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1 INTRODUCTION 

1.1 Epigenetics 

Genetic information in eukaryotic organisms is encoded in the macromolecule 

desoxyribonucleic acid (DNA) (Avery et al., 1944), and passed on through the germline to the 

next generation. Many phenotypic traits are caused by allelic differences due to mutations in 

the DNA sequence, and mendelian inheritance depends on the equal distribution of the 

parental alleles to the gametes and hence to the progeny.  

In the more recent past additional levels of inheritance were discovered, that do not depend on 

changes of the DNA sequence. These ‘epigenetic’ phenomena are defined as “mitotically 

and/or meiotically heritable changes in gene function that cannot be explained by changes in 

DNA sequence” (Russo et al., 1996). These epigenetic phenomena are for example caused by 

post-translational histone modifications including histone methylation, acetylation, 

phosphorylation and ubiquitination. Furthermore DNA methylation, RNA based mechanisms, 

nucleosome exchanges, and prions were described to play a role in the establishment and 

maintenance of epigenetic states (Halfmann and Lindquist, 2010; Feng et al., 2010). These 

modifications are involved in defining the expression state of genes, and maintaining it 

through several rounds of cell division, or even to the next generation. The advantage of 

epigenetic gene regulation is that an organism can respond far more flexible to environmental 

and endogenous cues, as the mediated modifications are stable but not irreversible. 

Epigenetic gene regulation is highly important for the development of eukaryotic organisms 

as it was reported to play a decisive role in processes like gene silencing, position effect 

variegation (PEV), imprinting, paramutation, transgene silencing, X-chromosome 

inactivation, parent-of origin effects, cell differentiation and reprogramming and therefore 

also in diseases like cancer (Feng et al., 2010; Berdasco and Esteller, 2010; Avramova, 2009). 

Most of these processes originate in the modification of chromatin, a highly complex structure 

of DNA and associated proteins. 

 

1.2 Chromatin structure and histone modifications 

In eukaryotic cells the DNA has to be highly organized in order to fit into the nucleus. The 

nucleosomal core particle contains 147 bp of DNA, which is wrapped in 1,65 turns around a 

histone octamer. This octamer consists of a central heterotetramer of the histones H3 and H4 

and is flanked by two heterodimers of H2A and H2B. The nucleosomal core particles are 
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separated by 10-60 bp of ‘linker-DNA’, and this conformation is called the 10 nm chromatin 

fiber (Peterson and Laniel, 2004; Luger et al., 1997). The linker-DNA is associated with 

histone H1 (linker histone) which stabilizes a further compaction of the DNA to ~30 nm thick 

fibers through interaction with the nucleosomal core particle. The nucleosomal core particle, 

linker DNA and histone H1 together, represent the basic repeat unit of chromatin, the 

nucleosome (Happel and Doenecke, 2009). Further condensation of the chromatin to 100-400 

nm fibers in interphase chromatin and even higher compaction in metaphase chromosomes 

can be observed in vivo (Peterson and Laniel, 2004).  

Each core histone consists of a C-terminal histone fold domain and an N-terminal tail domain, 

that is rich in basic amino acids, positively charged and extends from the surface of the 

nucleosome (Peterson and Laniel, 2004; Hansen, 2002). These histone tails are involved in 

controlling the folding of chromatin into higher order structures, as the removal of the histone 

tails in vitro prevents a compaction beyond the 10 nm fiber (Hansen, 2002). Furthermore the 

amino-terminal tails of the core histones are subject to extensive post-translational 

modifications that influence chromatin structure as well as transcriptional gene activity. Since 

nucleosomal DNA is not freely accessible to regulatory proteins, chromatin structure has to be 

changed dynamically upon endo- or exogenous cues. For example the covalent modifications 

on histone tails, replacement of histones, histone variants and DNA cytosine methylation alter 

the histone-DNA interaction and create or block protein binding sites (Pfluger and Wagner, 

2007).  

The modifications discovered on histone tails by mass spectrometry and specific antibodies 

are acetylation, methylation, phosphorylation, ubiquitination, sumoylation, ADP ribosylation, 

deimination and proline isomeration, although not all histone modifications are implicated in 

epigenetic gene regulation (Kouzarides, 2007; Fuchs et al., 2006). The most diverse of these 

modifications is methylation, as arginine residues (R) are found to be mono- and di-

methylated whereas lysine residues (K) are mono-, di- and tri-methylated. Depending on the 

specific lysine or arginine residue and the number of methyl groups added, these 

modifications can be either associated with transcriptional activation or repression 

(Kouzarides, 2007). While methylation of histone tails has mainly been connected to 

transcriptional regulation, phosphorylation of histone tails at serine (S) and threonine (T) 

residues is involved in a multitude of pathways, among them chromosome condensation, cell 

division, transcriptional regulation and DNA damage repair. There is evidence that 

phosphorylation serves as a platform for recruitment and release of effector proteins, and thus 

establishes a crosstalk between histone modifications (Banerjee and Chakravarti, 2011). For 
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instance it was shown in mammalian cell culture experiments that H3S28 phosphorylation on 

the silenced PcG target gene α-globulin leads to a reduction of H3 lysine27 tri-methylation 

(H3K27me3) and an induction of H3K27 acetylation (H3K27ac) which results in gene 

activation (Lau and Cheung, 2011). This example clearly demonstrates the complexity 

achieved by the combination of several histone modifications. 

On each of the core histones several amino acids are subject to post-translational 

modifications, and many of the modifications have been associated either with an active or 

repressive state of chromatin. While the effect of most individual modifications is conserved 

between plants and animals, each kingdom also harbors unique modifications (Pfluger and 

Wagner, 2007; Zhang et al., 2007b).  

It was proposed that the combination and/or sequential arrangement of histone modifications 

on one or more histone tails can be regarded as the so called ‘histone code’, which can be read 

by other proteins leading to a number of different downstream events (Strahl and Allis, 2000). 

More recent studies have revealed that not only the combination of histone modifications 

have to be taken into account, as in different contexts and timing the same modification can 

be involved in gene activation or repression. Furthermore all modifications on histone tails are 

also removable which adds to the complexity of the system (Alvarez-Venegas, 2010). It is 

therefore not sufficient to map histone modification patterns on genes of interest, but essential 

to simultaneously explore the recruitment, regulation and interactions of the complexes that 

mediate the modifications (Lee et al., 2010).  

 

1.3 Polycomb group proteins are key regulators of eukaryotic development  

Among the proteins involved in epigenetic gene regulation, Polycomb group (PcG) proteins 

are key regulators which are of great importance for the development of eukaryotic organisms 

(Grimaud et al., 2006). In a variety of organisms PcG and Trithorax group (TrxG) proteins 

have been thoroughly analyzed. Initially identified in Drosophila melanogaster, PcG proteins 

are described to maintain a repressive state of homeotic (Hox) gene expression, genes that 

control embryonic positional identities, while the antagonistically acting TrxG proteins 

maintain Hox gene activity. PcG genes were named after the Drosophila protein Polycomb 

(Pc), as flies with a mutation Pc display global transformations of embryonic segments into 

the most posterior segment which results in lethality. Hence PcG genes were defined as genes 

that, when individually mutated, show homeotic transformations similar to those observed in 

Polycomb (Pc) mutants or which can enhance the phenotype of Pc mutant alleles (Simon and 

Tamkun, 2002).  
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1.3.1 PcG complexes and gene regulation in Drosophila  

The molecular analysis of PcG and TrxG proteins revealed that both groups act as large 

multimeric complexes indirectly regulating transcription. This is accomplished by deposition 

of post-translational modifications, which results in modulation of chromatin structure 

(Grimaud et al., 2006). In case of PcG proteins, initially two main complexes were identified 

and analyzed, POLYCOMB REPRESSIVE COMPLEX 1 (PRC1) and PRC2. The 

biochemical purification of PRC1 identified the core subunits of the complex including 

Polycomb (Pc), Polyhomeotic (Ph), Posterior sex combs (Psc) and dRing1. Additional 

proteins like Sex combs on midleg (Scm), Zeste (z) and general transcription factors are also 

associated with PRC1 and are thought to be exchanged to obtain specificity of the complex at 

certain developmental time points (Shao et al., 1999; Saurin et al., 2001).  

