate SUMOylated SVP.  Relative molecular mass standards are 
indicated with numbers to the left of each blot. 
 

 

Determination of  SUMOylation sites in SVP 

 

From our previous experiments we concluded that SVP, at least in this E.coli 

SUMOylation system, is SUMOylated by both SUMO1 and SUMO3 and that the 
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SUMOylation pattern changes according to the SUMO isoform provided.  In the next 

section, we attempt to utilize the E. coli SUMOylation system described above to 

determine which of the predicted SUMO-attachment lysines can actually be modified 

by SUMO. 

 

SUMO1 sites 

 

To assess which of the predicted SUMO-attachment sites were the targets of 

modification by SUMO1, I performed site-directed mutagenesis to replace each one 

of the seven predicted SUMO-attachment lysines by arginine.  The SVP cDNA clones 

containing single point mutations (K10R, K30R, K31R, K53R, K78R, K155R and 

K156R) were subcloned into pET32b and expressed in the E.coli SUMOylation 

system as previously described for wild type SVP.  After induction of gene 

expression, recombinant proteins were isolated by Ni-NTA purification under 

denaturing conditions, separated onto SDS-PAGE, immunobloted and probed with 

anti-SUMO1 antiserum to test for modification of SVP by SUMO1.  As shown in 

Figure 4.7, the K10R, K30R, K31R and K156R mutations seem to decrease the 

abundance of one of the SUMO-modified SVP forms but none of them abolished 

SVP SUMOylation completely. 

 
Figure 4.7. Effect of single point mutations on SVP SUMO1 SUMOylation. SVP 
presents a characteristic SUMO1 SUMOylation pattern of two bands (arrows) of 
around 72 KDa.  Total protein extracts from independent cell cultures transformed 
with different mutant versions of SVP were fractionated by SDS-PAGE and 
immunobloted using a specific anti-SUMO1 antibody.  A Wild type (WT) or mutant 
version (C94S) of the E2 was provided.  Arrows indicate SVP SUMOylated fractions.  
The asterisk indicates the expected Trx-SVP fusion protein size.  Relative molecular 
mass standards are indicated with numbers to the left of the blot. 
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Since none of the single point mutations were able to abolish SUMO1 modification of 

SVP, we tested whether combining two mutations may abolish modification by 

SUMO1.  All possible combinations of double mutants were established and analyzed 

in the E coli SUMOylation strains as before.  This approach proved to be informative 

since three of the double mutant combinations (K30,53R; K30,78R and K31,53R) 

reduced significantly SUMO1 attachment (Figure 4.8B).  Whereas these three mutant 

combinations caused the upper band (SUMO1-modified SVP, denoted by the upper 

white arrow) to disappear, several other mutant combinations only caused a slight 

reduction of the intensity of this band (Figure 4.8).  Remarkably, none of the double 

mutant combinations affected the abundance of the lower band, suggesting that none 

of the combinations abolished SVP-SUMO1 modification completely (Figure 4.8). 

 
 

 
 
Figure 4.8. Effect of double point mutations on modification of SVP by SUMO1.  
SVP is modified by SUMO1 (two bands indicated by the arrows).  Total protein 
extracts from independent cell cultures transformed with different double point 
mutant versions of SVP were fractionated by SDS-PAGE and immunoblotted using 
anti-SUMO1 antibody.  A Wild type (WT) or mutant version (C94S) of the E2 were 
used as positive and negative controls, respectively.  Arrows indicate SUMOylated 
SVP forms while the asterisk indicates the expected Trx-SVP fusion protein size.  
Relative molecular mass standards are indicated with numbers to the left of the blot. 
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As seen above, none of the single or double point mutants of SVP abolished 

SUMOylation by SUMO1 completely.  Although the upper of two SUMO1-modified 

forms disappeared when K30,53R; K30,78R or K31,53R were used, the lower 

SUMO1-modified form persisted.  We combined five point mutations (K30R, K31R, 

K53R, K78R, K156R) to generate a Penta-SUMO-site Mutant form of SVP (referred 

as PSM-SVP) and tested whether it can still be SUMOylated by SUMO1.  

Immunoblot analysis suggests that the PSM-SVP completely abolished SUMOylation 

of SVP by SUMO1 (Figure 4.9). 

 

 
Figure 4.9. SUMOylation of SVP by SUMO1 is abolished in the K30, 31, 53, 78, 
156R Penta-SUMO-site Mutant.  SVP exhibits a characteristic SUMO1 
SUMOylation pattern mostly consisted of two bands (arrows).  Total protein 
extracts from independent cell cultures transformed with different mutant versions of 
SVP were purified by Ni-NTA fractionated by SDS-PAGE and immunobloted using a 
specific anti-Thioredoxin or anti-SUMO1 antibody.  As indicated a Wild type (WT) 
or mutant version (C94S) of the E2 was provided.  Arrows indicate SVP 
SUMOylated fractions.  The asterisk indicates the expected Trx-SVP fusion protein 
size.  Relative molecular mass standards are indicated with numbers to the left of the 
blot. 
 

 

SUMO3 sites 

 
Previous results indicated that SVP is SUMOylated by SUMO1, in E coli strains 

expressing the SUMO conjugation machinery, at lysine residues located at positions 

30, 31, 53, 78 and 156 (Figure 4.9).  To assess whether the SVP SUMOylation pattern 
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may change with the SUMO isoform used, the same set of SVP mutants used above 

were tested in E coli SUMOylation strains expressing SUMO3 instead of SUMO1.  

Similar to SUMOylation by SUMO1, none of the single point mutations was effective 

in impairing SVP SUMOylation by SUMO3 (Figure 4.10).  In contrast, when the set 

of double mutants used previously with SUMO1 was used to test SUMOylation by 

SUMO3 (Figure 4.11), I found that the K30,78R double mutation (Di-SUMO-site 

Mutant, or DSM) abolishes SVP SUMOylation by SUMO3.  This is intriguing since  

complete abolition of SVP SUMOylation by SUMO1 required the mutation of five 

lysine residues whereas mutation of only two of these lysines are sufficient for loss of 

its SUMOylation by SUMO3, underlying differences in SUMO isoform target site 

selection. 

 

In summary, I mapped the SUMOylation sites in SVP to lysines K30, K31, K53, K78, 

K156 for SUMO1, and to lysines K30, K78 for SUMO3.  Lysines K30 and K78 are 

common targets of SUMO1 and SUMO3 suggesting a major role for these lysines in 

SVP SUMOylation. 

 

 
Figure 4.10. Effect of single point mutations on SUMOylation of SVP by SUMO3. 
SVP exhibits a characteristic SUMO3 SUMOylation pattern mostly consisting of two 
very close bands of around 72 kDa (arrows).  Total protein extracts from independent 
cell cultures transformed with different mutant versions of SVP were fractionated by 
SDS-PAGE and immunobloted using anti-SUMO3 antibody.  A wild type (WT) or 
mutant version (C94S) of the E2 was used.  The asterisk indicates the expected Trx-
SVP fusion protein size.  Relative molecular mass standards are indicated with 
numbers to the left of the blot. 
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Figure 4.11. Effect of double point mutations on SUMOylation of SVP by SUMO3. 
SVP exhibits a characteristic SUMO3 SUMOylation pattern mostly consisting of two 
close bands (arrows).  Total protein extracts from independent cell cultures 
transformed with different double point mutant versions of SVP were fractionated by 
SDS-PAGE and immunobloted using a specific anti-SUMO3 antibody.  A Wild type 
(WT) or mutant version (C94S, as negative control) of the E2 were provided.  Arrows 
indicate SVP SUMOylated fractions.  The asterisk indicates the expected Trx-SVP 
fusion protein size.  Relative molecular mass standards are indicated with numbers to 
the left of the blot. 
 
 
4.3.  Investigations towards a potential role of SUMOylation in SVP function- 
in vivo analysis 
 
Experiments using the E. coli strains described above suggest that SVP can be 

SUMOylated in that system by both SUMO1 and SUMO3, and that at least five 

lysines (at positions 30, 31, 53, 78, 156) may attach to SUMO1 whereas only two of 

these (positions 30, 78) are modified by SUMO3.  To test whether these sites also 

attach SUMO in vivo, and to assess the significance of SVP SUMOylation in planta, I 

carried out a series of experiments using a null Arabidopsis mutant of SVP (svp-41).  I 

transformed svp-41 with different constructs expressing translational fusions of SVP 

with SUMO or the SUMO-conjugating enzyme (AtSCE), or mutant versions of SVP 

(where SUMO-attachment lysine were converted to arginine).  These constructs are 

likely to represent states of SVP where it is “hyperSUMOylated” or 

“hypoSUMOylated” (Figure 4.12). 
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Figure 4.12. Explicative model for the creation of “Hyper” and “Hypo” 
SUMOylated versions of SVP. SUMOylation involves the action of E1, E2 and E3 
enzymes. The SUMOylated substrate can be restored to the non-SUMOylated 
version by the action of SUMO-proteases. A hypoSUMOylated or SUMO-impaired 
version of SVP can be created by mutating the putative SUMO-attachment lysines to 
arginines (Left) while hyperSUMOylated versions can be obtained by generating 
translational fusions of SVP with either SUMO (Middle) or the SUMO Conjugating 
Enzyme (SCE or E2, Right). E2 translational fusions have been shown to enhance 
SUMOylation of the fused protein in a constant and specific manner (Jakobs et al. 
2007). In this model it is assumed that SUMOylation of the transcription factor SVP 
provokes transcriptional repression of the target gene. Diagram adapted and modified 
from  (Ouyang, Valin, and Gill 2009). 
 
 
As mentioned before, SVP and FLC participate in a repressor complex that suppresses 

the expression of FT and SOC1, two genes required for the transition to flower in 

Arabidopsis (Li et al. 2008).  As a trait, the time to flower can be determined in 

Arabidopsis by the number of leaves that the plant produces at the onset of flowering 

since the apical meristem makes a transition from a vegetative state (which produces 

leaves) to a reproductive state (which produce flowers) (Koornneef et al. 1991).  The 

apical meristem is then referred to as the “inflorescence meristem”(Alvarez-Buylla 

2010).  Therefore the degree of genetic complementation of the flowering-time 

phenotype (registered as the total number of leaves at flowering) of the svp-41 mutant 

will reflect the activity of SVP.  The analysis of the “hyperSUMOylated” or 

“hypoSUMOylated” versions of SVP in this process will give some indication of the 

role of SUMO in SVP function. 
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4.3.1 Translational fusions 
 

Previous studies have shown that MADS-box proteins are very sensitive to 

translational fusions, both N- and C- terminal (de Folter et al. 2007).  This is most 

likely because important functions of MADS-box proteins are mediated by its N-

terminal and C-terminal regions.  For instance, the N-terminal domain of MADS-box 

proteins interacts directly with the DNA while the C-terminal region participates in 

protein-protein interactions (Theissen et al. 2000).  However, not all of the MADS-

box proteins respond in the same way to translational fusions, therefore it is necessary 

to assess each protein specifically (de Folter et al. 2007).  To circumvent these 

potential complications we constructed both N-terminal and C-terminal fusions as 

explained in the following sections. 

 

N-terminal fusions 

 

We constructed a series of N-terminal fusions where SUMO1 or SUMO3 was fused 

to the coding region of SVP at its N-terminus.  We also fused the SUMO-conjugating 

enzyme (AtSCE) or a mutant version of AtSCE (C94S) to the N-terminus of SVP 

(Figure 4.12).  SUMO translational fusions may be able to mimic the effects of 

SUMO on the target protein and perform as the natively SUMO-conjugated protein in 

the cell (Ross et al. 2002; Ouyang et al. 2009).  In some cases, SUMO fusion 

constructs even enhance the protein SUMO-dependent activities (Nayak et al. 2009; 

Kang et al. 2010; Smith et al. 2011).  On the other hand, fusions with the SCE have 

been suggested to enhance SUMOylation of the associated protein in an efficient and 

selective way (Jakobs et al. 2007).  The C94S mutation converts the active site 

cysteine to a serine and renders the AtSCE inactive so it may act as a negative control. 

 

The results indicated that only two independent T2 lines of the 35S::FLAG-SUMO1-

SVP construct (2_2 and 2_9) were able to complement the early flowering phenotype 

of svp-41 mutant (Figure 4.13).  On the other hand, the rest of the constructs, 

including the 35S::FLAG-SVP control, caused all plants to flower just slightly later 

than the svp-41 mutant (around 10 to 11 leaves; Figure 4.13).  This suggests that the 

N-terminal translational fusions may interfere with the proper function of SVP. 
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Figure 4.13. Flowering time of independent T2 lines overexpressing SVP amino-
terminal fusions to SUMO or the SCE grown under long day conditions.  Flowering 
time is presented as the Total Leaf Number (TLN). Y axis indicate the number of 
leaves while the X axis show the genotypes analyzed: 1=35S::FLAG:SVP, 
2=35S::FLAG:SUMO1:SVP, 3=35S::FLAG:SUMO1:SVP, 4=35S::FLAG:SCE:SVP, 
5=35S::FLAG:SCE(C94S):SVP. Error bars illustrate the means ± SD of n≥ 25 plants.  
 
 
Previous reports have shown that wild type plants transformed with a 35S::SVP 

construct flower late (Lee et al. 2007).  Our 35S::FLAG-SVP construct in svp-41 

mutant background does not rescue the early flowering phenotype of svp-41 (Figure 

4.13).  On the other hand, two independent 35S::FLAG:SUMO1:SVP lines rescued 

the svp-41 mutant and even strongly delayed the flowering relative to wild type 

plants, indicating that SVP is functional in these plants.  It is possible that the N-

terminal FLAG-tag in the 35S::FLAG-SVP construct interferes with the proper 

function of SVP in this and the other constructs, whereas FLAG:SUMO1 is cleaved 

off from the FLAG:SUMO1:SVP protein by endogenous SUMO proteases releasing a 

free and functional SVP protein in those late flowering lines.  To test this hypothesis 

we performed a whole protein extract from these independent FLAG:SUMO1:SVP 

lines and analyzed the levels of recombinant protein by western-blot using an anti-

FLAG antibody.  As suspected, a unique band of around 17 KDa corresponding to the 

expected size for the FLAG:SUMO1 fusion protein was identified (Figure 4.14C-D).  

In summary, these results allow us to conclude that the N-terminal fusions interfere 

with the proper function of SVP (Figure 4.13), and that the late flowering phenotype 
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observed in the FLAG:SUMO1:SVP lines is due to the removal of the 

FLAG:SUMO1 part by the action of SUMO-proteases allowing the normal function 

of SVP (Figure 4.14C-D). 

 
 
Figure 4.14. Molecular characterization of the FLAG N-terminal SVP fusion 
constructs.  Two independent lines per construct were characterized in better detail, 
numbers in the top right corner of the pictures indicate the construct. (A) Flowering 
time of two independent T2 lines per construct under Long days. (B) RT-PCR 
expression analysis of the different N-terminal constructs. For this analysis the 
specific forward primer, indicated as FLAG-F in the figure, for each N-terminally 
attached gene was used in combination with an SVP specific reverse primer. Actin-2 
gene (ACT-2) was amplified as a quantitative control. (C-D) Western blots protein 
expression analysis of independent T2 transgenic lines. Total protein extracts from 15 
day-old seedlings were fractionated by SDS-PAGE and immunobloted using an anti-
FLAG antibody. Numbers to the left of each blot indicate the molecular mass in 
kilodaltons. In panel D a portion of the gel stained with Coomasie Brilliant Blue is 
shown as a loading control. 
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C-terminal fusions 
 

The same set of fusion constructs were created but with SUMO1, SUMO3, SCE, or 

SCE(C94S) fused at the C-terminal end of SVP.  In contrast to the N-terminal 

constructs where all except for the 35S::FLAG:SUMO1:SVP show the same 

flowering time as the svp-41 mutant in the T1 generation (Figure 4.13), the C-terminal 

constructs caused a delay in the flowering time in comparison to svp-41 already in the 

T1 generation, which was enhanced in the T2 generation (Figure 4.15).  Although 

these lines flowered later than svp-41, they still flowered at values comparable to wild 

type.  This flowering time phenotype suggests that the C-terminal fusions might 

interfere less with flowering time functions of SVP.  

 
A 

Figure 4.15. Flowering time of independent lines overexpressing SVP carboxyl-
terminal fusions to SUMO or the SCE grown under long day conditions.  Flowering 
time is presented as the Total Leaf Number (TLN) produced per genotype for T1 (A) 
or T2 (B, see next page) generations. Y axis indicate the number of leaves while the X 
axis show the genotypes analyzed. 1=35S::SVP:FLAG, 2=35S::SVP:SUMO1:FLAG, 
3=35S::SVP:SUMO3:FLAG, 4=35S::SVP:SCE:FLAG, 5=35S:: 
SVP:SCE(C94S):FLAG. Error bars illustrate the means ± SD of: n≥ 15 plants for the 
controls, n≥ 20 plants for the T1 and n≥ 6 plants for the T2.  
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4.3.2 The effect of mutations of SUMO-site lysines on SVP function  
 
 
The PSM and DSM mutations that abolished SUMOylation of SVP by SUMO1 and 

SUMO3 in E. coli were also used to transform the svp-41 mutant.  The purpose of this 

experiment was to assess whether these lysines are important for SVP function.  A 

FLAG tag was included at the N-terminus to allow detection of the proteins on 

Western-blots.  The results suggest that none of the constructs were able to 

complement the early flowering mutant phenotype of svp-41 in the T1 generation 

(Data not shown), and only a subtle delay in flowering was observed in the T2 

generation (Figure 4.16).  Since the SUMO-site mutant constructs were made at the 

same time as the N- and C- terminal fusions described in the previous section we were 

not able to foresee the negative effects of the small FLAG tag on the function of SVP 

in the regulation of flowering time.  Thus, it is difficult to conclude whether the 

inability of these constructs to delay flowering is caused by the mutations introduced 

in the recombinant SVP (PSM and DSM) or due to rendering the protein inactive by 

the N-terminal FLAG.  However, I observed phenotypic alterations in the flowers of 

some of these SUMO-site mutant constructs.  Such mutant phenotypes were never 

observed in the 35S::FLAG:SVP plants, which serve as a control, indicating that the 

induced mutations might have an impact on the function of SVP. 
 

 
 
1. 35S::FLAG-SVPK30,31,53,78,156R 
2. 35S::FLAG-SVPk30, 31, 53R 
3. 35S::FLAG-SVPk30, 31R 
4. 35S::FLAG-SVPK53, 78, 156R 
 

 
5. 35S::FLAG-SVPK78,156R 
6. 35S::FLAG-SVPK30, 78R 
7. 35S::FLAG-SVPK53, 156R 
8. 35S::FLAG-SVP30, 31, 78R 
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Figure 4.16. Flowering time of independent T2 lines overexpressing different 
versions of SVP where the putative SUMO-attachment sites are mutated. Flowering 
time is presented as the Total Leaf Number (TLN) produced per genotype under 
Long Day conditions. Y axis are number of leaves while the X axis indicate the 
construct. Error bars illustrates the means ± SE of n≥ 8 plants. 
 

 

4.3.3 Morphological abnormalities associated with SVP overexpression 
 

Phenotypes associated with N-terminal SVP fusions. 

 

In the previous section I showed that the FLAG:SUMO1:SVP was the only construct 

that restored the svp-41 early flowering phenotype and that this effect was likely due 

to the cleavage of the FLAG:SUMO1 part from the SVP protein allowing restoration 

of a functional SVP.  On the other hand, the rest of the constructs do not recover the 

early flowering svp-41 phenotype.  Strikingly, some of these constructs caused 

morphological alterations in the svp-41 background which, except for an early 

flowering phenotype, is otherwise indistinguishable from wild type plants.  In this 

section I briefly describe the molecular and phenotypic characterization of the 

observed alterations and speculate on a possible explanation. 

 

To better characterize the N-terminal SVP constructs I decided to analyze in more 

detail two of the strongest lines per construct.  In agreement with the previous results, 

this analysis revealed that only the FLAG:SUMO1:SVP construct caused a late 

flowering phenotype while the other constructs caused an intermediate phenotype 

between Wild type and svp-41 (Figure 4.14A).  Analysis of the mRNA expression in 

the different transgenic plants indicated that all transgenes were fully and strongly 

expressed, with the exception of the 35S::FLAG:SUMO3:SVP which contained very 

little mRNA (Figure 4.14B).  To determine if the levels of mRNA correspond to the 

amount of protein synthesized I analyzed the protein levels by Western-blot using an 

anti-FLAG antibody.  Plants expressing FLAG:SVP presented two bands, an expected 

band of around 43 kDa which was detected in high amount, and a second unexpected 

and faint  higher molecular weight band of around 95 kDa (Figure 4.14C-D).  In the 

case of the FLAG:SUMO1:SVP lines I only identified a very abundant band of 

around 17 kDa which corresponds to the expected size for the FLAG:SUMO1, 
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confirming the cleavage of this part by endogenous SUMO-proteases (Figure 4.14C-

D).  

 

An independent western-blot analysis using an anti-SUMO1 antibody confirmed the 

identity of this band (Data not shown).  No protein was detected for 

FLAG:SUMO3:SVP in any of the two lines tested (Figure 4.14C-D).  

FLAG:SCE(C94S):SVP and FLAG:SCE:SVP presented a band of around 54 kDa 

corresponding to the expected size for the fusion protein, interestingly, the 

FLAG:SCE:SVP band was very faint although both constructs presented similar 

mRNA expression levels (Figure 4.14 B-C). 

 

FLAG:SUMO1:SVP lines exhibited a dark green colour and grew slower than the rest 

of the lines (Figure 4.17A). On the other hand, FLAG:SUMO3:SVP and 

FLAG:SCE:SVP T2 lines presented plants that segregate with similar phenotypes, 

these plants were small with rosettes consisting of distorted and unarranged leaves 

(Figure 4.17A).  Whether this phenotype is caused by SUMOylation of SVP by 

SUMO3 remains to be tested.  Intriguingly, these effects are not shared by the 

35S::FLAG:SVP nor the 35S::FLAG:SCE (C94S) lines.  It would be interesting to 

characterize more independent homozygous lines to determine if there is a correlation 

of the protein levels and this phenotype.  
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Figure 4.17. Phenotypical characterization of the FLAG N-terminal SVP fusion 
constructs under Long Days. Two independent lines per construct were characterized 
in better detail, numbers in the top right corner of the pictures indicate the construct.  
(A) Photographs of plants from independent T2 lines, the number to the upper left in 
each picture indicates the construct-line. (B) Plant phenotype details for the 
FLAG:SUMO3:SVP construct in lines 3-2 and 3-12 as well as FLAG:SCE:SVP 
construct in lines 4-6 and 4-7. 
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Further analysis of mature plants uncovered that FLAG:SUMO1:SVP plants 

developed flowers with six sepals and seven petals (Figure 4.18C).  Other interesting 

phenotypes included the brief acquisition of a purple colour in the sepals, petals and 

siliques; and the bended form of the siliques at early developmental stages (Figure 

4.18). 

 

 

 
 
Figure 4.18. Phenotypes of 35S::FLAG:SUMO1:SVP, svp-41 line under Long Day 
conditions.  (A) FLAG:SUMO1:SVP lines present flowers where the carpels are bent, 
this hook like shape persisted in the elongating siliques and tended to disappear later 
when the siliques are fully developed.  Sepals are retained until late stages of silique 
development in contrast to its almost immediate abscission in Wt plants.  (B) Sepals, 
petals and siliques present a pink-purple coloration that disappear later on the organ 
development.  Flowers present hypernumerary petals (C) and sepals (D). 
 
 
 
The 35S::FLAG:SUMO3:SVP lines exhibited a pleiotropic phenotype that included 

the production of several secondary inflorescences and pale and slightly narrow 

leaves. Some plants also produced disordered rosettes and fewer and thinner 

inflorescences (Figure 4.19).  On the other hand, some of the 35S::FLAG:SCE:SVP 

plants presented multiple secondary inflorescences, a slightly pale colour and flowers 

that did not fully develop (Figure 4.20). These plants produced no seeds.
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Figure 4.19. Phenotype of 
35S::FLAG:SUMO3:SVP, svp-41 
line grown under Long Day 
conditions. FLAG:SUMO3:SVP 
lines present narrow pale leaves (A), 
several secondary inflorescences as 
well as multiple organs emerging 
from the internodes (B) or a dwarf 
phenotype which includes small 
rosettes composed of crumpled 
leaves (C). 

 

 

 
 

 
 
 
 
Figure 4.20. Phenotype of 
35S::FLAG:SCE:SVP, svp-41 
amino-terminal fusion construct 
under Long Day conditions. 
p35S::FLAG:SCE:SVP, svp-41 lines 
present a dwarf phenotype including 
many secondary branches. Flowers 
are small and mostly do not fully 
develop. 
 

 

Phenotypes associated with C-terminal SVP fusions.  

 

As noted above, C-terminal fusions of SVP seem to be less disruptive of SVP 

function in floral transition.   However, as with the N-terminal fusions, morphological 

alterations were also observed in plants expressing these C-terminal fusions. The 

35S::SVP:SUMO1:FLAG lines presented individuals with fused stems, sometimes 

these fused stems split giving rise to chimerical internodes where several organs, 

including cauline leaves, inflorescence stems and flowers, grew out from the same 

axillary meristem (Figure 4.21A-B).  Another common phenotype was the appearance 

of flowers with five sepals and six petals, very similar to what we observed for the 

FLAG:SUMO1:SVP lines.  Occasionally, a small flower grew out from an existing 

flower, usually from one of the older floral whorls (e.g. petals), or  flowers with a 

chimeric organ structure (half-sepal half-petal) appeared (Figure 4.21C-D).  Some 
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plants expressing 35S::SVP:SCE:FLAG produced smaller pointy leaves as well as a 

main shoot whose internodes did not elongate and where the flowers started to open 

very close to the rosette (Figure 4.22A-B). 