 

PRC2 consists of four core members in Drosophila, Enhancer of zeste (E(z)), Extra sex 

combs (Esc), p55 and Suppressor of zeste12 (Su(z)12). The PRC2 complex mediates the tri-

methylation of H3K27 through its subunit E(z) that contains a catalytic SET domain. The 

functionality of the SET domain as well as the presence of Esc is essential for the tri-

methylation of H3K27 (Cao and Zhang, 2004; Czermin et al., 2002; Muller et al., 2002; Cao 

et al., 2002; Kuzmichev et al., 2002). Furthermore it was observed that the repressive tri-

methylation of H3K27 is stimulated by already pre-existing H3K27me3 marks, while it is 

inhibited by tri-methylation of H3K4 and di- and tri-methylation of H3K36, modifications 

associated with gene activity (Schmitges et al., 2011). This finding illustrates the interplay of 

opposing chromatin modifications that ensures that the correct target genes are methylated. 

The H3K27me3 mark is specifically bound by the PRC1 subunit Pc via its chromodomain, 

which leads to an inhibition of nucleosome remodeling and transcription, and to a compaction 

of chromatin in vitro (Fischle et al., 2003c; Shao et al., 1999; Lo and Francis, 2010; Francis et 

al., 2004).  

The PRC1-like complex dRing associated factors (dRAF) includes dRing1 and Psc in 

Drosophila and the subunits Ring1A and Bmi-1 in mammals that comprise catalytic ring-

domains and have been shown to act as ubiquitin E3 ligases mediating the mono-

ubiquitination of lysine residue 119 of histone H2A (H2A K119ub) (Muller and Verrijzer, 

2009; de Napoles et al., 2004; Cao et al., 2005). Mutation of Bmi-1 did not affect the level of 

H3K27me3, while the disruption of PRC2 catalytic activity resulted in the loss of H3K27me3 

and H2A K119ub. This result places PRC2 upstream of PRC1 recruitment, H2A 

ubiquitination and gene silencing. H2A ubiquitination might either directly or indirectly block 
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the recruitment of the basic transcriptional machinery to promoters, which in turn would 

result in stable gene silencing (Cao et al., 2005; Muller and Verrijzer, 2009). 

More recently an additional Polycomb complex was identified that harbors ubiquitin 

hydrolase activity with specificity towards H2A monoubiquitination. The Polycomb 

repressive deubiquitinase (PR-DUB) complex discovered in Drosophila consists of the 

ubiquitin hydrolase Calypso and Additional sex combs (Asc), and is essential for the 

repression of PcG targent genes (Scheuermann et al., 2010). Thus it seems to be critical to 

tightly balance H2A monoubiquitination levels in order to maintain the PcG mediated 

repressed chromatin state. This applies at least to a subset of PcG target genes, as a recent 

study could show by mutation of the dRing subunit, that there are two classes of PcG targets 

of which only one is dependent on H2A ubiquitination (Scheuermann et al., 2010; Gutierrez 

et al., 2012). 

The fourth PcG complex Pleiohomeotic repressive complex (PhoRC) includes the proteins 

Pleiohomeotic (Pho) and dSfmbt (Smc-related gene containing four malignant brain tumor 

(MBT) domains) and was identified to be essential for HOX gene silencing in Drosophila. 

The Pho subunit comprises sequence specific DNA binding ability, while the SFmbt subunit 

was shown to bind mono- and dimethylated H3K9 and H4K20 residues (Klymenko et al., 

2006). In Drosophila the recruitment of the PcG machinery is achieved through cis-acting 

DNA elements, the Polycomb response elements (PRE), which are required for PcG mediated 

HOX gene silencing (Chan et al., 1994; Simon et al., 1993). These PREs contain binding sites 

for Pho and Pho-like (Phol) (Brown et al., 2003; Brown et al., 1998), and it has been shown 

that PRC1, PRC2 and PhoRC are associated with these sites (Papp and Muller, 2006). 

Furthermore Pho was shown to directly bind to E(z) and Esc and Phol to Esc which might 

lead to a stabilization of PRC2 binding to target chromatin (Brown et al., 2003; Wang et al., 

2004) 

It was discovered that from the PRE sequences long non-coding RNA (ncRNA) transcripts 

are produced which are probably involved in the recruitment of PcG complexes to its target 

genes (Hekimoglu and Ringrose, 2009; Margueron and Reinberg, 2011). One prominent 

example of ncRNA recruitment is the trans-acting HOTAIR ncRNA which interacts with 

PRC2 and is essential for PcG mediated gene silencing of the HOXD gene cluster in 

fibroblast cells (Rinn et al., 2007). 

Intracellular localization studies of PcG proteins in Drosophila revealed that they are 

concentrated in nuclear foci which are called PcG bodies (Pirrotta and Li, 2011). The amount 

and size of these PcG bodies is variable and dependent on the cell type. One possible 
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explanation for this specific localization is the fact that PcG binding sites in the Drosophila 

genome tend to occur in linear clusters. But there is also evidence for interaction of PcG 

target genes that map at large distances from each other, and of the involvement of PREs 

which are also able to interact. Insulators are known to mediate chromatin looping and might 

play a role as well as ncRNAs, which could serve as scaffolds for higher order assembly of 

PcG proteins (Pirrotta and Li, 2011). The PcG bodies were shown to move, meet and split 

dynamically during development in agreement with the finding that PcG target genes are not 

stably associated with PcG bodies (Cheutin and Cavalli, 2012; Pirrotta and Li, 2011). 

The concentration of PcG proteins at specific regions within the nucleus appears to be 

furthermore regulated by additional proteins in a cell type dependent manner. In myoblast 

cells the homeodomain protein Msx1 specifically localizes to the nuclear periphery. It was 

shown that Msx1 associates with the PRC2 complex and promotes the spatial redistribution of 

the repressive H3K27me3 to the nuclear periphery which results in the cell type specific 

silencing of Msx1 target genes (Wang et al., 2011).  

PcG mediated gene regulation is tightly controlled by the crosstalk of the different complexes, 

the timing of modification setting and removal, and by additional factors like long ncRNAs 

conferring specificity toward the large amount of target genes at different developmental time 

points. Furthermore the counteracting PcG and Trx systems regulate each other as the 

mediated modifications oppose the activity of the antagonistic system (Klymenko and Muller, 

2004). 

  

1.3.2 PcG complexes and gene regulation in Arabidopsis  

Organ development in plants is in contrast to Drosophila and mammals not restricted to 

embryogenesis, but takes place throughout the life cycle originating from undifferentiated 

meristems, and in case of the shoot apical meristem it subsequently gives rise to vegetative 

and reproductive organs (Avramova, 2009). Similar to PcG proteins in Drosophila and 

mammals, the plant counterparts are found to regulate homeotic genes in Arabidopsis. These 

belong to the homeobox and MADS box transcription factor families, and are involved in 

several developmental processes in sporophytic and reproductive development, for instance 

leaf, flower and seed formation and morphology (Avramova, 2009; Katz et al., 2004). 

Forward genetic screens for regulators of flower development, seed formation and the 

vernalization response, which is the acquirement of the competence to flower after a 

prolonged period of cold treatment, identified the first PcG proteins in plants with homology 
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to PRC2 subunits (Gendall et al., 2001; Goodrich et al., 1997; Schubert et al., 2005; Yoshida 

et al., 2001).  

All four subunits of the PRC2 complex from Drosophila are conserved in Arabidopsis, and 

except for the single copy gene FERTILIZATION INDEPENDENT ENDOSPERM (FIE) 

which is the ortholog of Esc, all subunits are encoded by small gene families (Schubert et al., 

2005; Ohad et al., 1999).  

The catalytic subunit E(z) harboring the histone methyltransferase activity has three orthologs 

in Arabidopsis encoded by the genes CURLY LEAF (CLF), SWINGER (SWN) and MEDEA 

(MEA) (Goodrich et al., 1997; Grossniklaus et al., 1998; Luo et al., 1999). There are three 

orthologous proteins to the Su(z)12 subunit encoded by VERNALIZATION 2 (VRN2), 

EMBRYONIC FLOWER 2 (EMF2) and FERTILIZATION INDEPENDENT SEED 2 (FIS2) 

(Luo et al., 1999; Gendall et al., 2001; Yoshida et al., 2001). The genes MULTICOPY 

SUPPRESSOR OF IRA 1-5 (MSI1-5) have sequence homology to the WD40 protein p55. 