 
Figure 4.21. 35S::SVP:SUMO1:FLAG lines recover the early flowering phenotype 
of svp-41 and present morphological alterations in the aerial shoot and flowers under 
Long Day conditions.  (A) SVP:SUMO1:FLAG line presenting fused stems. (B) 
Multiple organs -like cauline leaves, inflorescences and flowers- coming from the 
same internode. (C) Flowers frequently present five sepals and six petals and no 
single stamen (upper arrow), rarely flowers also presented a second flower emerging 
from the same whorl as the petals (arrow down left). (D-C) Flower picture details 
showing a flower with leaf-like sepals (D) and a flower showing, greenish petals, no 
stamens and a chimerical “sepal-petal” organ where half of the organ is a white-
thricome-less region while the other half shows a green-thricome region (E).  
 

 
Figure 4.22. 35S::SVP:SCE:FLAG lines recover the early flowering phenotype of 
svp-41 and flower later than the Wt under Long Day conditions.  (A) Some lines 
present an increment in the production of secondary leaves in the rosette and multiple 
secondary inflorescences (lower arrow right), and round flowers (upper arrow left). 
(B) Independent lines segregate smaller plants that flower as late as the Wt. The 
flowers of these plants start to open without previous elongation of the shoot showing 
bunches of open flowers. (C) Photograph detail of the inflorescence of one of the 
SVP:SCE:FLAG lines showing the ball-like buds. These characteristic buds are 
formed by overgrown sepals that are bound to each other by the margins. 
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35S::SVP:SCE(C94S):FLAG lines showed a very consistent late flowering phenotype 

(Figure 4.23), in many independent T2 lines small plants segregated (Figure 4.23A).  

These small plants presented the same characteristics as the ones of the 

SVP:SCE:FLAG line (Figure 4.22B).  These phenotypes included smaller rosettes, 

pointy leaves, stunted main shoot growth and late flowering (Figure 4.23A and 

4.22B). 

 

Finally, the 35S::SVP:FLAG lines did not present other phenotypes than the recovery 

of the early flowering phenotype of the svp-41 mutant to a flowering time similar to 

the Wt and some ball-shaped like flowers that appear more frequently in most of the 

late flowering plants.  No visible and/or a characteristic phenotype could be 

determined for the SVP:SUMO3:FLAG line (Data not shown). 

 

 
Figure 4.23. 35S::SVP:SCE(C94S):FLAG lines flower later than the Wt under Long 
Day conditions.  (A) Independent lines segregate smaller plants that flower as late as 
the Wt, and very similar to the ones segregating in the SVP:SCE:FLAG line. The 
flowers of these plants present very short internodes and flower without previous 
elongation of the shoot (indicated by white arrows). (B) In general all the plants with 
the SVP:SCE(C94S):FLAG construct in independent lines flower later than the Wt.  
 
 
In summary, the C-terminal translational fusions prove to be less disruptive for SVP 

protein function than the N-terminal fusions as suggested by a modest recovery of the 

early flowering phenotype of the svp-41 mutant in plants expressing C-terminal fusion 

constructs.  Remarkably, both N- and C- terminal fusions produce morphological 

alterations in the aerial parts of transgenic plants.  These alterations may be directly 

caused by increased activity of a functional SVP.  Alternatively, they maybe caused 

indirectly through unregulated interference of recombinant SVP with complexes to 

which SVP normally contributes or to heterologous complexes. 
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Homeotic phenotypes caused by SUMO-site mutations of SVP  

 
FLAG:SVP-PSM plants senesced faster than the svp-41, FLAG:SVP and the wild 

type plants (Figure 4.24).  This phenotype was observed in independent experiments 

and was not seen for any of the other construct lines, however, formal experiments are 

required to confirm this phenotype. 

 

 

Figure 4.24. 35S::FLAG:SVPK30,31,53,78,156R or FLAG:SVP PSM in svp-41 show a 

faster senescence in Long day conditions. (A) Photograph showing a tray with 12 

independent T2 FLAG:SVP PSM transformants (left) and another tray with Wt and 

svp-41 plants (right).  All the FLAG:SVP PSM plants have already flowered and 

started to senesce in comparison to the other plants. (B) Close up showing the 

yellowish-purple senescing leaves of the FLAG:SVP PSM plants (left) in comparison 

to the green leaves of the controls (right). Arrowheads indicate the genotype per row, 

black corresponds to Wt Columbia, white indicates svp-41, the rest of the plants in the 

tray correspond to 35S::FLAG:SVP. 

 

 

FLAG:SVPK30,31,53R plants produce flowers that occasionally contain secondary 

flowers emerging from the second whorl.  These secondary flowers are normally 

smaller than the primary flower but exhibit a normal perianth and carpels.  The 

primary flower also contains leaf-like sepals, four or sometimes only two petals, a 

variable number of stamens (always less than produced by wild type flowers) and 

apparently normal carpels (Figure 4.25).  On the other hand FLAG:SVPK30,31,78R lines 
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exhibit a very dramatic phenotype where inflorescence shoots are produced instead of 

flowers (Figure 4.26).  FLAG:SVPK53,78,156R lines presented flowers with alterations in 

the first three whorls.  In the strongest mutant flowers sepals are broad and resemble a 

leaf structure, and no petals or stamens are formed (Figure 4.27).  A similar 

phenotype was observed for the plants expressing FLAG:SVPK78,156R which causes 

floral abnormalities that include the disappearance of the stamens and the production 

of chlorophyll-containing petals; in some cases there is also an increase in the number 

of organs in the perianth from four organs per whorl to five (Figure 4.28). 

 
 

 
 
 

 
 
 

Figure 4.25 35S::FLAG:SVPK30,31,53R 
lines present secondary flowers 
emerging from the second flower 
whorl of the primary flower. 
Photographs were taken from different 
individuals from independent lines.  

 

 

 
Figure 4.26. 35S::FLAG:SVPK30,31,78R plants present inflorescence shoots instead of 
flowers. Inflorescence in an early (A) or almost completely elongated state (B) 
showing whorls of leaves instead of flowers.  Detail of a “flower” consisted only of 
organs that resemble a mixture of sepal-leaves (C). 
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Figure 4.27 35S::FLAG:SVPK53,78,156R 
lines present alterations in the first 
three whorls of the flower. Such 
alterations include flowers with broad 
sepals, greenish and small petals; and 
in extreme cases no stamens are 
formed (flower to the right). 

 

 

 
 
Figure 4.28. 35S::FLAG:SVPK78,156R plants present flowers with alterations in the 
number of organs per floral whorl and conversions of petals into small green structures 
when grown under Long Day conditions.  (A) p35S::FLAG:SVP plants are normal in size 
but present flowers with leaf-like sepals and green petals. (B) Flower detail showing two 
flowers that present leaf-like sepals, green petals and no stamens.  
 

 

The levels of mRNA and protein in the plants that present the strongest phenotypes were 

analyzed to determine if the introduced constructs were expressed in the plant.  This 

analysis showed that all the constructs were expressed at the level of mRNA but in 

different amounts, and that the levels of mRNA correlate with the amount of protein 

detected.  Interestingly, the high molecular weight form of around 95 kDa that was seen 

before (Figure 4.14C-D) is present in the FLAG:SVPK30,31,53R line (Figure 4.29). 
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Figure 4.29.  mRNA and protein expression analysis in the FLAG:SVP PSM and 
FLAG:SVP K30,31,53R and FLAG:SVPk30,31,78R construct lines. (A) RT-PCR expression 
analysis of different SUMO-site mutant constructs. For this analysis the SVP gateways 
primers, were used. Actin-2 cDNA (ACT-2) was amplified as a quantitative control. (B) 
Western blot protein expression analysis of independent T2 transgenic lines. Total protein 
extracts from 15 day-old seedlings were fractionated by SDS-PAGE and immunobloted 
using an anti-FLAG antibody. Numbers to the left of the blot indicate the molecular mass 
in kilodaltons. A portion of the gel stained with Coomasie Brilliant Blue is shown as a 
loading control. 
 
 
In summary, the introduction of point mutations in the SVP sequence promotes the 

formation of particular mutant phenotypes.  The FLAG:SVP PSM construct causes 

premature senescence while no phenotype was observed for the FLAG:SVP DSM.  

Interestingly, the FLAG:SVPK30,31,78R line, which only has an extra amino acid 

substitution (K31R) compared with FLAG:SVP DSM, presents a strong phenotype 

consisting of the conversion of flowers into shoot-like structures which produce only 

leaf-like organs.  Finally, the FLAG:SVPK30,31,53R line present extra secondary flowers 

that emerge from the second whorl of the primary flower.  In general, all the above 

mentioned lines, which present a phenotype, expressed the transformed constructs at the 

level of mRNA and protein, with the exception of FLAG:SVPK30,31,78R line for which no 

protein was detected due to low mRNA levels. 
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4.4. Discussion 
 
 
SVP-SUMOylation 
 
SUMOylation is an important post-translational modification that modulates the 

function of several transcription factors in different species (Colby et al, 2006; Gill, 

2005; Miura et al, 2007).  SVP is a MADS-box transcription factor involved in the 

regulation of meristem phase transition in Arabidopsis (Hartmann et al. 2000).  In this 

study I showed that SVP can be SUMOylated in an E.coli SUMOylation system, and 

I established that a different SUMOylation pattern is visible depending on the SUMO 

isoform provided (Figure 6).  In the case of SUMOylation by SUMO1, two forms of  

SUMO1-modified SVP were detected and may correspond to the SVP protein 

modified by one or two SUMO1 molecules.  SUMOylation by SUMO3 produced a 

doublet, that most likely corresponds to a mono-SUMOylated SVP. 

 

SUMOylation occurs on lysine residues that most of the time reside within a 

conserved motif known as the SUMO-attachment site (Rodriguez, Dargemont, and 

Hay 2001), such motifs can be determined by bioinformatic analysis (Xue et al. 

2006).  However, SUMOylation can also take place on lysines that are not part of a 

canonical SUMO-attachment sites; therefore each one of the predicted sites needs to 

be confirmed experimentally (Matic et al. 2010).  In this study I combined 

computational and experimental approaches to determine SUMO-attachment lysines 

in SVP.  Each one of the predicted SUMO-attachment lysines was systematically 

mutated and analyzed.  The results showed that lysines 30, 31, 53, 78, 156 are target 

for SUMOylation by SUMO1 (Figure 4.9) whereas lysines 30, 78 are target for 

SUMOylation by SUMO3 in E.coli (Figure 4.11B and 4.11D).  Interestingly, lysines 

30 and 78 are common targets for SUMO1 and SUMO3, providing additional support 

for these as SUMOylation sites of SVP. 

 

Although the pattern of SVP SUMOylation by SUMO1 is consistent with only mono- 

and di- SUMOylation, five lysine residues had to be mutated to abolish SUMOylation  

in the E.coli system.  A possible explanation is that SUMO1 uses alternative sites for 

SUMOylation once a major SUMOylation site is mutated.  This scenario has been 
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proposed for other SUMO substrates (Okada et al. 2009).  In the case of 

SUMOylation by SUMO3, where lysines 30 and 78 are involved (Figure 4.6 and 

Figure 4.11D), two modified forms of SVP (a doublet) are also observed, but in this 

case the molecular weight difference between them is too small to assume                  

di-SUMOylation.  A similar pattern was observed for the SUMOylation of FLC by 

SUMO3 (N Elrouby, personal communication), and is likely due to an aberrant 

migration pattern of SUMO3-modified SVP or FLC. 

 

Amino-acid motifs that serve as targets for post-translational modifications most 

likely occur in exposed surfaces of the protein (or those forced to be exposed through 

interaction with other proteins) and usually consist of a few consecutive amino acids 

forming linear motifs (LMs) (Diella et al. 2008).  These LM usually occur as highly 

disordered regions in folded proteins (Diella et al. 2009).  Recent analysis shows that 

SUMOylation, like other PTM, frequently occurs in LM (Diella et al. 2009).  The 

bioinformatical analysis revealed that K78 is the only SUMO-attachment site in SVP 

that seems to be located in a LM that is highly exposed and unstructured (Figure 4.4 

and 4.5, Table 4.2).  Interestingly, K78 exhibits the highest probability score for 

SUMOylation as well (Table 4.1), and as mentioned above, is a common target for 

SUMO1 and SUMO3.  Taken together, these data support K78 as the most likely SVP 

SUMO-attachment site.  

 

Phenotypes of plants transformed with potentially “hypo” and “hyper” SUMOylated 

versions of SVP  

 

In general, SUMO facilitates transcriptional repression by transcription factors by 

either inhibiting the activation or stimulating the repression properties of these 

proteins (Gill 2005).  The effects of SUMO on the function of a transcription factor 

are difficult to assess mainly because SUMO is readily deconjugated by the action of 

SUMO-proteases and normally only a small fraction of the total pool of a protein is 

SUMOylated at a given point of time (Johnson 2004).  To overcome these difficulties 

two strategies were followed, first to create translational fusions aiming to 

hyperSUMOylate SVP (translational fusions with SUMO or AtSCE) , and second to 

create potentially “hypoSUMOylated” versions of SVP (using SVP mutations in the 
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putative SUMO-attachment sites), which cannot be SUMOylated.  The 

hypoSUMOylated SVP versions included the PSM (K30R, K31R, K53R, K78R, 

K156R) and DSM (K30R, K78R) versions of SVP, which abolished SUMOylation by 

SUMO1 and SUMO3 in the E.coli system (Section 4.2.2. of this Chapter).   