MSI1 was initially identified to be required for epigenetic maintenance of reproductive 

development, and was then found to be a part of the Arabidopsis PRC2 complex (Kohler et 

al., 2003; Hennig et al., 2003). MSI1 is also involved in chromatin remodeling complexes 

apart from PRC2, and was suggested to be involved in the maintenance of epigenetic 

information by targeting silencing complexes to chromatin during nucleosome assembly 

(Hennig et al., 2005). 

The fact that three of the PRC2 subunits in Arabidopsis are encoded by multiple genes 

suggests that the composition of the complex might be variable. Furthermore the genes show 

differences in expression pattern as MEA and FIS2 are expressed in seeds, VRN2 is 

preferentially expressed in vegetative tissue whereas CLF, SWN, EMF2, MSI1 and FIE are 

ubiquitously expressed (Hennig et al., 2003; Chanvivattana et al., 2004; Gendall et al., 2001; 

Goodrich et al., 1997; Yoshida et al., 2001). Moreover there is genetic evidence that the 

homologous genes CLF, SWN and MEA have redundant as well as discrete functions as 

mutations in the single genes cause distinct phenotypes, while double mutants of clf and swn 

show a severe phenotype with callus-like growth habit unable to reproduce and complete the 

plant life cycle (Chanvivattana et al., 2004; Schubert et al., 2005). Genetic studies suggest the 

existence of at least three PRC2 complexes in Arabidopsis: the VRN2-PRC2 complex which 

is involved in the vernalization response, the FIS2-PRC2 complex required to inhibit 

fertilization independent seed development and the EMF2-PRC2 complex, that is needed for 

the suppression of precocious flowering and for floral organ development (Figure 1.1) 

(Guitton and Berger, 2005). Hence the different complexes control important transitions at 
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different stages of plant development and are therefore crucial to accomplish the complete life 

cycle (Guitton and Berger, 2005; Butenko and Ohad, 2011).  

 

 
Figure 1.1: PcG complexes control developmental transitions in Arabidopsis thaliana 
PcG complexes of different composition are important at several stages of plant development that are depicted in 
the outer circle. The compositions of the complexes regulating the indicated developmental transitions are 
displayed in the middle. The FIS2-PRC2 (1) regulates gametophyte development and inhibits fertilization 
independent seed development, the VRN2-PRC2 (2) complex is involved in the vernalization response, the 
competence to flower after prolonged cold treatment, and is therefore active during vegetative growth. The 
EMF2-PRC2 (3) complex is needed for the suppression of precocious flowering and for floral organ 
development (modified from (Butenko and Ohad, 2011)). 
 

Biochemical purification was achieved for the VRN2-PRC2 complex comprising the core 

subunits VRN2, FIE, SWN and MSI1 as well as the PHD finger proteins VERNALIZATION 

5 (VRN5), VERNALIZATION INSENSITIVE (VIN3) and VERNALIZATION 5/ VIN3-

LIKE (VEL1) (De Lucia et al., 2008). The FIS2-PRC2 complex consisting of FIS2, MEA or 

SWN as well as FIE and MSI1 was purified from flowers and young siliques (Kohler et al., 

2003).  

While the EMF2-PRC2 complex has not yet been purified, there is a large amount of genetic 

evidence for its existence. The complex is believed to involve CLF or SWN, EMF2, FIE and 

MSI1 and the mutation of either of the genes except for SWN results in an early flowering 

phenotype (Chanvivattana et al., 2004; Katz et al., 2004; Hennig et al., 2003; Yoshida et al., 

2001; Kinoshita et al., 2001). Beside the repression of flowering time regulators such as 

FLOWERING LOCUS T (FT) and AGAMOUS LIKE 19 (AGL19), the complex also regulates 
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floral identity genes like AGAMOUS (AG), APETALA1 (AP1), APETALA3 (AP3) and 

PISTILLATA (PI) whose deregulation causes homeotic transformations of the floral organs 

(Schonrock et al., 2006; Moon et al., 2003; Chanvivattana et al., 2004). 

The catalytic activity of the Drosophila PRC2 complex conducted by the histone 

methyltransferase (HMT) subunit E(z) was recently also affirmed for the Arabidopsis VRN2-

PRC2 and EMF2-PRC2 complexes with CLF as catalytic HMT subunit (Cao et al., 2002; 

Czermin et al., 2002; Muller et al., 2002; Schmitges et al., 2011). Furthermore global analysis 

of histone modification on total histone extracts showed that the mutation of CLF as well as 

the reduction of EMF2 levels reduces the amount of H3K27 tri-methylation to approximately 

50%, while the simultaneous mutation of CLF and SWN results in a total loss of this 

modification (Jiang et al., 2008; Lafos et al., 2011). Additionally, a local loss of H3K27me3 

accompanied with target gene derepression was observed by target gene analysis in clf and 

mea mutants (Makarevich et al., 2006; Schubert et al., 2006). 

Even though the phenotypes of the PcG single mutants like clf are caused by the 

misexpression of few target genes (Goodrich et al., 1997; Lopez-Vernaza et al., 2012), whole 

genome analyses have revealed the existence of approximately 8000 genes carrying the 

H3K27me3 mark in Arabidopsis (Lafos et al., 2011; Zhang et al., 2007a; Oh et al., 2008). It 

was shown that H3K27me3 correlates with target gene repression, and that, among these 

target genes, are protein coding genes as well as microRNA coding genes and transposable 

elements. This discloses a high variety of pathways in which PcG mediated gene regulation is 

involved (Lafos et al., 2011). Whole genome analyses of H3K27me3 target genes in 

undifferentiated meristem cells compared to differentiated leaf cells revealed several hundred 

dynamically regulated target genes that either gain or lose the modification in course of 

differentiation (Lafos et al., 2011). The dynamic regulation of PcG target genes requires 

specific H3K27me3 demethylase activity which was recently described in plants. The Jumonji 

domain protein RELATIVE OF EARLY FLOWERING 6 (REF6) shows H3K27me3 

demethylase activity, and overexpression of REF6 results in ectopically increased H3K27me3 

levels and in decreased mRNA expression of hundreds of target genes (Lu et al., 2011). 

H3K27me3 is preferentially enriched in gene bodies within euchromatin, whereas H3K4me3 

is enriched near the transcription start sites and 5’ regions of active genes (Lafos and 

Schubert, 2009; Zhang et al., 2007a; Oh et al., 2008).  

The recruitment of PRC2 to its target genes has not been solved in Arabidopsis as classical 

PREs have not been identified. Nevertheless cis-acting DNA elements in the DNA sequence 

of FLC, AG and FT as well as GA-repeat motifs in several PcG target genes have been 
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described (Meister et al., 2004; Adrian et al., 2010; Kooiker et al., 2005; Sheldon et al., 2002; 

Sieburth and Meyerowitz, 1997). The binding of the GA-repeats in the promoters of the PcG 

target genes SEEDSTICK (STK) and INNER NO OUTER (INO) by the plant specific protein 

BASIC PENTACYSTEINE 1 (BPC1) is essential for restricting the expression of these genes 

to carpels and ovules (Meister et al., 2004; Kooiker et al., 2005). GA-repeat elements are not 

only associated with transcriptional repression, but were also found to be essential for gene 

activation for example in the promoter region of the PcG target gene LEAFY COTYLEDON 2 

(LEC2) (Berger et al., 2011). Promoter analyses revealed a repressive, cis-acting element in 

the LEC2 promoter which was essential for H3K27me3 deposition at LEC2, and furthermore 

introduction of this element in the promoter of an unrelated gene is sufficient for silencing 

(Berger et al., 2011). As the LEC2 promoter exhibits a binding site for GA-repeat binding 

proteins as well as a repressive element essential for PcG mediated H3K27me3, there could 

be an interaction of BPC and PcG silencing in plants even though no evidence for this has 

been observed to date (Berger et al., 2011; Schatlowski et al., 2008). 