 

To study the role of SUMOylation in SVP function and determine if this modification 

has a physiological importance the potentially “hyperSUMOylated” and 

“hypoSUMOylated” SVP versions were fused to the 35S promoter and transformed 

into an svp-null mutant (svp-41).  Since MADS-box proteins are very sensitive to 

translational fusions (de Folter et al. 2007) both N- and C- terminal fusions were 

constructed.  Our results indicated that the C-terminal fusion lines better complement 

the svp-41 early flowering phenotype in comparison to the N-terminal fusion lines 

(Figure 4.15 and Figure 4.13).  This result indicates that the C-terminal fusions to 

SVP have less disruptive effects.  The reason for this is probably that the DNA 

interacting MADS-domain is located at the N-terminal part of the protein and hence 

the addition of an extra protein tag at this end may have a negative impact on SVP 

DNA binding and function. 

 

SVP participates in the control of the transition from vegetative to reproductive phase, 

as well as in the maintenance of floral meristem identity (Hartmann et al. 2000; 

Gregis et al. 2008).  Interestingly, both N- and C- terminal fusions produced 

morphological alterations in the aerial part of the transgenic plants, this might be 

caused by the missexpression, whether temporally or spatially, of the recombinant 

protein since all the constructs were expressed under the control of the constitutive 

Cauliflower Mosaic Virus 35S promoter (CaMV 35S).  The overexpression of SVP 

would promote the interaction of the protein with its natural interacting proteins but in 

times and tissues where these interactions normally do not take place.  It may also 

force interactions with other proteins with which SVP does not normally interact. 

 

For clarity we will discuss these and other effects of the N- and C- terminal fusion 

constructs separately. 
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N- terminal SUMO fusion constructs  

 

SVP “hyperSUMOylated” versions 

 

Two aspects have to be considered in generating a fusion-tagged protein for 

functional analysis, first, that the fusion protein has to be properly and stably 

expressed, and second that the recombinant protein has to be active (de Folter et al. 

2007).  In general, the transgenic lines showed that the mRNA levels correlate with 

the levels of protein detected for most of the constructs.  Interestingly, in the case of 

the FLAG:SVP line, besides the expected band for the fused protein, a higher 

molecular weight band was also detected (Figure 4.14C and 4.14D).  This form of the 

protein could correspond to a SUMOylated SVP fraction.  Preliminary analysis to 

determine the identity of this form using an anti-SUMO antibody failed, most likely 

due to its low abundance.  More experiments remain to be done to determine the 

identity of this band.  In contrast, the amount of protein of the FLAG:SCE:SVP 

construct detected was extremely low despite the high amount of mRNA expressed 

(Figure 4.14B and 4.14C).  Whether this is an effect caused by increased 

SUMOylation of SVP (mediated by the attached SCE) remains to be tested.  No 

protein was detected for the FLAG:SUMO3:SVP construct in agreement with its low 

mRNA expression (Figure 4.14 B-D).  This result is intriguing since attempts to 

overexpress SUMO3 (using a 35S::SUMO3 construct) in wild type plants failed to 

establish high levels the SUMO3 mRNA and SUMO3 protein levels were undetected 

(van den Burg et al. 2010).  This suggests that SUMO3 protein is unstable and an 

active mechanism is used to downregulate its expression.  Interestingly, SUMO3 is 

expressed in mature pollen and in developing ovaries (van den Burg et al. 2010), and 

maybe more stable specifically in those tissues.  Finally, FLAG:SUMO1:SVP 

construct was highly expressed at the mRNA level while immunodetection analysis 

detected a protein band of around 17 kDa indicating that the FLAG:SUMO1 part was 

cleaved off from SVP.  This 17 kDa band was recognized by an anti-SUMO1 

antibody (Data not shown).  This suggests that the FLAG:SUMO1:SVP line 

exhibited delayed flowering because the N-terminal fusion part was cleaved (by 
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SUMO-proteases) releasing an active SVP protein containing no N-terminal tag. 

 

FLAG:SUMO1:SVP lines presented interesting phenotypes besides the late flowering 

time.  These included the formation of flowers with six sepals and seven petals, the 

formation of hook-like siliques, purple coloration of the petals and young siliques 

(which disappeared later in development), and the persistence of the sepals at the 

base of the mature silique (in wild type plants, abscission of these organs usually 

occurs when the siliques are mature) (Figure 4.18). 

 

These phenotypes are not likely due to the FLAG:SUMO1:SVP fusion protein since 

its life time should be very short due to the action of SUMO-proteases but maybe 

due to overexpression of SVP from the 35S promoter (Figure 4.14C and 4.14D).  

Until now four plant SUMO-proteases have been characterized, three of them localize 

to the nucleus (ESD4, OST1 and OST2) (Murtas et al. 2003; Xianfeng Morgan Xu et 

al. 2007; Conti et al. 2008; Hermkes et al. 2011) and one (ELS1) to the cytoplasm 

(Hermkes et al. 2011).  All four proteases have high activity towards SUMO1 (Colby 

et al. 2006; Chosed et al. 2006).  The broad cellular distribution of SUMO proteases 

and their high proteolytic activity towards SUMO1 suggests FLAG:SUMO1:SVP 

would be efficiently processed.  These phenotypes are also not likely to be due to 

free FLAG:SUMO1 because the overexpression of AtSUMO1/2 has no obvious 

effects in plant development under LD (Luisa Maria Lois, Lima, and Nam-Hai Chua 

2003) and the phenotypes under SD, which include a compact rosette and early 

flowering (van den Burg et al. 2010), are not similar to the ones exhibited by the 

FLAG:SUMO1:SVP.  Additionally, these phenotypes are not due to impairing 

SUMO1 conjugation or SUMO chain formation because the wild type copy of 

SUMO1 in these plants is not affected, and the N-terminal FLAG tag in recombinant 

SUMO1 has been shown not to impede the conjugation of SUMO1 in vivo (Budhiraja 

et al. 2009).  These results altogether indicate that the flower morphology and late 

flowering phenotypes are likely due to increased SVP (freed from its tag by SUMO 

proteases) function. 
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Previous studies have reported some floral phenotypes caused by 35S::SVP (Liu et al. 

2007), but none is similar to those observed in the FLAG:SUMO1:SVP plants.  

Interestingly, Arabidopsis plants that express the rice SVP homologues OsMADS22 

and OsMADS47 from the CaMV 35S promoter showed floral phenotypes similar to 

those observed for FLAG:SUMO1:SVP plants.  These phenotypes included the 

purple petals and the continuous adhesion (lack of abscission) of the sepals at the 

base of the mature siliques (Fornara, Gregis, Pelucchi, et al. 2008).  These rice SVP 

homologues did not restore the early flowering phenotype of svp-41 but were able to 

interact with the same protein partners as SVP, indicating that the observed floral 

phenotypes are the product of improper interactions with other proteins (out of 

proper time and space) (Fornara, Gregis, Pelucchi, et al. 2008).  It is conceivable that a 

similar scenario might be happening in the FLAG:SUMO1:SVP line.  

 

AP1 can bind to the promoter of SVP and regulate its expression (Liu et al. 2007; 

Gregis et al. 2008).  The downregulation of SVP expression is necessary for the 

establishment of floral meristem identity by AP1 (Liu et al. 2007; Gregis et al. 2008).  

Once floral identity has been established SVP expression is required again to maintain 

this identity until organ identity is established for each whorl (Gregis et al. 2008).  

The  formation of the sepals and petals is partially determined by class A floral 

identity genes which include AP1 and AP2.  AP1 can also specify petal formation by 

regulating the expression domain of class B genes (Alvarez-Buylla 2010).  AP1 also 

interacts with SVP protein (de Folter et al. 2005; Gregis et al. 2006).  The ectopic 

expression of SVP allows stronger and spatially broader interactions of SVP with 

AP1, and most likely this enhanced interaction leads to the formation of extra sepals 

and petals in the FLAG:SUMO1:SVP line.  It has been previously shown that SEP3 

is upregulated in svp-41 mutants and downregulated in 35S::SVP.  SVP binds to the 

promoter of SEP3 and represses its expression (Liu et al. 2009).  Since SEP3 

expression is initiated at the end of stage 2 during the formation of the floral meristem, 

exactly after SVP expression decreases, the correct timing of the downregulation of 

SVP expression (and upregulation of SEP3 expression) is necessary for proper organ 

development.  This process may also be misregulated in the overexpressor lines 



Chapter IV 

124 

described here. 

 

FLAG:SUMO3:SVP plants are small with pale green leaves. This may be a 

consequence of the overexpression of SUMO3 since this phenotype was not seen in 

FLAG:SVP or FLAG:SUMO1:SVP lines.  However, in the transgenic plants 

described here no FLAG:SUMO3:SVP could be detected by western blotting, 

suggesting that the protein is not very strongly expressed (Figure 4.14).  SUMO3 is 

normally expressed at very low  levels, and its expression pattern is restricted to the 

hydathodes, a pore normally found at the tip of a leaf serration, and leaf vasculature 

of mature leaves, as well as in the mature pollen and developing ovaries (van den Burg 

et al. 2010).  Previous experiments have shown that the overexpression of SUMO3 

has toxic effects on the plant (Budhiraja 2005) or, when it is weakly overexpressed 

causes an early flowering phenotype (van den Burg et al. 2010).  As mentioned above, 

we do not see these phenotypes in lines expressing FLAG:SVP or 

FLAG:SUMO1:SVP (where FLAG:SUMO1 is cleaved off the fusion) ruling out that 

they may be caused by free SVP.  In addition, SUMO-protease activity towards 

SUMO3 is low (Colby et al. 2006; Chosed et al. 2006; Budhiraja et al. 2009; 

Castaño-Miquel, Seguí, and L Maria Lois 2011) suggesting that in the 

FLAG:SUMO3:SVP lines, the fusion may be maintained.  Although this may suggest 

that the phenotypes observed are caused by the FLAG:SUMO3:SVP fusion, at this 

point we can not rule out if they are due to free SUMO3 (FLAG:SUMO3) as well.  

 

Lines expressing FLAG:SCE:SVP showed phenotypes similar to those of 

FLAG:SUMO3:SVP (Figure 4.17B) suggesting that they may be caused by a common 

mechanism; SUMOylation of SVP by SUMO3.  However, more experiments need to 

be done to test this since the FLAG:SCE:SVP protein was only once very faintly 

detected by western blotting (Figure 4.14).  The phenotypes observed must be 

correlated with the presence of the protein, and whether the FLAG:SCE:SVP protein 

is modified by SUMO3 should be tested.  Previous reports have shown that the 

overexpression of AtSCE:(His)6 or the AtSCE(C94S):(His)6 causes no detectable 

differences in the levels of SUMO-conjugates in comparison to wild type (Luisa 
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Maria Lois, Lima, and Nam-Hai Chua 2003).  While a previous thesis states that 

plants overexpressing the 35S::SCE do not exhibit any phenotype, the 

35S::SCE(C94S) plants showed a stunted phenotype and an early flowering 

phenotype under LD and SD conditions (Budhiraja 2005).  Only alterations in the 

phenotypes of FLAG:SCE:SVP plants were observed while all the 

FLAG:SCE(C94S):SVP lines looked very similar to the svp-41 control background.  

These differences support the idea that the phenotype observed in the 

FLAG:SCE:SVP plants is more likely due to enhanced SUMOylation of SVP.  

 

Constructs expressing SVP versions with mutations in SUMO-attachment lysines 

 

I generated SVP versions that are mutated in the lysines that are SUMOylated in the 

E.coli system.  The purpose of this experiment was to generate “hypoSUMOylated” 

SVP forms.  These constructs were transformed into the svp-41 mutant to test for the 

biological activity of these modified forms of SVP.  Ideally, if these forms of SVP 

were not functional (due to a requirement of the lysines at these positions for 

SUMOylation or otherwise), they were expected not to rescue the early flowering 

phenotype of svp-41.  Although these mutant forms of SVP did not rescue the early 

flowering phenotype of svp-41, it is difficult to conclude that they are required for 

proper SVP function in flowering time control since the wild type copy of SVP did 

not delay flowering either, likely due to the presence of the FLAG tag as mentioned 

earlier.  However, unlike the wild type version of SVP, these mutant forms caused 

developmental abnormalities.  These included interesting and unique phenotypes for 

particular constructs indicating that certain amino acids are key for the function of 

SVP in flower development (Section 4.3.3).  FLAG:SVPK30,31,53R plants produced 

flowers that contained secondary flowers emerging from the second whorl (Figure 

4.25).  FLAG:SVPK30,31,78R lines exhibited a very dramatic phenotype where 

inflorescence shoots are produced instead of flowers (Figure 4.26).  The 

FLAG:SVPK53,78,156R and FLAG:SVPK78,156R lines produced flowers with alterations in 

the first three whorls (Figure 4.27 and 4.28).  Also, FLAG:SVP PSM plants senesced 

faster than the svp-41, 35S::FLAG:SVP and the wild type (Figure 4.24).  These 

phenotypes may be due to dominant negative effects caused by sequestering 

interaction partners in complexes that consequently become unfunctional. This 
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suggests that the amino acids involved are crucial for proper SVP function. 