Just as the recruitment of PRC2 to its target chromatin, the proteins involved in reading the 

H3K27me3 mark are not conserved in Arabidopsis. The Drosophila PRC1 subunit Pc is 

responsible for the binding of the complex to H3K27me3 and does not have any sequence 

homologs in Arabidopsis. Nevertheless there is evidence for a plant specific mechanism 

involving TERMINAL FLOWER 2 / LIKE HETEROCHROMATIN PROTEIN 1 

(TFL2/LHP1), that has been shown to bind to H3K27me3 in vitro and co-localizes with this 

mark on a genome wide level (Turck et al., 2007; Zhang et al., 2007b). The finding that lhp1 

mutants show misexpression of several PcG target genes, and that LHP1 function is required 

for stable silencing of FLC and FT, supports the hypothesis that LHP1 might fulfill a PRC1 

like function in plants (Adrian et al., 2010; Mylne et al., 2006; Sung et al., 2006; Kotake et al., 

2003). The fact that the phenotype of lhp1 mutant plants is relatively mild compared to PRC2 

loss of function mutants suggests the involvement of other not yet identified proteins in the 

recognition of trimethylated H3K27 (Farrona et al., 2008).  

The proteins EMBRYONIC FLOWER 1 (EMF1) and VERNALIZATION 1 (VRN1) likely 

also have a function in PcG mediated gene regulation downstream of PRC2. EMF1 binds 

DNA in an unspecific manner and is required for the suppression of several PcG target genes. 

EMF1 associates with the chromatin of AG, AP3 and PI, and the binding to AG chromatin is 

dependent on EMF2. Furthermore transcriptome data of emf1 and emf2 mutants show a high 

overlap of misexpressed target genes (Calonje et al., 2008; Kim et al., 2010; Moon et al., 

2003). VRN1 is like VRN2 required for the vernalization response and therefore for the 
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repression of FLOWERING LOCUS C (FLC) in response to cold treatment. VRN1 similarly 

to EMF1 harbours DNA binding capacity and vrn1 mutants do not show altered H3K27me3 

levels at FLC chromatin, which places VRN1 downstream of PRC2 function (Levy et al., 

2002; Bastow et al., 2004).  

While the H3K27me3 binding protein Pc is not conserved in plants, the Ring1 component of 

the Drosophila PRC1 complex that mediates H2A K119 ubiquitination has two orthologs in 

Arabidopsis, AtRING1a and AtRING1b. These proteins, like Ring1, possess an amino-

terminal RING domain as well as a carboxy-terminal RAWUL domain, a novel ubiquitin-like 

protein domain (Xu and Shen, 2008; Sanchez-Pulido et al., 2008). The Arabidopsis RING1a 

and RING1b proteins have been shown to be essential for the repression of class I Knotted-

like homeobox (KNOX) transcription factors, hence for the maintenance of meristem function 

and for the repression of embryonic traits during vegetative growth (Chen et al., 2010; Xu and 

Shen, 2008). Furthermore interaction of AtRING1a and AtRING1b proteins with CLF, LHP1 

and the three Arabidopsis orthologs of the mammalian PRC1 protein BMI1 were shown in 

yeast. Since double mutants of ring1a and ring1b do not cause a reduction of H3K27me3 

levels at selected PcG target genes, it was proposed that they, together with LHP1 and the 

BMI1 orthologs, fulfill a PRC1-like function downstream of PRC2 (Chen et al., 2010; Xu and 

Shen, 2008). While previous studies were not able to detect H2A monoubiquitination activity 

of the PRC1-like components, AtBMI1a and AtBMI1b were shown to mediate this 

modification on the histone variant H2A.1 (Bratzel et al., 2010). In agreement with these 

findings the overexpression of the third homolog AtBMI1c, which is expressed during 

reproductive and seed development, was reported to have monoubiquitin ligase activity in 

vivo and in vitro (Bratzel et al., 2012; Li et al., 2011).  

In conclusion there is accumulating evidence that PRC1 function is conserved in plants, even 

though not all Drosophila and mammalian proteins have sequence orthologs in the plant 

kingdom. Plant specific proteins, which might be hidden due to redundancy among gene 

families, are likely to be involved in PcG mediated gene silencing to meet the specific needs 

of plant development. These needs differ from mammalian and insect development and 

include among others, meristem maintenance, phase transitions, organ morphology and stress 

and pathogen response. In Arabidopisis the key transition in the plant life cycle is flowering 

time which is in part controlled by PcG proteins and has a great agricultural and therefore 

economical relevance. 
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1.4 Flowering time regulation by Polycomb group proteins 

Flowering time is one of the most important developmental transitions in plants, and therefore 

it has been intensely studied. This provided a good understanding of how the different 

environmental and endogenous cues are integrated to cause the switch from vegetative to 

reproductive growth. Several of the regulatory pathways converge on the PcG target and 

MADS box transcription factor FLC (Crevillen and Dean, 2011). High levels of FLC delay 

the transition from vegetative to reproductive growth by repression of the floral integrators 

SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) and FLOWERING 

LOCUS T (FT) (Dennis and Peacock, 2007). The major pathways regulating flowering time 

are the photoperiod pathway, the vernalization pathway, the gibberellin pathway, the 

autonomous pathway, ambient temperature and an endogenous pathway involving plant age 

(Srikanth and Schmid, 2011; Crevillen and Dean, 2011). A scheme of the pathways involved 

in regulation of flowering time is depicted in  

Figure 1.2.  

 

 
 
Figure 1.2: The regulation of the switch from vegetative to reproductive development in 
Arabidopsis 
Figure from (Crevillen and Dean, 2011) 
 

The expression of FLC is controlled by various chromatin complexes mediating histone 

modifications, histone variant exchange and chromatin remodeling. The transcriptional 
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activation of FLC involves the histone modifications H3K4me3 and H3K36me3, the activity 

of the RNA polymerase associated factor 1 complex (PAF1C) regulating transcriptional 

elongation, transcriptional activators like FRIGIDA, H2B ubiquitination and chromatin 

remodeling through the SWR1 complex (Crevillen and Dean, 2011). On the other hand FLC 

expression is restricted by activity of the autonomous pathway involved in deacetylation and 

H2A ubiquitination and the vernalization pathway that mediates FLC repression in response 

to cold treatment (Gendall et al., 2001; Jeon and Kim, 2011). In winter annual plants 

vernalization is the acquisition of the competence to flower after prolonged cold treatment as 

experienced in winter, and is required to ensure timely flowering upon return to warm 

conditions. This is an epigenetic phenomenon as the initial signal (cold treatment) takes place 

several weeks before the plants start to flower, hence the signal has to be ‘memorized’ and 

inherited through several mitotic cell divisions (Gendall et al., 2001). The dominant locus 

FRIGIDA (FRI) plays an important role in conferring a vernalization requirement in 

Arabidopsis accessions and acts as a transcriptional activator of FLC (Koornneef et al., 1994). 

The vernalization response involves activity of the VRN2-PRC2 complex that mediates the 

repressive histone modification H3K27me3, the DNA binding protein VRN1 and the PHD 

finger proteins VIN3 and VRN5 (Gendall et al., 2001; Levy et al., 2002; Greb et al., 2007; 

Sung and Amasino, 2004). The PHD finger protein VIN3 is transiently induced upon cold 

treatment which is essential for FLC repression as vin3 mutants do not show FLC repression 

after cold treatment (Sung and Amasino, 2004). Furthermore VIN3 directly binds to FLC 

chromatin and was shown to interact with its homolog VERNALIZATION 5 / VIN3 LIKE1 

(VRN5/VIL1) and components of the PRC2 complex (Sung and Amasino, 2004; De Lucia et 

al., 2008; Greb et al., 2007). The interaction of VIN3 and VRN5 during prolonged periods of 

cold appears to be essential for the vernalization induced chromatin modifications and thus 

for epigenetic silencing of FLC (Greb et al., 2007). VIN3 and VRN5 belong to a family of 5 

PHD finger proteins, and beside VIN3 and VRN5 also VIL2 was reported to be involved in 

flowering time regulation as it is required for repression of the FLC-clade member MADS 

AFFECTING FLOWERING5 (MAF5) in concert with PRC2 in a photoperiod dependent 

manner (Kim and Sung, 2010). The PRC2 component VRN2 and the putative PRC1-like 

protein VRN1 are not required for the initial silencing of FLC, but in vrn1 and vrn2 mutants 

the silencing is not maintained upon transfer of the plants to warm conditions (Sung and 

Amasino, 2004). It was furthermore shown that H3K27me3 levels at the transcriptional start 

site of FLC increase in response to vernalization (Finnegan and Dennis, 2007). Beside VRN1 

and VRN2 also LHP1 binds to the chromatin harboring the H3K27me3 mark and is essential 
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for the maintenance of FLC silencing after transition of the plants to warm conditions (De 

Lucia et al., 2008; Sung et al., 2006; Mylne et al., 2006).  