 

Interestingly, all the lines that showed novel developmental phenotypes included 

mutations at K53 or K78, pointing out that these lysines are key determinants of SVP 

function.  In addition, the most dramatic phenotypes involved also K30 and K31, 

which seem to have an additive effect that is dependent on the K53 or K78 mutation.  

This hypothesis is based on the fact that in lines where only K30 and K31 were 

mutated, no phenotype was observed at all, indicating that these lysines by themselves 

can not cause the above mentioned phenotypes but somehow enhance them.  

Although I have not yet shown the importance of these residues in the SUMOylation 

of SVP in vivo, the computational analyses we performed suggest that they are 

functionally important.  For example, K78 has the highest SUMOplot score among 

the seven predicted motifs and is exposed in a disordered region, while K53 has a low 

score but is both found in a coil region (Table 4.2) and is one of the most conserved 

motifs among the 100 SVP homologues analyzed (Figure 4.3).  This suggests that both 

K78 and K53 are important for SVP function.  

 

SVP regulates different developmental transitions in a dose-dependent manner 

(Hartmann et al. 2000).  These developmental transitions include the floral transition 

and the maintenance of the identity of the floral meristem before the establishment of 

the identity of the floral whorls (Hartmann et al. 2000; Gregis et al. 2006; Liu et al. 

2007; Gregis et al. 2008).  In general, SVP functions by repressing these 

developmental switches until all proteins and signals required for the transition are in 

place.  In addition to SVP, two other proteins, SOC1 and AGL24, are also required 

during flower development to repress SEP3 expression and hence prevent ectopic 

floral organ formation (Liu et al. 2009).  It is conceivable that in the svp-41 mutant, 

either SOC1 or AGL24 compensate for the absence of SVP in complexes required to 

regulate SEP3 expression and hence maintain floral organ identity (Liu et al. 2009).  

However, in plants expressing FLAG:SVPK30,31,53R, this mutant form of SVP naturally 

participates in these complexes but renders them non-functional.  In the performed 

experiments, plants expressing 35S::FLAG:SVPK30,31,53R produce flowers where a 

secondary flower emerges from the second whorl of the primary flower (Figure 4.25).  
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Such a phenotype has been observed in the ap1-12, ap1 ag double and sep1 sep2 sep3 

triple mutants where SVP is ectopically expressed (Gregis et al. 2008).  This suggests 

that the floral organ abnormality we observe in FLAG:SVPK30,31,53R lines may be due 

to dominant negative effects of SVPK30,31,53R. 

 

General discussion of  the expression of SVP from the CaMV 35S promoter 

 

The use of a constitutive promoter like CaMV 35S to express transcription factors has 

several drawbacks such as unexpected pleiotropic effects (de Folter et al. 2007) and 

unequal tissue and developmental expression patterns (Benfey, Ren, and N H Chua 

1990; Sunilkumar et al. 2002).  Additionally, overexpression of MADS-box proteins 

from the constitutive 35S CaMV promoter can be difficult.  This has been shown to 

be due to co-suppression and to dominant negative effects (de Folter et al. 2007).  On 

the other hand, genes encoding MADS-box proteins contain important regulatory 

sequences within their intron regions, which are important for correct spatiotemporal 

expression (Busch et al. 1999; Sheldon et al. 2002; Hong et al. 2003).  Therefore, the 

ideal scenario to work with MADS-box genes is to generate genomic constructs 

expressed under the control of their endogenous promoters (de Folter et al. 2007).  

However, this strategy is impractical when testing many constructs such as the study 

presented here.  The creation of many point mutations in large genomic constructs is 

time-consuming and an initial exploratory analysis is required.  Also, whereas it 

genomic constructs under the native promoter will recapitulate in a better way the 

endogenous condition, they will also present other levels of regulation that might 

complicate the interpretation. For example, FLC expression is partially controlled by 

the sense-non-coding RNA COLD ASSISTED INTRONIC NONCODING RNA 

(COLDAIR), which is a small RNA encoded in the first intron of FLC and interacts 

with the repressive complex Polycomb Repressive Complex 2 (PRC2) maintaining 

FLC repression established after vernalization (Heo and Sung 2011).  I am interested 

in the protein behavior and potential effects of SUMOylation on SVP protein function 

and extra levels of transcriptional and post-transcriptional regulation would be 

drawbacks for the interpretation of this PTM on SVP function.  
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5. General Conclusions and Perspectives 
 

5.1. Isolation and characterization of suppressors of esd4 (sed) 
 

In the last few years the importance of SUMOylation in the regulation of different 

cellular mechanisms in eukaryotes has been clearly demonstrated.  In Arabidopsis, 

imbalances of the SUMO-conjugate levels have a strong impact on plant 

development.  ESD4 encodes a SUMO-specific protease that participates in the 

regulation of the levels of SUMO conjugates in Arabidopsis.  The esd4-1 mutant 

plants present several developmental alterations as well as an extreme early flowering 

phenotype under both SD and LD conditions.  Despite the importance of ESD4 in 

plant development and the regulation of floral transition little is known about the 

molecular mechanisms by which ESD4 acts or which are its protein targets.  

 

In this work, a suppressor screen of esd4 focused on lines that reverse the early 

flowering phenotype was performed to investigate the role of SUMOylation in 

flowering time control.  In this screen 120 suppressors of esd4 (sed) were isolated, 

these suppressors showed a wide range of phenotypes indicating that they are 

independent mutations that alleviate to varying degrees the esd4 mutant phenotype.  

Interestingly no single suppressor restored the esd4 parental phenotype to wild type, 

in agreement with ESD4 having multiple targets and the pleiotropic esd4 mutant 

phenotype having a complex basis that cannot be restored to wild type.  More 

suppressors restored the early flowering phenotype of esd4 under SD conditions than 

under LD conditions suggesting that in some cases the mechanisms that can bypass 

the esd4 effects may be dependent on day length.  The fifteen characterized sed 

mutants restored different aspects of the esd4 mutant phenotype including stature, leaf 

size and flowering time.  These phenotypic traits were always intermediate between 

esd4 and the Wt.  The sed suppressor phenotypes are not caused by major changes in 

the levels of SUMO-conjugates because seds SUMO-conjugate levels are more similar 

to those of esd4-1 than to the wild type, suggesting they might affect single substrates 

or affect other pathways that can partially bypass the effects of esd4. 

 
Rough map positions localized five of these sed mutations to distinct genomic regions 

suggesting that the genetic basis of these suppressors is different.  Next Generation 
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Sequencing technology was used to fine map one of these sed mutations, sed111-1.  

Only six non-synonymous mutations in candidate genes were found in the genetic 

interval containing the sed111-1.  The sed111-1 candidate genes are involved in 

process like ubiquitination, signaling cascades and salicylic acid synthesis.  All these 

processes have been related to SUMOylation but very few of the molecular 

components involved have been identified.  T-DNA mutant lines for four of these 

potential candidates were crossed to esd4 to test whether any of them recapitulate the 

sed111-1 suppressor phenotype, the double mutants are currently being analyzed.  

The comparison of the expression of all this candidate genes in the backgrounds of 

esd4 and sed111-1 is also in progress.  This analysis demonstrates that Next 

Generation sequencing is a powerful tool to identify mutations that are recalcitrant to 

traditional map-based cloning approaches. 

 

The cloning and functional characterization of the suppressors of esd4 isolated in this 

work will help to better understand the molecular mechanisms by which ESD4 acts 

and may also help to identify regulators of the levels of SUMO-conjugates or 

biologically relevant substrates of ESD4.   

 

5.2 Analysis of a potential role of SUMOylation in the activity of the 
transcriptional and floral repressor protein SHORT VEGETATIVE PHASE 
 

In Arabidopsis two major floral repressors have been identified, FLOWERING 

LOCUS C (FLC) and SHORT VEGETATIVE PHASE (SVP).  SVP interacts with 

FLC to form a floral repressor complex that binds to the promoter regions of 

FLOWERING LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF 

CONSTANS (SOC1), two strong floral promoters, inhibiting their expression.  SVP 

SUMOylation may enhance or inhibit the interaction with other proteins like FLC.  

The molecular characterization of the effects of SUMO on SVP will help to 

understand how these floral repressors are acting to regulate the transition to 

flowering in Arabidopsis. 

 

In this work I analyzed whether SVP is SUMOylated in an E.coli SUMOylation 

system.  To study the role of SUMOylation in SVP function, an svp-null mutant (svp-

41) was transformed with constructs aiming to hyperSUMOylate (translational 
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fusions with SUMO or AtSCE) or hypoSUMOylate (mutations in the putative 

SUMO-attachment sites) SVP protein.  

 

SVP is a substrate for SUMOylation in an E.coli SUMOylation system and SVP 

SUMOylation patterns vary depending on the SUMO isoform provided.  The SVP 

SUMO1 SUMOylation pattern suggests a di-SUMO1 SUMOylation, while the 

SUMOylation pattern with SUMO3 indicates a mono-SUMOylation.  Since SUMO1 

and SUMO3 isoforms have distinct molecular properties and are likely involved in 

distinct biological functions, they may have a different impact on the function of SVP.  

The SUMO1 SUMOylation sites in SVP map to lysines K30, K31, K53, K78, K156 

and to lysines K30, K78 for SUMO3.  K30 and K78 are common SUMOylation sites 

for both SUMO1 and SUMO3 suggesting a major role for these lysines in SVP 

SUMOylation.  Transgenic plants transformed with C-terminal translational fusions 

prove to be less disruptive for SVP protein function than the N-terminal fusions.  

Remarkably, both N- and C- terminal fusions hyperSUMOylate and hypoSUMOylate 

SVP versions caused morphological alterations in the aerial parts of transgenic plants 

in the svp-41 background.  The results obtained in this Thesis also indicate that the 

introduction of point mutations in the SVP sequence promotes the formation of 

particular mutant phenotypes. 

 

The biochemical analysis to determine if SVP is SUMOylated in planta and if SVP 

SUMOylation is abolished by the same set of point mutations that were determined in 

E.coli SUMOylation system is in progress.  Biochemical analysis of these transgenic 

lines will reveal whether the phenotypes observed are related to the effects of SUMO 

on SVP function.  Transgenic plants expressing hypoSUMOylated SVP versions with 

the FLAG-tag attached at the C-terminus will be important as these fusions should be 

less disruptive of SVP protein function.  

  

Like any other PTM, SUMOylation effects on SVP function may be transient and 

important only at particular stages during development.  Once the major SUMO-

attachment sites in SVP in planta are determined it will be crucial to generate 

constructs under the endogenous promotor.  It will also be informative to compare the 

expression of target genes that are under the control of this transcription factor in the 

different constructs generated.  Finally, the co-immunoprecipitation of the SVP-FLC 
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complex compared to the different SVP mutants will also determine if SUMOylation 

has an effect on the formation of this repressor complex.  Demonstration of the 

significance of SUMO for SVP/FLC function would place SUMO at a major point of 

integration of different flowering pathways, and provide an important function for this 

protein modifier in plant development. 
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6. Materials and Methods 
 
6.1. Materials 
 
6.1.1.Chemicals and antibiotics 
 
Chemicals were purchased from the following companies: Amersham 
(Münich, Germany), Boehringer Ingelheim (Ingelheim am Rhein, Germany), 
Carl Roth (Karlsruhe, Germany), GIBCO (Darmstadt, Germany), Invitrogen 
(Karlsruhe, Germany), Merck (Darmstadt, Germany), Carl Roth (Karlsruhe, 
Germany) and Sigma Aldrich (Deisenhofen, Germany), unless otherwise 
stated.  Standard solutions and common buffers were prepared according to 
the Laboratory Manual “Molecular Cloning” (Sambrook and Russell, 2001). 
Modified protocols are otherwise indicated. 
 
Nickel nitriloacetate for purification of 6xHis-tagged proteins (Ni-NTA 
Agarose, QIAGEN, Düsseldorf, Germany).  
PVDF membranes (Millipore, Schwalbach, Germany). 
Anti-Trx (Sigma-Aldrich, Deisenhofen, Germany). 
Secondary antibody (goat anti-rabbit conjugated to alkaline phosphatase; 
Sigma-Aldrich, Deisenhofen, Germany). 
NBT/BCIP (Thermo Fisher Scientific Products, Pierce Protein, Bonn, 
Germany). 
AtSUMO1 and AtSUMO3 antibodies (Murtas et al., 2003). 
 
Table 6.1. Antibiotics 
Antibiotics Stock Conc. 

(mg/ml) 
Solvent Final Concentration for selection on LB 

or YEB medium (mg/l) 
   E. coli A. tumefaciens 
Ampicillin (Amp) 
Carbencillin (Carb) 
Chloramphenicol (Cam) 
Gentamicyn (Gent) 
Hygromycin (Hyg) 
Kanamycin (Kan) 
Rifampicin (Rif) 
Spectinomycin (Spec) 
Tetracyclin (Tet) 

100 
50 
50 
10 
50 
50 
50 

100 
10 

H20 
Ethanol 
Ethanol 

H20 
H20 
H20 

DMSO 
H20 
H20 

100 
- 

25 
10 
50 
50 
- 

100 
10 

- 
50 
- 

10 
50 
25 
50 
100 
10 

 
6.1.2. Enzymes 
 
Brown Taq (Home Made Taq Polymerase – Used for Genotyping) 
Taq Polymerase (Invitrogen, Karlsruhe, Germany – semi-quantitative RT-PCR) 
Expand High Fidelity Taq Polymerase (Roche, Mannheim, Germany - Cloning) 
Restriction Enzymes (New England Biolabs, Frankfurt am Main) 
Superscript Reverse Transcriptase (Invitrogen, Karlsruhe, Germany- cDNA 
synthesis) 
RNAse inhibitor (Invitrogen, Karlsruhe, Germany –cDNA synthesis protocol) 
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6.1.3. Kits 
 
DNA-free™ kit (Ambion, Cambridgeshire, UK)  
RNeasy Plant™ Mini Kit (Qiagen, Hilden, Germany)  
DNeasy™ Mini Kit (Qiagen, Hilden, Germany)  
Protector RNase Inhibitor  (Roche, Manheim, Germany) 
Biosprint kit for DNA extraction (Qiagen, Hilden, Germany) 
PCR purification kit  (Qiagen, Hilden, Germany) 
Nucleospin Plasmid (Macherey-Nagel, Germany) 
Nucleospin Extract II (Macherey-Nagel) 
BP-Clonase (Invitrogen, Heidelberg, Germany) 
LR-Clonase (Invitrogen, Heidelberg, Germany) 
pENTRTM Directional TOPO Cloning Kit (Invitrogen, Karlsruhe, Germany) 
 
6.1.4. Vectors 
 
Gateway cloning vectors 
 

pDONR
®
201: Gateway System BP-Reaction, Kanamycin resistance 

                                           (Invitrogen, Karlsruhe, Germany) 
 
Gateway bacterial expression vectors 
 

pET32b cloning and high-level expression of peptide sequences fused 
with the 109aa Trx•Tag™ thioredoxin protein. Gateway Compatible 
Bacterial Expression Vector. Ampicillin resistant . 
 

Vectors for plant expression 
 

pLeela    Gateway compatible with 35S-promoter, 
Ampicillin resistant. 

p2JB_35S::FLAG:GW p2x35S::3xFLAG::GW, Ampicillin resistant 
(J. Stuttmann, MPIZ) 

p2JB_35S::GW:FLAG  p2x35S::GW::3xFLAG, Ampicillin resistant 
(J. Stuttmann, MPIZ) 

 
6.1.5. Bacterial Strains 
 
E coli strains used for cloning and expression 
 

DH5α
®
    Cloning (Invitrogen, Karlsruhe, Germany) 

BL21 Star®(DE3)  IPTG Induction-Expression (Novagen)  
DB 3.1    Gateway System (Invitrogen, Karlsruhe, Germany) 
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Agrobacterium tumefaciems strains 
 
GV3101/pMP90RK   Rifampicin, gentamicin and kanamycin resistant 
 
6.1.6. Oligonucleotides  
 
Oligonucleotides were purchased from Invitrogen (Karlsruhe, Germany). The full 
length oligonucleotids sequences are listed in the Appendix. 
 
6.1.7. Plant Materials 
 
Arabidopsis thaliana, accessions Columbia 0 (Col-0) and Landsberg erecta were from 
the stocks in our lab.  The esd4-1 mutation was generated in Landsberg erecta (L er) 
by gamma radiation which caused a deletion of 752 bp that eliminates a part of the 
proximal promoter and the first 10 codons of the ESD4 coding sequence (Reeves et al. 
2002; Murtas et al. 2003). A Columbia allele of ESD4, called esd4-2, was obtained 
from the Arabidopsis Biological Resource Center (ABRC, line SALK_032317) and 
contains a T-DNA insertion in the fourth intron, 1537 bp from the ATG.  The svp-41 
mutant (Col-0 background) is a 2-bp deletion that causes a frame shift (Hartmann et 
al. 2000). 
 
Transgenic plants overexpressing an N-terminal or C-terminal triple FLAG-tagged 
version of SVP under the control of the cauliflower mosaic virus 35S promoter were 
all developed in an svp-41 background.  
 
6.2. Methods 
 
6.2.1. Plant Work 
 
Plant growth conditions and measurement of flowering time 
 
Seeds were sowed directly on soil and stratified in darkness at 4˚C for 2-3 days. 
Flowering time was measured as the total number of leaves (rosette and cauline 
leaves) under two different photoperiod conditions: Short Day condition (SD) 
consisted of 8 h light and 16 h dark and Long Day condition (LD) consisted of 16 h 
light and 8 h dark.  Both conditions with a white illumination of 120 µmol m-2 sec-1,  
22˚C and relative humidity 70%  in Percival Growth chambers. 
 
Plant flower, siliques and leaves measurements 
 
All plant organ measurements were performed with a digital-caliper.  Flower 
measurements were taken from flowers on recent anthesis and compared.  Siliques 
were measured at six-day old post anthesis.  Rosette and cauline leaves from plants 
grown under LD and SD conditions were measured after the plants bolted and 
presented the first flowers, the longest rosette and cauline leaves per individual was 
considered for the comparison. 
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Pollen viability assay 
 
For the pollen viability test the total number of pollen grains provenient from four 
flowers per genotype was analyzed. Pollen from recently dehiscent anthers was 
extracted, distributed on a microscope slide and mounted in a water-based solution of  
1% MTT (2,5-diphenyl tetrazolium bromide or thiazolyl blue) and 5% sucrose. The 
solution was always freshly maked to avoid MTT degradation due to its light 
sensitivity. The microscope slides containing the pollen in the MTT solution were 
incubated for 30 minutes at 37°C. The number of viable pollen grains, deep pink 
colored or with irregular black lines over the surface, were counted under the light 
microscope.  
 
Plant crosses and generation of Mapping Populations 
 
Floral buds from the receptor plants (mothers) were chosen and emasculate with help 
of fine grasp forceps.  Pollination was performed by rubbing the stigma with a bunch 
of stamens from the desired donor plant (father).  Finally all the non-crossed buds and 
flowers were removed from the inflorescence and the stem labelled with the 
corresponding parental cross information.  Seeds were collected once the silique 
dryed. 
We normally worked with floral buds around developmental stages 11-12 (Smyth et 
al, 1990) because in these stages, when petals are not clearly visible, the gynoecium 
stigmatic papillae are already receptive for pollination, a requisit for a succesful cross. 
For the sed mutants crosses the overnight step together with a multi-pollen rubber was 
crucial for a succesful cross, this because often the stigma remained underdeveloped 
in the sed mutants and a high silique abortion rates in those mutants. 
To generate mapping populations, sed mutant plants were crossed with esd4-2 
heterozygous plants to avoid homozygous plants reduced fertility.  sed mutants were 
also backcrossed with L er to isolate the sed mutation from the esd4-1 background. 
 
Agrobacterium tumefaciens-mediated transformation of Arabidopsis plants  
 
The floral dipping transformation method (Clough and Bent, 1998) was used to 
perform all our transgenic plant experiments. 
Transformation of A. tumefaciens was performed by electroporation.  In general, 2 ul 
of plasmid miniprep from clone of interest were added to 50 ul of A.tumefaciens 
GV3101 strain glycerol and a brief electropulse Micropulser (Biorad/2.20kV) was 
given.  Immediately after 500 ul of YEB (MgSO4) were added and let it shake for 2 h 
at 28°C.  100 ul of the grown bacteria were plated on a solid YEB (MgSO4) media 
plus the following antibiotics:  Kanamycin, Rifampycin, Gentamycin and 
Carbincillin.  The plates were incubated for two days at 28°C or until colonies were 
visible. Colonies were tested for the prescence of the insert by PCR with the 
corresponding primers.  A single positive colony, per construct, was stroke in a new 
plate plus antibiotics and let it grow for two more days.  Afterwards, a touch of the 
grown colony was inoculate in a tube containing 2 ml liquid YEB (MgSO4 + 
antibiotics) and grown overnight or until a dense bacterial concentration was 
observed.  Finally, each inoculum was poured into 200 ml YEB (MgSO4 + antibiotics 
) and let grow until a OD 0.8-1.0 at 600 nm was reached (measured with Eppendorf 
BioPhotometer6).  Cultures were centrifugated (Beckman Coulter –Avanti J-25- 
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Rotor JLA10,500) 40 minutes at 10,500 rpm / 4°C and the pellets resuspended in a 
5% Sucrose – 0.03% Silwet solution.  Each one of the plants to be transformed was 
soaked into the resuspended pellet solution during 3 minutes.  To conclude each one 
of the soaked plants were covered with a plastic bag and let so overnight before to 
take them to the greenhouse, were plastic bags were removed and plants watered. 
 
Selection of Plant transformants 
 
Transgenic seeds provenient from the transformed plants were sown on soil until 
seedlings with full open cotyledons were visible, seedlings were sprayed with a 
BASTA solution of Glufosinat 200 mg/l (BASTA, Hoechst, Germany) to select those 
plants that contained the BASTA resistance gene.  
 
EMS-mutagenesis of Arabidopsis seeds 
 
EMS-mutagenesis was performed acording to Weigel and Glazebrook protocol 
(2002). 
 
6.2.2. Molecular Biology  
 
If not indicated otherwise, the Molecular Biology methods were following standard 
protocols from the Laboratory manuals Sambrook and Russel (2001) and Ausubel 
(1994). 
 
6.2.2.1 General molecular biological techniques 
 
Isolation of genomic DNA for Next Generation Sequencing 
 
The DNA for Next Generation Sequencing was extracted using the DNeasy™ Mini 
Kit (Qiagen, Hilden, Germany) according to the manufacturer´s protocol.  Four 
independent samples were collected for the sed111-1 line and four independent 
samples for the esd4-1, after DNA extraction the concentration was measured with a 
Nanodrop (PEQ-Lab/1000). A total of 5µg of high-molecular genomic DNA with the 
best O.D (260/280)>1.8, and concentration of 50ng/µl was used for sequencing and 
the rest kept for PCR analysis. 
 
Isolation of genomic DNA 
 
DNA was isolated according to Edwards et al (Edwards et al, 1991).  A single 
Arabidopsis rosette leaf was harvested per plant/sample and collected in an eppendorf 
tube.  Samples were frozen in liquid nitrogen and ground with an automatic drill with 
a metal pestle.  
For genotyping, a semi-automated method for DNA extraction was performed using 
the BioSprint 96 robot (Qiagen).  The samples, one rosette leave per individual plant, 
were collected in 96 collection tubes and frozen by placing them into liquid nitrogen.  
All collection tubes (boxes) were kept into -80˚C freezer to avoid DNA degradation 
until use. Tissue disruption was performed by shaking for 30 seconds in a Tissue 
disruptor (Retsch MM301).  300 µl of Lysis Buffer (Qiagen) was added to each tube 
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and homogeneized by shaking for 20 seconds.  Afterwards samples were centrifuged 
for 15 minutes at 5,000 rpm and 200 µl from the cleared plant lysate was transfered 
into 96-well Plattes to proceed according to manufacturer’s protocol. 
 
Plasmid DNA isolation from bacteria 
 
Plasmid constructs from transgenic E. coli strains were purified with the kit 
Nucleospin Plasmid (Macherey-Nagel) according to the manufacturers´ protocol. 
DNA was eluted with 50 µl sterile H2O and stored at -20°C until use. 
 
PCR conditions 
 
esd4 mutant genotype confirmation 
 
To confirm that all sed mutants contained the esd4-1 mutation, two primers were used 
in Polymerase Chain Reaction (PCR). The two primers; NE5S_ESD4 5’-
TGCAGTCTCATAGGCGTCT-3’ and MV1A_ESD4 5’-
CTAACGACAACGAATCCAGCATC-3’, amplify a 1332-bp DNA fragment in 
ESD4 and 570-bp in esd4-1 because esd4-1 has a deletion of 752 bp (Murtas et al, 
2003). To detect the T-DNA in esd4-2 (SALK_032317, COL) PCR with primers LP 
5’-TTC ATGGGATACAGAAGCCAG-3’, 
 RP 5’-CTTATGCAAAGTGCGGAGAAG-3’  and  
LBb1_BP  5’-GCGTGGACCGCTTGCTGCAACT-3’ was performed. The bands 
correspond to a 1064-bp fragment in the absence of the insertion and a 482-bp 
fragment if the insertion is present. Crosses of sed mutants and esd4-2 were analyzed 
by isolating DNA from individual F1 plants and PCR amplification in two 
independent reactions. The first reaction was performed using three primers; 
NE5S_ESD4, MV1A_ESD4 and MV2A_ESD4 5’-CTTGGTACTACTCTTCAGTC-
3’ which amplify a 570-bp fragment in esd4-1 deletion mutant and 408 bp in Wt. The 
second PCR reaction was performed using the LP and Lbb1 primers that amplifies a 
482 bp band.  Each PCR cycle included incubations at 94˚C for 30 s, 60˚C for 30 s, 
and 72˚C for 1.30 min. 
 