In summary, vernalization induced silencing of FLC involves VIN3 and VRN5, which are 

essential for the perception of the cold signal, the VRN2-PRC2 complex that mediates 

H3K27me3, and the PRC1 like proteins VRN1 and LHP1 which ensure the maintenance of 

FLC silencing. 

In addition to the protein complexes discussed above also non-coding RNA (ncRNA) 

transcripts play a role in the silencing of FLC upon cold treatment. It has been reported that 

the first response to cold conditions is the transcription of the FLC antisense transcript 

COOLAIR, that is proposed to result in transcriptional silencing of FLC, which is then 

preceded by the long term silencing mechanisms discussed above (Swiezewski et al., 2009). 

Another report found the COLD ASSISTED LONG INTRONIC NONCODING RNA 

(COLDAIR) to be essential for vernalization-mediated silencing of FLC through recruitment 

of PRC2 to the FLC locus (Heo and Sung, 2011). The transiently transcribed ncRNA 

specifically interacts with the CXC domain of CLF and is correlated with the increase of 

PRC2 abundance at FLC chromatin during prolonged cold treatment. Knockdown 

experiments of COLDAIR transcript resulted in decreased levels of PRC2 abundance and 

H3K27me3 at FLC suggesting that COLDAIR function is mainly the recruitment of PRC2 to 

FLC during the cold (Heo and Sung, 2011). 

Beside the abundance of repressive tri-methylation of H3K27 which accumulates upon 

vernalization, FLC expression is regulated by several other histone modifications, for instance 

H3K4me3, H3K36me3 and histone acetylation, marks which are correlated with gene 

expression (Dennis and Peacock, 2007). In case of repression of FLC the H3 acetylation is 

removed by a putative histone deacetylase complex containing the autonomous pathway 

WD40 protein FVE/MSI4 (Ausin et al., 2004). Recent evidence suggests that FVE/MSI4 is a 

component of several multimeric complexes. Beside deacetylation it was found to be 

associated with a CUL4-DDB1 ubiquitin ligase complex and the CLF-PRC2 complex, 

suggesting multiple roles for FVE/MSI4 in flowering time regulation (Ausin et al., 2004; Jeon 

and Kim, 2011; Jeon and Kim, 2011; Pazhouhandeh et al., 2011).   

Since flowering time is such an important trait for the success of the plant life cycle, it is 

controlled by multiple epigenetic pathways that converge on the regulation of key players 

such as FLC and FT. This in turn has the effect that mutations in genes involved in basic 

epigenetic mechanisms like the PcG genes or other histone modifying enzymes often have an 

effect on flowering time.  
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1.5 Protein domains implicated in binding of histone modifications 

The active or repressive state of chromatin is in part established by a combination of covalent 

histone modifications (chapter 1.2). The so called ‘histone code’ requires proteins that are 

capable of binding and interpreting these modifications, and that subsequently affect 

chromatin structure and the level of transcription either in a direct or indirect manner. A 

number of evolutionary conserved domains have been identified to interact with specific 

histone modifications (Strahl and Allis, 2000; Turner, 2002). 

Most of these domains descend from a common ancestor and belong to the so called ‘Royal 

family’ which includes Tudor, Chromatin-binding (Chromo), Malignant Brain Tumor (MBT), 

PWWP and Agenet domains. The domains belonging to the ‘Royal family’ are specific for 

eukaryotes, and the common ancestor of these domains likely harbored methyl-substrate 

binding ability like the Heterochromatin protein 1 (HP1) chromodomain or the Survival motor 

neuron (Smn) tudor domain (Maurer-Stroh et al., 2003). Initially the chromodomain of the 

Drosophila protein HP1 was shown to associate with methylated H3K9 essential for the 

formation of heterochromatin (Lachner et al., 2001; Bannister et al., 2001). The Arabidopsis 

genome encodes for one HP1 homolog, and TFL2/LHP1 comprises a chromodomain that has 

been shown to bind methylated H3K9 and H3K27 peptides in vitro, and furthermore co-

localizes with genes carrying the H3K27me3 mark in vivo (Turck et al., 2007; Gaudin et al., 

2001). Beside the ‘Royal family’ domains, others have been identified to bind histone 

modifications: the bromodomain that binds acetylated lysine residues, BRCT domains 

involved in the recognition of phosphorylated serine and threonine residues and PHD finger 

domains associating with methylated lysines (Yap and Zhou, 2010). The PHD finger proteins 

BPTF (bromodomain and PHD finger transcription factor), a protein of the NURF 

(Nucleosome remodeling factor) complex, and the tumor suppressor gene INHIBITION OF 

GROWTH 2 (ING2) have both been shown to bind to H3K4me3 marks, and have a function 

in associated gene activation (Shi et al., 2006; Wysocka et al., 2006). The hydrophobic pocket 

necessary for binding of the trimethyl group is not conserved in the VIN3-like PHD finger 

proteins from Arabidopsis suggesting an altered binding specificity of the proteins (Wysocka 

et al., 2006; Shi et al., 2006; Greb et al., 2007). 

Another interesting module is the CW domain named for the conserved cysteine and 

tryptophan residues that form a four cysteine zinc-finger motif (Hoppmann et al., 2011; Perry 

and Zhao, 2003). Recently the CW domain of the Arabidopsis ASH1 HOMOLOG2 (ASHH2) 

histone methyltransferase was found to specifically bind methylated H3K4 residues. ASHH2 

is therefore able to act on H3K4me marked genes mediating trimethylation of H3K36, and 



CHAPTER I   INTRODUCTION 
 

19 

thereby combining the ability to ‘read’ and ‘write’ histone modifications in one protein 

(Hoppmann et al., 2011).  

The PWWP domain was first identified in course of the characterization of the mammalian 

gene Wolf-Hirschhorn syndrome candidate 1 (WHSC1), and was named for a conserved 

proline-tryptophan-tryptophan-proline motif (Stec et al., 2000). The core domain consists of a 

five-stranded ß-sheet packed against a helical bundle and was initially characterized as a 

nonspecific DNA-binding domain, for instance in the mammalian DNA methyltransferase 3b 

(DNMT3B) and the Hepatoma derived growth factor (HDGF) (Yap and Zhou, 2010; Lukasik 

et al., 2006; Qiu et al., 2002). Due to its similarity to the tudor- and chromodomains it was 

speculated that PWWP domains may also have chromatin targeting ability which was 

subsequently demonstrated for the PWWP domains of mammalian DNMT3A and DNMT3B 

proteins (Maurer-Stroh et al., 2003; Ge et al., 2004).  

Further studies identified the PWWP domain protein 1 (Pdp1) protein from fission yeast and 

Bromodomain and PHD finger containing 1(Brpf1) from zebrafish to bind to H4K20me1 and 

H3K36me3 marks via their PWWP domains, respectively (Wang et al., 2009; Vezzoli et al., 

2010). The Arabidopsis genome contains at least 19 proteins (http://www.uniprot.org) that 

contain a PWWP domain, among them the serine threonine kinase ATM (ARABIDOPSIS 

THALIANA ATAXIA_TELANGIECTASIA MUTATED) and the ARABIDOPSIS 

TRITHORAX homologs 1-5 (ATX1-5).  

Studies of the human DNMTL, a protein with sequence similarity to DNMT3A and 

DNMT3B, showed, that histone modifications also function to restrict proteins from binding 

to marked chromatin. DNA methylation patterns depend on DNMTL even though it does not 

contain enzymatic activity. While DNMTL binding to histone H3 tails is inhibited by 

methylation of H3K4, it is insensitive toward other modifications. DNA associated with 

chromatin that is not marked by H3K4me3 is methylated through binding of DNMTL to the 

histone tail and recruitment of the methyltransferase DNMT3B (Ooi et al., 2007).  