PCR Genotyping conditions for SSLP and dCAPS 
 
For SSLP each PCR cycle included incubations at 94˚C for 15 s, 58˚C for 15 s, and 
72˚C for 30 s, for a total of 35 cycles. 
For dCAPS markers each PCR cycle included incubations at 94˚C for 15 s, 58˚C for 
15 s, and 72˚C for 30 s, for a total of 30 or 25 cycles.  The PCR products were 
diggested accordingly to the manufacturer´s protocol or overnight for all the enzymes 
with incubation temperature of 37°C. 
The PCR products from SSLP and dCAPS markers were resolved in 3 % agarose gels 
after electrophoresis in 100 V for 2 hours approximately. 
 
Purification of PCR products 
PCR products were separated on an agarose gel and the desired fragments were excised 
with a sterile scalpel, DNA was purified with the kit Nucleospin Extract II 
(Macherey-Nagel) according to the manufacterers´ protocol.  
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General Sequencing 
Sequencing was performed by the in-house facility Automatic DNA Isolation and 
Sequencing (ADIS) service unit of the MPIZ, Cologne. DNA sequences were 
determined on Applied Biosystems (Weiterstadt, Germany). Abi Prism 377, 3100 and 
3730 sequencers using BigDye-terminator v3.1 chemistry. Premixed reagents were 
from Applied Biosystems. 
 
Next GenerationSequencing 
Next Generation Sequencing was performed at the Cologne Center for Genomics 
(CCG), University of Cologne with a Illumina Genome Analyzer IIx.  
 
6.2.2.2 RNA isolation 
 
Plant tissue was collected in sterile eppendorf tubes and immediately frozen in liquid 
Nitrogen.  To avoid RNA degradation all samples were kept at -80°C until use.  
Before RNA extraction, the tissue was pulverized with help of a frozen mortar and 
pestle, always adding liquid Nitrogen to avoid melting of the sample. The pulverized 
tissue (100 mg) was processed using the RNeasy Plant™ Mini Kit (Qiagen) according 
to manufacturer instructions.  To remove any possible contaminating DNA samples 
were treated with the DNA-free™ kit (Ambion) following manufacturers protocol.   
 
6.2.2.3 Reverse transcription 
 
For first strand DNA synthesis 5 ug of RNA (up to a final volume of 20 ul) were 
heated for 5 minutes at 65°C, centrifuged and cooled on ice.  Afterwards 20 ul of a 
master mix (see below) were added and the samples incubated for 2 h at 42°C in a 
wather bath.  To inactivate the reaction an incubation for 5 minutes at 75°C was 
performed.  Finally the samples were spinned down, cooled on ice and 110 ul H2O 
added.  2 ul of cDNA per each 20 ul PCR reaction were used. 
 
Master Mix 
 
Oligo dT21 (20 mM) (MV7-dT_21) 4 ul  
dNTPs (20 mM) (Fermentas)  2 ul  
5X RT-Buffer (Invitrogen)  8 ul   
DTT (100 mM) (Invitrogen)  4 ul  
Protector RNase Inhibitor (Roche) 1 ul  
Superscript II Reverse Transcriptase 1 ul 
                   (Invitrogen)  
 
6.2.2.4  semi-quantitative RT-PCR 
 
For the semi-quantitative RT-PCR analysis 2 ul of cDNA per each 20 ul PCR 
reaction were used following the programm: 94°C for 4min, (94°C for 15 s, 57 °C for 
15 s and 72°C for 45 s), PCRs of 20, 25 and 30 cycles were performed to establish the 
saturation cycle-levels for each gene, a final extension of 72°C 2min. 
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6.2.2.5 Gene Cloning and PCR-directed mutagenesis 
 
SVP GW cloning  
 
The different SVP constructs were constructed using the GATEWAYTM 
recombination system (Invitrogen).  The pDONR201-SVP entry clone (Torti, Max-
Planck Institute für Züchtungsforschung) was amplifyed with primers including the 
attB1 and attB2 sequences (M119-SVP_GW_F and M164-SVP_GW_R_NoStop for 
C-terminal fusions, or M76b-SVP_GW_R_Stop for N-terminal fusions, Appendix 
Oligos) with the Expand High Fidelity PCR system (Roche). 
The resulting entry clone was used in a LR reaction with the destination binary vector 
p2x35S::FLAG:GW or p2x35S::GW:FLAG.  This LR reaction generated a 
translational fusion between the 3xFLAG tag and the mature form of SVP at the N-or 
C-terminus of AtSVP and place the translational fusion downstream of the 35S 
promotor. 
 
SVP PCR directed mutagenesis  
 
To introduce point mutations into the SVP sequence we used the pDONR201-SVP 
plasmid as template.  The procedure consist of the introduction of a single base pair 
change by PCR.  For this purpouse, specific oligonucleotides were designed in a way 
that the base to be changed was located in the middle of the primer sequence, both in 
a Forward and Reverse primers.  The first PCR round consisted of two independent 
PCR reactions (A and B), each one amplifying towards opposite ends of the SVP 
sequence but having the same base change in a complementary manner (Table 6.2).  
A third independent PCR consist of the amplification of the complete SVP sequence 
but using a mix of the PCR products A and B as templates.  This final PCR reaction 
produces a complete SVP fragment with the desired single base pair change. 
 
We used 0.5 ul of DNA plasmid and 1 ul per PCR product accordingly. 
 
DNA plasmid  0.5 ul    DNA PCR  1.0 ul  
(each)   
Buffer   5.0 ul    Buffer   5.0 ul 
dNTPs   1.0 ul    dNTPs   1.0 ul 
Primer F  1.0 ul    Primer F  1.0 ul 
Primer R  1.0 ul     Primer R  1.0 ul  
Expand HiFi  0.5 ul     Expand HiFi  0.5 ul 
ddH2O            41.0 ul     ddH2O            41.0 ul 
 
Final            50.0 ul    Final            50.0 ul 
 
PCR Conditions 
 
94°C for 4 min; (94°C for 30 s, 58°C for 30 s, 72°C for 1 min) 15 cycles ; 72°C for 2 
min  (Plasmid). 
94°C for 4 min; (94°C for 30 s, 56°C for 30 s, 72°C for 1 min) 20 cycles ; 72°C for 2 
min  (PCR). 
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Heat shock transformation of E. coli 
An aliquot of competent cells was thawn on ice and incubated with 1 µl plasmid DNA 
(Miniprep) or 5 µl ligation (Gateway) for 10 – 30 min on ice. Afterwards cells were 
incubated for 2 min at 37°C and put directly on ice. The bacteria were incubated in 
0.75 ml LB medium and incubated for 1 h at 37°C and 750 rpm. An aliquot was plated 
on LB plates containing antibiotics for selection of transformants. 
 
Table 6.2. Schematic representation for hyper- and hypo- SUMOylation constructs generation 
Oligos / example Schematic Use 
M119 (F) 
       + 
M164 (R) 

 

SVP clone 

SUMO1-GW-S (F) +  
M97a-SVP-SUM1-A / for A 
fragment 
M97b-SUM1-SVP-S + 
M164 (R) / for B fragment 
SUMO1-GW-S (F) + M164 
(R) for full length final 
fragment 

 To generate N-
terminal 
translational fusions 
with SUMO or the 
SCE 

SVP-GW-F (F) +  
M156-SUMO1-SVP-A / for  
A fragment 
M155-SVP_SUMO1-S + 
M157-SUMO1-CTERM 
GW for B fragment 
SVP-GW-F (F) + M157-
SUMO1-CTERM GW 
for full length final fragment 

 To generate C-
terminal 
translational fusions 
with SUMO or the 
SCE 

M119 (F) + M89b-SVP-
K10R-R for A fragment 
M164 (R) + M89a-SVP-K10R-F 
for B fragment 
M119 (F) + M164 (R) using 
A and B as templates for 
full length final fragment 

 To generate point 
mutations in the 
SUMO-attachment 
Lysines 

 
6.2.3. Biochemical methods 
 
6.2.3.1 Protein Extraction and purification 
 
E.coli recombinant proteins extraction 
 
Ten mililiters of E.coli cultures were grown for 2h at 37°C and induced with 1 mM 
IPTG.  After induction, cultures were incubated overnight at 28°C with a final 2 h 
incubation at 25°C.  Afterwards cultures were centrifuged for 10 min at 4,000 rpm to 
recover cell pellets.  Harvested cell pellets were thaw on ice for 15 min and 
resuspended in buffer B (100 Mm NaH2PO4, 10 mM Tris.Cl, 6 M GuHCl, pH 8.0).  
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To improve cell lysis the resuspended cultures were shaken end-over-end for 1 h and 
sonicated twice at an interval of 0.5/0.5 for 15 min. with a BioruptorTM Diagenode. 
Lysates were centrifuged at 10,000 x g for 30 min at room temperature and the 
supernatant recovered.  100 ul were kept for total protein extraction control.  
Recombinant proteins were purified on 50% Nickel Nitriloacetate resin in 8 M Urea 
(Ni-NTA, QIAGEN) following the Batch purification of 6xHis-tagged proteins under 
denaturing conditions of The QIAexpressionistTM handbook  of QIAGEN. 
 
A.thaliana recombinant proteins extraction 
 
Proteins were extracted from 10-15 days old seedlings following the protocol reported 
by Murtas et al. (Murtas et al., 2003). 
 
Protein quantification 
 
Protein quantification was performed using a standard Bradford method. 
 
6.2.3.2 SDS-PAGE and Western blot analysis 
 
Proteins were denatured by heat (10 minutes, 98°C) in SDS-protein loading buffer. 
Afterwards, proteins were separated on 10% SDS-PAGE gels. Samples were runned 
at 80 Volts for around 2-3 hours and afterwards blotted onto PVDF membranes 
(Millipore, Bedford, USA) using standard methods. Blots were blocked overnight in 
PBS with 5% nonfat milk, next day membranes were rinsed briefly with PBS with 5% 
nonfat milk and afterwards a PBS with 5% nonfat milk plus anti-Trx (Sigma-Aldrich) 
or anti-SUMO antisera soluton buffer were added. After 2 h, the blots were washed 
twice in PBS-milk, and a secondary antibody (goat anti-rabbit conjugated to alkaline 
phosphatase; Sigma-Aldrich) was added. After washing, the blots were treated with 
BCIP and NBT to visualize the signals. 
 
6.2.4. Software and websites  
 
All bioinformatic analysis were performed with the default presets following the 
instructions from each correspondent web-site. 
 
dCAPS design    http://helix.wustl.edu/dcaps/dcaps.html 
Arabidopsis information resource http://www.arabidopsis.org/ 
Bioinformatics tool   http://www.ncbi.nlm.nih.gov/ 
DNA sequences alignments  http://bioinfo.genopole-toulouse.prd.fr/multalin/  
SUMOplotTM    http://www.abgent.com/tool/sumoplot 
Conserved domains  http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi 
BLAST    http://www.ncbi.nlm.nih.gov/BLAST). 
Alignment tool COBALT  http://www.ncbi.nlm.nih.gov/tools/cobalt 
Motif discover    http://meme.sdsc.edu/meme 
Secondary Structure Prediction http://sable.cchmc.org 
Secondary Structure visualization http://polyview.cchmc.org 
Disordered region analysis tools:  

DisEMBLTM   http://dis.embl.de/ 
SPRITZ   http://protein.cribi.unipd.it/spritz 
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A.3. Abbreviations 
 