The proximity of amino acids subject to covalent modifications on the histone tails led to the 

hypothesis of the existence of binary switches such as the ‘methyl/phos switch’ (Fischle et al., 

2003a; Fischle et al., 2003b). In this mechanism the phosphorylation of an amino acid 

adjacent to a methyl mark leads to a loss of binding of effector proteins to this methyl mark, 

and to subsequent recruitment of effector proteins to the phosphorylation mark. The 

phosphorylation does not necessarily affect the methylation mark but overrules its 

downstream effects by causing e.g. a change in transcriptional activity or general chromatin 

state (Fischle et al., 2003a; Winter et al., 2008). Such ‘methyl/phos switches’ were proposed 
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for two positions on histone H3 tails, H3K9/H3S10 and H3K27/H3S28. In case of 

H3K9/H3S10 it was shown that the dissociation of HETEROCHROMATIN PROTEIN 1 

from tri-methylated H3K9 during mitosis is dependent on H3S10 phosphorylation (Fischle et 

al., 2005; Hirota et al., 2005).  

Additionally it was shown recently that the PRC2 complex is displaced from chromatin with 

the double mark H3K27meH3S28pho, which results in a release of transcriptional silencing 

(Gehani et al., 2010; Lau and Cheung, 2011). 

The complexity of the epigenetic histone code requires many more proteins that interpret the 

combination and sequential arrangement of histone modifications and transmit these signals 

for example to the transcription machinery, chromatin remodeling complexes or histone 

modifying enzymes. As PWWP domains have been implicated in DNA as well as histone 

binding, they may also play a role in the recruitment or dismissal of chromatin modifying 

enzymes to or from their specific target genes. 
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1.6 Aims of this study  

 

The purpose of this study is the functional characterization of the plant specific PWWP 

domain protein SWINGER/CURLY LEAF INTERACTOR 1 (SCI1). Since SCI1 was 

identified as interactor of the Polycomb group (PcG) protein CURLY LEAF (CLF), it will be 

analyzed whether SCI1 is involved in PcG mediated gene regulation. 

 

A protein involved in PcG mediated gene regulation should fulfill several criteria. It will be 

analyzed whether SCI1 is able to interact with additional PcG members in yeast and in plants, 

as core members of the PcG complexes show several interactions among each other. 

Furthermore sci1 mutant alleles will be identified and the morphological as well as molecular 

phenotypes will be analyzed. Double mutant analyses with PcG mutants like clf will be 

conducted to analyze possible genetic interactions between SCI1 and CLF. The expression 

level of PcG target genes will be analyzed in single and double mutant backgrounds. 

Furthermore global and local histone modification levels will be analyzed in sci1 mutant 

alleles in order to reveal whether SCI1 is involved in the deposition or maintenance of the 

repressive H3K27me3 mark. 

 

SCI1 belongs to a plant specific gene family with three members, thus possible redundant 

functions of SCI1, SCI2 and SCI3 will be studied by establishment of double and triple 

mutants. In parallel the spatio-temporal expression pattern and the sub-cellular localization of 

SCI1 will be investigated by RNA and reporter gene analysis. Transgenic lines expressing a 

tagged SCI1 protein will be used for an immunoprecipitation experiment followed by mass 

spectrometry analysis, in order to isolate in vivo interaction partners of SCI1. 

 

The most prominent feature of the SCI1 protein is the amino-terminal PWWP domain which 

is implicated in binding of modified histones. Thus in vitro experiments will be performed to 

analyze the binding ability and specificity of the SCI1 PWWP domain to modified histone 

peptides. 

 

The functional analysis of SCI1 will reveal whether this protein is involved in PcG mediated 

gene regulation in Arabidopsis, and whether SCI1 exhibits additional functions in plant 

development. The analysis of the SCI1 PWWP domain in respect to histone binding ability 

will be essential to discover SCI1 function in Arabidopsis.   
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2 MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Chemicals 

Chemicals used in this study were ordered from the following companies:  

Biozym (Oldendorf), Duchefa (Haarlem, NL), Eurogentec (Köln), Fluka (Neu-Ulm), 

Invitrogen™ (Karlsruhe), Merck-Eurolab (Darmstadt), Roche Diagnostics (Mannheim), Roth 

(Karlsruhe), Serva (Heidelberg), Sigma-Aldrich® (Deisenhofen), Thermo Fischer Scientific 

(Schwerte). 

 

2.1.2 Buffer  

Buffers were prepared as described in (Ausubel, 1996)or (Sambrook et al., 1989) 

 

2.1.3 Media 

Bacteria: LB: 1 % NaCl; 0,5% yeast extract; 1 % bacto tryptone, adjust to pH 7,0 

Add 1 % agar for solid media 

YEB 0,5 % sucrose; 0,1 % yeast extract; 0,5 % bacto peptone; 0,5 % beef 

extract; 2 mM MgCl2; adjust to pH 7,2; 1 % agar (for solid media)  

Yeast:  YPD: 1 % yeast extract; 2 % bacto peptone; 2 % glucose 

Add 1 % agar for solid media 

SD: 6,7 g/l yeast nitrogen base without amino acids; 10 % sterile 10x 

dropout solution; 2 % glucose, adjust pH to 5,8; 2 % agar (for solid 

media) 

Plant  ½ MS: 2,2g MS; 0,05 % MES; 0,5 % sucrose; adjust to pH 5,7  

Add 0,8 % agar for solid media; 1,2 % agar for vertical growth assays 

2.1.4 Enzymes 

Restriction enzymes were ordered from Fermentas (St. Leon Rot) and New England Biolabs 

(Frankfurt). DNA/RNA modifying enzymes were obtained from Invitrogen™ (Karlsruhe). All 

enzymes were used according to the manufacturers’ instructions. 
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2.1.5 Antibodies and peptides 

Name Company (Cat. #) Dilution Host Purpose 

Primary antibodies  
anti-H3 Abcam (ab1791) 1:5000 rabbit western blot 
anti-H3K27me3 Millipore (07-449) 1:5000 rabbit western blot, ChIP 
anti-H3K27me2 Millipore (07-452) 1:5000 rabbit western blot 
anti-H3K27me2 Active Motif (39245) 1:1000 rabbit western blot 
anti-H3K27me1 Millipore (07-448) 1:5000 rabbit western blot 
anti-H3S28pho Millipore (07-145) 1:2500 rabbit western blot 
anti-H3K4me3 Diagenode(pAB-003-050) 1:5000 rabbit western blot, ChIP 
anti-GST Sigma-Aldrich (G7781) 1:2500 rabbit western blot 
anti-GFP Abcam (ab290) 1:2500 rabbit western blot 
     
Secondary antibodies  
anti-rabbit-HRP conjugated Sigma-Aldrich (A9169) 1:60000 goat western blot 
     
Biotinylated peptides  
H3 (1-21) Millipore (12-403) 1 µg  in-vitro IP 
H3 (21-44)) Millipore (12-404) 1 µg  in-vitro IP 
H3K4me3 Millipore (12-564) 1 µg  in-vitro IP 
H3K9me3 Millipore (12-568) 1 µg  in-vitro IP 
H3K27me1 Millipore (12-567) 1 µg  in-vitro IP 
H3K27me2 Millipore (12-566) 1 µg  in-vitro IP 
H3K27me3 Millipore (12-565) 1 µg  in-vitro IP 
H3S28pho  Intavis  1 µg  in-vitro IP 
(AC-ATKAARK-S(p)-APATGGVKKPHRYRPGGK-(Biot)-NH2) 
 
Other peptides  
chicken histone octamers Abcam (ab45275-3)  chicken western blot  
     
Magnetic beads  
Dynabeads® M-280 Streptividin Invitrogen (112-05D)   in-vitro IP 
Dynabeads® Protein G Invitrogen (100-03D)   ChIP 

Table 2.1: Antibodies and peptides 
 
 

2.1.6 Molecular size standards 

PageRulerTM Prestained Protein Ladder (#SM0671), Fermentas (St. Leon Rot): 

 

2.1.7 Membrane and Paper 

Western blot analysis was performed using Roti-PVDF membrane (Roth; Karlsruhe) and 

3mm Whatman paper (Maidstone, England). 

 

2.1.8 Oligonucleotides 

The oligonucleotides used in this study are listed in Table 2.2 to Table 2.5, sorted by their 

application. They were ordered from Eurogentec (Köln). 
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Name Locus Stock-no. Sequence (5´ → 3´) 

I. cloning     
At3g03140-Prom-F At3g03140 JD2 CTAACTTCACAGCACGGCTCTGAGG 
At3g03140-ATG-F At3g03140 JD3 ATGGCAAGTCCAGGATCAGGTGC 
At3g03140-Stop-R At3g03140 JD4 TTGAACTCTTCTTCTCTCGTTAAAGGC 
SCI1-PWWP-2-R At3g03140 LI6 TTAGCATCAAGAGAGTCATCTCTAGC 

SCI1-FLAG-rev At3g03140 QF6 
TCATTTGTCATCGTCGTCCTTGTAGTCTTGAA
CTCTTCTTCTCTCG 

SCI1-HA-rev At3g03140 QF7 
TCAAGCGTAATCTGGAACATCGTATGGGTAT
TGAACTCTTCTTCTCTCG 

SCI1-319-for At3g03140 QE3 ATGGCCATTCTCCATGCCCTTG 
SCI1-691-for At3g03140 QE4 ATGAGTGGGGATCATAGCATGGAG 
SCI1-1059-for At3g03140 QE5 ATGAGTACAAGCAGTGAGGAAGATC 
SCI1-1537-for At3g03140 QE6 ATGGGTCAGGAGTTTGATGTTTCTG 
SCI1-1900-for At3g03140 QE7 ATGTCTCTGGCAGATCAGGGAAGG 
SCI1-401rev At3g03140 QE8 TTGCATCAAGAGAGTCATCTCTAGC 
SCI1-801rev At3g03140 QE9 CTCATGTAGGTCTGAAACATCA 
SCI1-1201rev At3g03140 QF1 AGATCTTCTTGGAAGAGTCCGGA 
SCI1-1601rev At3g03140 QF2 GCTTCCTCGCACTTCTAAATCC 
SCI1-2001rev At3g03140 QF3 TGGTCGCGGAATTCGCAATG 
SCI1-2301rev At3g03140 QF4 TTGAACTCTTCTTCTCTCGTTAAAG 
    
At3g21295-Prom-F At3g21295 JD8 GTACCGTGCATCTTCATGGATGG 
At3g21295-Stop-R At3g21295 JE1 TCCTGTATTACCTGCAGATGGTAATG 
    
SWN-ATG-F At4g02020 II7 ATGGTGACGGACGATAGCAAC 
SWN-SET-R At4g02020 II8 GCATTGCCCTTCTCCGCGTC 
    
CLF-A-ATG-F At2g23380 NB2 AATGGCGTCAGAAGCTTCGCC 
CLF-SET-R At2g23380 NB3 TTTCATATTCCTGCACTCATAATTA 
    
TFL2-CHROMO-F At5g17690 II9 CGGAAGCGCAAATATGCAGGTCC 
TFL2-Stop-R At5g17690 JA1 AGGCGTTCGATTGTACTTGAGATG 
CHROMO-TFL2-F At5g17690 LI4 GATGAAGGGTTTTATGAAATTG 
CHROMO-TFL2-R At5g17690 LI5 TTACTTCAAACTTCCCTCAAAGGC 
    
FVE-ATG-F At2g19520 NA9 ATGGAGAGCGACGAAGCAGCAGC 
FVE-Stop-R At2g19520 NB1 AAAGACAAACCAGCCTTACAAAAACC 
    
attR1Xho-F GW-cassette KB5 ATCTCGAGCGAATTCCCATCAACAAGTTTG 
attR2-Xho-R GW-cassette KB7 ATCTCGAGTCGACGGATCCCCATCAACCAC 
  
II. site directed mutagenesis  
SCI1_W27-A_F At3g03140 PH3 GCTCGTGGGCGCCGGGGAG 
SCI1_W27-A_R At3g03140 PH4 CATTCCTCCTCCTCACCCACACAATCG 
SCI1_W63-A_F At3g03140 PH1 GTGCTTAGGGATGCGTACAATTTAGAG 
SCI1_W63-A_R At3g03140 PH2 ATTAAAATACGAATGCTTTCAGTAATC 

Table 2.2: Oligonucleotides for cloning  
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Name Stock-no. forward reverse 

WT fragment  

sci1-1 BH2/BH1 GCAGCACAAGGGAAAAAGAA GTGCCCTTGTCTTTTGGCTA 

sci1-3 JD3/KC8 ATGGCAAGTCCAGGATCAGGTGC AGAATGGCATCTTCTCTCCGAGC 

sci1-GABI BH2/BH1 GCAGCACAAGGGAAAAAGAA GTGCCCTTGTCTTTTGGCTA 

SCI1::SCI1
-GFP 

BH2/JA6 GCAGCACAAGGGAAAAAGAA   
TCAAATAGCGTCCTCCTGCT 

SCI1::SCI1
-GUS 

BH2/JA6 GCAGCACAAGGGAAAAAGAA   
TCAAATAGCGTCCTCCTGCT 

sci2-2 JA4/JA5 AGAGGAGCCCGAATCTTCAT TCCTAACGCCGCAGAGTAGT 

sci3-2 JD9/JF3 ATGGGTAGTAGTGATGAGCGAAACTG GACGGAGAGCAATCCCTGCTACT 

clf-28 AF2/AF3 CTGCCAGTTCAGGAATGGTT GAAGGGAGCTCTCTGCTTGAT 

swn-7 IH4/IH5 GGATAAGCAGAATACCGAGGAATTTTC GTCTTTTAGAATTGGGACCTCACGC 

flc-3 (del.) AD2/AD3 GCAATAGTTCAATCCGTATCG GCGTCACAGAGAACAGAAAGC 

fve-3 NF6/NF7 AGAGAGGGAAAATGGAGAGCGAC 
CTTTCTTTCATTTTAACATCGCTCAG
TT 

Insertion / transgene  

sci1-1 AB6/BH1 
GCCTTTTCAGAAATGGATAAATAGCCTT
GCTTCC 

GTGCCCTTGTCTTTTGGCTA 

sci1-3 JD3/KC8 Point mutation, cut mutant fragment with NlaIII  

sci1-GABI BH2/BI4 GCAGCACAAGGGAAAAAGAA CTGGGAATGGCGAAATCAAGGCATC 

SCI1::SCI1
-GFP 

BH2/HG6 GCAGCACAAGGGAAAAAGAA   
GCTTCATATGATCAGGGTAACG 

SCI1::SCI1
-GUS 

BH2/OD3 GCAGCACAAGGGAAAAAGAA   
CAACGCTGATCAATTCCACA 

sci2-2 JA4/AB4 AGAGGAGCCCGAATCTTCAT TTGGGTGATGGTTCACGTAGTGGG 

sci3-2 JD9/AB6 ATGGGTAGTAGTGATGAGCGAAACTG 
GCCTTTTCAGAAATGGATAAATAGC
CTTGCTTCC 

clf-28 AF2/AB4 CTGCCAGTTCAGGAATGGTT TTGGGTGATGGTTCACGTAGTGGG 

swn-7 IH4/AB4 GGATAAGCAGAATACCGAGGAATTTTC TTGGGTGATGGTTCACGTAGTGGG 

flc-3 AD2/AD3 Deletion, WT fragment larger than mutant fragment 

fve-3 NF6/NF7 Point mutation, cut WT fragment with AlwNI  

Table 2.3: Oligonucleotides for genotyping mutant and transgenic plant lines 
 

 

Name Locus Stock-no. Sequence (5´ → 3´) 

I. H3K27me3 and H3K4me3 ChIP  
ACTIN2 AT5G09810 GI5 TAGTGAAAAATGGCCGATGG 
  GI6 CCATTCCAGTTCCATTGTCA 
AG AT4G18960 AH7 TGGGTACTGAGAGGAAAGTGAGA 
  AH8 TGAGTGATTGCCCAACTTGA 
II. H3K27me3 ChIP  
FLC AT5G10140 FC7 GACCAGGCTGGAGAGATGAC 
  FC8 GTTTCCAGTGGCCTTTTCAA 
FUS3 AT1G24260 LF9 GTGGCAAGTGTTGATCATGG 
  LG1 AGTTGGCACGTGGGAAATAG 
SEP3 AT1G24260 LH7 GGGTTTCCAATTTTGGGTTT 
  LH8 GATGAATCCCATCCCCAAGT 
III. H3K4me3 ChIP  
FLC AT5G10140 GI3 GTCGCTCTTCTCGTCGTCTC 
  GI4 AGGGGGAACAAATGAAAACC 
SEP3 AT1G24260 LH9 TGACGTTTGCAAAGAGAAGG 
  LI1 GCATGCTCGAACTACTGCAA 