General abbreviations 
 
A    Adenine 
aa   amino acid 
AGI    Arabidopsis Genome Initiative  
ABRC   Arabidopsis Biological Resource Center  
AP   alkaline phosphatase 
Arabidopsis   Arabidopsis thaliana 
A. tumefaciens  Agrobacterium tumefaciens 
At Arabidopsis thaliana 
attR1, attR2 Attachment sites for site-specific recombination in the Gateway 

cloning system 
BC1   Back Cross 1 (in the context of genetic crosses) 
BLAST  Basic Local Alignment Search Tool  
BSA   Bulked Segregant Analysis 
bp    base pair 
BWA   Burrows-Wheeler Aligner 
C    Cytosine 
C-    carboxy-terminal 
CaMV   Cauliflower Mosaic Virus 
CAPS   Cleaved Amplified Polymorphic Sequences 
cDNA    complementary DNA 
CDS   Coding sequence 
cm   centimeter 
CNV   Copy Number Variations 
Col    Arabidopsis thaliana ecotype Columbia-0 
dCAPS  derived Cleaved Amplified Polymorphic Sequences 
DNA    desoxyribonucleic acid 
dNTP    deoxyribonucleic triphosphate 
DSM   Di-SUMO-site Mutant 
E. coli    Escherichia coli 
EcoRI   Escherichia coli RY13 I, restriction enzyme 
e.g.   Exempli gratia [Lat.] for example 
et al.    et alii / et aliae [Lat.] and others 
EMS   Ethyl Methanesulfonate 
F1, F2, F3  first, second, third…filial generation after a cross 
G    Guanine 
g    gram 
GA    gibberellic acid 
GE   Gel Electrophoresis 
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h    hour 
HRP   horse radish peroxidase 
kb    kilobase pair 
kDa   kilo Dalton 
LD    long-day 
Ler    Landsberg erecta 
LM   Linear Motif 
M    molar (mol/l) 
M1, M2, M3  first, second, third generation after mutagenesis 
Mbp   Mega base pairs 
mm   milimeter 
min    minute 
mol    mole 
mRNA   messenger RNA 
MTT   2,5-diphenyl tetrazolium bromide 
N-    amino-terminal 
Ni-NTA  Nickel-nitrilotriacetic acid 
nt    nucleotide 
Os   Oryzum sativa (Rice) 
PcG    Polycomb group genes 
PCR    polymerase chain reaction 
PDB   Protein Data Bank 
PEBP    phosphatidyl ethanolamine binding domain protein 
pH    negative logarithm of proton concentration 
PRC    Polycomb repressive complex 
PSM   Penta-SUMO-site Mutant 
PTM   Posttranslational Modification 
QTL   Quantitative Trait Loci 
RIL   Recombinant Inbreeding Line 
RFLP   Restriction Fragment Length Polymorphism 
RNA    ribonucleic acid 
RNase    ribonuclease 
RT-PCR   reverse transcription PCR 
SA    salicylic acid 
SAM    shoot apical meristem 
SD    short-day 
SDS_PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SE    standard error 
SIM   SUMO interacting motif 
SNP   Single Nucleotide Polymorphism 
SSLP   Single Sequence Length Polymorphism 
StUbls   SUMO-targeted Ubiquitin ligases 
T    Thymine 
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TAIR    
T1, T2, T3   first, second, third transgenic generation after plant transformation 
T-DNA   transferred DNA 
TLN   Total Leaf Number 
Trx   Thioredoxin 
ULP   Ubiquitin Like specific Protease 
UTR    untranslated region 
wt    wild type 
x    crossed to (crosses are always indicated in the order: female x 

male) 
:  fused to (in the context of gene fusion constructs)  
::    under the control of (in the context of promoter-gene constructs) 
-    minus, not present 
%    percentage 
°C    degrees Celsius 
3’    three prime end of a DNA fragment 
35S    promoter of the Cauliflower Mosaic virus 
2-DE   two dimensional gel electrophoresis 
5’    five prime end of a DNA fragment 
α-   in the context of a Western blot represent antibody against 
µ    micro 
ψ   hydrophobic amino acid (in the context of a protein motif) 
 
Gene and protein names 
 
The nomenclature for plant genes follows the Arabidopsis standard:  
GENES are written in upper case italics. Mutant genes are indicated in lower case italics. 
PROTEINS appear in upper case regular letters. Mutant proteins in lower case regular 
letters. 
 
ABI5   ABA INSENSITIVE 5 
ACT   ACTIN 
AGL24   AGAMOUS-LIKE 24 
AP1    APETALA 1 
CLV2   CLAVATA 2 
CO    CONSTANS 
COLDAIR  COLD ASSISTED INTRONIC NONCODING RNA 
COP1    CONSTITUTIVE PHOTOMORPHOGENESIS 1 
CYP98A9 CYTOCHROME P450, FAMILY 98, SUBFAMILY A, 

POLYPEPTIDE 9 
EL1   EARLY IN SHORT DAYS 4- LIKE 1 (homolog of ESD4) 
ESD4   EARLY IN SHORT DAYS 4 
FCA   * This gene has not been given a full name 
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FD -    * This gene has not been given a full name 
FLC    FLOWERING LOCUS C 
FRI    FRIGIDA 
FT    FLOWERING LOCUS T 
FWA   FLOWERING WAGENINGEN A 
ICE1   INDUCER OF CBP EXPRESSION 1 
ICS1   ISOCHORISMATE SYNTHASE 
LFY    LEAFY 
MPK3   MITOGEN-ACTIVATED PROTEIN KINASE 3 
MKK9  MITOGEN-ACTIVATED PROTEIN KINASE 9 
PHR1   PHOSPHATE STARVATION RESPONSE 1 
RLP13   RECEPTOR LIKE PROTEIN 13 
SAE   SUMO ACTIVATING ENZYME / E1 
SCE   SUMO CONJUGATING ENZYME / E2 
sed   suppressor of esd4 
SEP1,2,3,4  SEPALLATA1,2,3,4 
SIZ1   SAP and MIZ1 
SOC1    SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 
SUMO  SMALL UBIQUITIN RELATED MODIFIER PROTEIN 
SVP    SHORT VEGETATIVE PHASE 
TMM   TOO MANY MOUTHS 
Ub   UBIQUITIN 
UPL2   UBIQUITIN-PROTEIN LIGASE 2 
 
Amino acids 
 
 
Alanine   Ala   A 
Cysteine   Cys   C 
Aspartic acid  Asp   D 
Glutamic acid  Glu   E 
Phenylalanine  Phe   F 
Glycine   Gly   G 
Histidine   His   H 
Isoleucine   Ile   I 
Lysine   Lys   K 
Leucine   Leu   L 
 
 
 
 
 

 
 
Methionine   Met   M 
Asparagine   Asn   N 
Proline   Pro   P 
Glutamine   Gln   Q 
Arginine   Arg   R 
Serine   Ser   S 
Threonine   Thr   T 
Valine   Val   V 
Tryptophane  Trp   W 
Tyrosine  Tyr  Y 
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A.4. SVP homologs 
 
 

 
 
 
 

gi|225459099|ref|XP_002285687.1|  gi|55792844|gb|AAV65504.1| 

gi|147769366|emb|CAN68106.1|       gi|316890774|gb|ADU56833.1| 

gi|147744373|gb|ABQ51099.1|       gi|224094973|ref|XP_002310310.1| 

gi|261393597|emb|CAX51278.1|      gi|224063317|ref|XP_002301093.1|   

gi|161158834|emb|CAM59075.1|     gi|13448660|gb|AAK27151.1|         

gi|161158832|emb|CAM59074.1|      gi|225467973|ref|XP_002269295.1|   

gi|147744439|gb|ABQ51132.1|      gi|267850663|gb|ACY82403.1|      

gi|95981864|gb|ABF57917.1|      gi|13448658|gb|AAK27150.1|         

gi|71025328|gb|AAZ17550.1|        gi|122056647|gb|ABD66219.2|        

gi|9367234|emb|CAB97350.1|        gi|113207065|emb|CAL36572.1|       

gi|13384052|gb|AAK21250.1|AF335237 gi|83999600|emb|CAG27846.1|        

gi|194692682|gb|ACF80425.1|       gi|218192223|gb|EEC74650.1|        

gi|9367232|emb|CAB97349.1|        gi|30681743|ref|NP_179840.2|       

gi|261391552|emb|CAX11663.1|       gi|40806814|gb|AAR92206.1|         

gi|162457969|ref|NP_001105148.1|   gi|297821479|ref|XP_002878622.1|   

gi|120407344|gb|ABM21529.1|        gi|30983948|gb|AAP40641.1|        

gi|164521127|gb|ABY60423.1|        gi|58201617|gb|AAW66885.1|       

gi|326521456|dbj|BAK00304.1|       gi|30575602|gb|AAP33087.1|         

gi|71025326|gb|AAZ17549.1|        gi|17433048|sp|Q9FUY6.1|

gi|223943985|gb|ACN26076.1|       gi|6652756|gb|AAF22455.1|          

gi|29372750|emb|CAD23409.1|        gi|12964064|emb|CAC29335.1|       

gi|115448827|ref|NP_001048193.1|   gi|33621117|gb|AAQ23142.1|         

gi|161158818|emb|CAM59067.1|       gi|115371646|gb|ABI96182.1|       

gi|118767201|gb|ABL11476.1|        gi|297600444|ref|NP_001049203.2|  

gi|261393654|emb|CAX51307.1|       gi|91207152|sp|Q5K4R0.2|

gi|261393633|emb|CAX51296.1|       gi|194693938|gb|ACF81053.1|       

gi|55792842|gb|AAV65503.1|         gi|166014267|gb|ABY78023.1|       

gi|261393656|emb|CAX51308.1|       gi|198385780|gb|ACH86229.1|       

gi|261393562|emb|CAX51259.1|       gi|108706565|gb|ABF94360.1|        

gi|261393631|emb|CAX51295.1|       gi|194698260|gb|ACF83214.1|        

gi|261393599|emb|CAX51279.1|       gi|195625994|gb|ACG34827.1|        

gi|261393564|emb|CAX51260.1|       gi|224081933|ref|XP_002306534.1|   

gi|261393579|emb|CAX51268.1|      gi|95981862|gb|ABF57916.1|        

gi|147744437|gb|ABQ51131.1|        gi|326415788|gb|ADZ72841.1|       

gi|261393566|emb|CAX51261.1|      gi|16549058|dbj|BAB70736.1|       

gi|261393568|emb|CAX51262.1|      gi|125490315|dbj|BAF46766.1|       

gi|55792840|gb|AAV65502.1|         gi|210148492|gb|ACJ09169.1|        

gi|261393650|emb|CAX51305.1|      gi|7672991|gb|AAF66690.1|AF144623_ 

gi|261391554|emb|CAX11664.1|     gi|61611671|gb|AAX47170.1|         

gi|55792846|gb|AAV65505.1|         gi|326415786|gb|ADZ72840.1|        

gi|261393615|emb|CAX51287.1|    gi|297799552|ref|XP_002867660.1|   

gi|261393641|emb|CAX51300.1| gi|23304690|emb|CAD48304.1|        

gi|147744369|gb|ABQ51097.1|  gi|15233857|ref|NP_194185.1|      

gi|55792837|gb|AAV65501.1| gi|255635649|gb|ACU18174.1|       

gi|2735764|gb|AAB94005.1| gi|224095810|ref|XP_002310488.1|   



 

XVII 

A.5. SVP CDS sequence 
 
 
SVP CDS sequence plus Gateway oligonucleotides* (*indicated in CAPITALS) 
 
1   GGGGACAAGT TTGTACAAAA AAGCAGGCTT Catggcgaga gaaaagattc       51  
51  agatcaggaa gatcgacaac gcaacggcga gacaagtgac gttttcgaaa      101  
101 cgaagaagag ggcttttcaa gaaagctgaa gaactctccg ttctctgcga      151  
151 cgccgatgtc gctctcatca tcttctcttc caccggaaaa ctgttcgagt      201  
201 tctgtagctc cagcatgaag gaagtcctag agaggcataa cttgcagtca      251  
251 aagaacttgg agaagcttga tcagccatct cttgagttac agctggttga      301  
301 gaacagtgat cacgcccgaa tgagtaaaga aattgcggac aagagccacc      351  
351 gactaaggca aatgagagga gaggaacttc aaggacttga cattgaagag      401  
401 cttcagcagc tagagaaggc ccttgaaact ggtttgacgc gtgtgattga      451  
451 aacaaagagt gacaagatta tgagtgagat cagcgaactt cagaaaaagg      501  
501 gaatgcaatt gatggatgag aacaagcggt tgaggcagca aggaacgcaa      551  
551 ctaacggaag agaacgagcg acttggcatg caaatatgta acaatgtgca      601  
601 tgcacacggt ggtgctgaat cggagaacgc tgctgtgtac gaggaaggac      651  
651 agtcgtcgga gtctattact aacgccggaa actctaccgg agcgcctgtt      701  
701 gactccgaga gctccgacac ttcccttagg ctcggcttac cgtatggtgg      751  
751 ttagGACCCA GCTTTCTTGT ACAAAGTGGT CCCC  
 
 
Transgenic designation Transformed into Selection 
 
HyperSUMOylation N-term 
p35S::3xFLAG:SVP 
p35S::3xFLAG:SUMO1:SVP 
p35S::3xFLAG:SUMO3:SVP 
p35S::3xFLAG:SCE:SVP 
p35S::3xFLAG:SCE(C94S):SVP 
 
HypoSUMOylation 
p35S::3xFLAG:SVPK30,31,53,78,156R 
p35S::3xFLAG:SVPK30,31,53R 
p35S::3xFLAG:SVPK30,31R 
p35S::3xFLAG:SVPK53,78,156R 
p35S::3xFLAG:SVPK78,156R 
p35S::3xFLAG:SVPK30,78R 
p35S::3xFLAG:SVPK53,156R 
p35S::3xFLAG:SVPK30,31,78R 
 
HyperSUMOylation C-term 
p35S::SVP:3xFLAG 
p35S::SVP:SUMO1:3xFLAG 
p35S::SVP:SUMO3:3xFLAG 
p35S::SVP:SCE:3xFLAG 
p35S::SVP:SCE(C94S):3xFLAG 
 

 
 

svp-41, Col 
svp-41, Col 
svp-41, Col 
svp-41, Col 
svp-41, Col 

 
 

svp-41, Col 
svp-41, Col 
svp-41, Col 
svp-41, Col 
svp-41, Col 
svp-41, Col 
svp-41, Col 
svp-41, Col 

 
 

svp-41, Col 
svp-41, Col 
svp-41, Col 
svp-41, Col 
svp-41, Col 

 
 
BASTA resistant 
BASTA resistant 
BASTA resistant 
BASTA resistant 
BASTA resistant 
 
 
BASTA resistant 
BASTA resistant 
BASTA resistant 
BASTA resistant 
BASTA resistant 
BASTA resistant 
BASTA resistant 
BASTA resistant 
 
 
BASTA resistant 
BASTA resistant 
BASTA resistant 
BASTA resistant 
BASTA resistant 
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