Table 2.4: Oligonucleotides for ChIP analysis 
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Name Locus Stock-no. Sequence (5´ → 3´) 

I. semiquantitative RT-PCR  
SCI1-I.-F At3g03140 JD3 ATGGCAAGTCCAGGATCAGGTGC 
SCI1- I.-R At3g03140 KC8 CACGATCTGGAACTCCGGTGAAGC 
SCI1-II.-F At3g03140 BH2 GCAGCACAAGGGAAAAAGAA 
SCI1- II.-R At3g03140 QF3 TGGTCGCGGAATTCGCAATG 
SCI1-III.-F At3g03140 QE7 ATGTCTCTGGCAGATCAGGGAAGG 
SCI1- III.-R At3g03140 JD4 TTGAACTCTTCTTCTCTCGTTAAAGGC 
SCI2-F At1g51745 JD1 ATGGCAAGTCCAGGATCAGGTGC 
SCI2-R At1g51745 JD6 ATGGAGAGTAATGATGACCGAAACTTGG 
SCI3-F At3g21295 KF1 CTAGGTCGTGACGATGCTAGCG 
SCI3-R At3g21295 KF2 GATGCAGTAGCCTTTGCCGTCGC 
eIF4A-F AT1G54270 GA9 TTCGCTCTTCTCTTTGCTCTC 
eIF4A-R AT1G54270 GB1 GAACTCATCTTGTCCCTCAAGTA 
II. qRT-PCR  
AG AT4G18960 FE3 ATCCGATCCAAGAAGAATGAG 
  FE4 TTTCAGCTATCTTTGCACGA 
AGL19 AT4G22950 OB1 TTGCTTGGAGAAGGCATTGATGCA 
  OB2 GATTCCTCTCCTCTGCCTTCAAC 
AGL24 AT4G24540 OB3 CTGAAAAGAAGGGCGAGTGTG 
  OB4 CTTTCTCTCTCTCAGATTCATTCCC 
FLC AT5G10140 JG9 TTGAACTTGTGGATAGCAAGCTT 
  JH1 CGGTCTTCTTGGCTCTAGTCA 
FLD AT3G10390 UD6 GCTTCTATTAAAGCCGAGCGA 
  UD7 TAATCCTTCTGATCATCTTCCGCT 
FLK AT3G04610 UD8 CTGATACCACCGCTCTAGTC 
  UD9 ACCCATTATGCAACTCATCTG 
FT AT1G65480 LC3 GATCCAGATGTTCCAAGTCC 
  LC4 ACAATCTCATTGCCAAAGGT 
FVE AT2G19520 UD2 GGCTCGCTAACCATAACCT 
  UD3 ACACTTCCATCAGTTTGCTC 
LINC1 AT1G67230 UC5 AAGAGTTCAGATGTGGAGAGG 
  UC6 CTTCTCGTTCAGCAATGTAGG 
nblack (TIP41-like) AT4G34270 EA5 GTGAAAACTGTTGGAGAGAAGCAA 
  EA6 TCAACTGGATACCCTTTCGCA 
PI AT5G20240 LA6 AAATCTGATGGCTGTCGAGCAC 
  LA7 TCTGGTGGTCTCGGACTTTGTC 
PRMT5 AT4G31120 UE1 CCTTGCAGTTATGGCTAAGG 
  UE2 AGACGAAACGAATTCCACAG 
SEP3 AT1G24260 LA8 AGAGCTCTCAGGACACAGTTTATGCT 
  LA9 GCATGCGTTCCTTACTCTGAAGAT 
STM AT1G62360 DB8 AATTGTCAGAAGGTTGGAGC 
  DB9 CGTTGAAGGAAGACCATAGC 

Table 2.5: Oligonucleotides for expression analysis 
 

 

2.1.9 Constructs and Vectors 

All vectors were created using the GATEWAY® cloning system (Invitrogen™) or by using 

restriction endonucleases and ligation. All methods were performed according to 

manufacturer’s instructions. 
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Empty vectors used for cloning purposes: 

Name Reference / Origin Features 

Entry vectors 
pCR®8/GW/TOPO Invitrogen  
 
Destination vectors 
pGADT7-GW (Horak et al., 2008) GAL4-AD (GW vector) 
pGBKT7-GW (Horak et al., 2008) GAL4-BD (GW vector) 
pGADT7 Clontech GAL4-AD 
pGEX4T3-GW modified pGEX4T3, GE Healthcare Ptac::GST (GW vector) 
pGEX4T3 GE Healthcare Ptac::GST 
pMDC7-Cterm-GFP (Bleckmann et al., 2010) i35S::CtermGFP (GW vector) 
pMDC7-Cterm-mCherry (Bleckmann et al., 2010) i35S::Cterm mCherry (GW vector) 
pMDC7-Nterm-GFP modified pMDC7 i35S::NtermGFP (GW vector) 
pMDC7-Nterm-mCherry modified pMDC7 i35S::Nterm mCherry (GW vector) 
pMDC107 (Curtis and Grossniklaus, 2003) proend::gene-GFP (GW vector) 
pMDC163 (Curtis and Grossniklaus, 2003) proend::gene-GUS (GW vector) 
pYS39 (Schatlowski et al., 2010) i35S::LUC-C 
pYS40 (Schatlowski et al., 2010) i35S::LUC-N 
Table 2.6: Vectors used for cloning purposes 
 

 

Created entry clones: 

Name Locus Oligos Entry clone no. 

Entry clones  

SCI1-CDS in pCR®8/GW/TOPO At3g03140 JD3 + JD4 1 

SCI1pro:SCI1 in pCR®8/GW/TOPO At3g03140 JD2 + JD4 2 

SCI1pro:SCI1(W27A) in pCR®8/GW/TOPO At3g03140 PH3 + PH4 3 

SCI1pro:SCI1(W63A) in pCR®8/GW/TOPO At3g03140 PH1 + PH2 4 

SCI1pro:SCI1-FLAG in pCR®8/GW/TOPO At3g03140 JD2 + QF6 5 

SCI1pro:SCI1-HA in pCR®8/GW/TOPO At3g03140 JD2 + QF7 6 

SCI1-PWWP-domain in pCR®8/GW/TOPO At3g03140 JD3 + LI6 7 

SCI1-PWWP-domain (W27A) in pCR®8/GW/TOPO At3g03140 PH3 + PH4 8 

SCI1 incl. NLS in pCR®8/GW/TOPO At3g03140 JD3 + QF2 9 

SCI1∆PWWP in pCR®8/GW/TOPO At3g03140 QE3 + QF4 10 

SCI1-FRAGMENT 1 (aa 1-137) in pCR®8/GW/TOPO At3g03140 JD3 + QE8 11 

SCI1-FRAGMENT 2 (aa 107-274) in pCR®8/GW/TOPO At3g03140 QE3 + QE9 12 

SCI1-FRAGMENT 3 (aa 231-403) in pCR®8/GW/TOPO At3g03140 QE4 + QF1 13 

SCI1-FRAGMENT 4 (aa 354-541) in pCR®8/GW/TOPO At3g03140 QE5 + QF2 14 

SCI1-FRAGMENT 5 (aa 513-670) in pCR®8/GW/TOPO At3g03140 QE6 + QF3 15 

SCI1-FRAGMENT 6 (aa 634-769) in pCR®8/GW/TOPO At3g03140 QE7 + QF4 16 

SCI3pro:SCI3 in pCR®8/GW/TOPO At3g21295 JD8 + JE1 17 

CLF∆SET in pCR®8/GW/TOPO At2g23380 NB2 + NB3 18 

SWN∆SET in pCR®8/GW/TOPO At4g02020 II7 + II8 19 

TFL2∆CHROMO in pCR®8/GW/TOPO At5g17690 II9 + JA1 20 

TFL2-CHROMO-domain in pCR®8/GW/TOPO At5g17690 LI4 + LI5 21 

FVE-CDS in pCR®8/GW/TOPO At2g19520 NA9 + NB1 22 

Table 2.7: Created entry clones 
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Other entry clones: 

Name Locus Order -no. Entry clone no 

Entry clones  
VRN2-cDNA in pEntr223 AT4G16845 G09871 23 
EMF2-cDNA in pEntr223 AT5G51230 G25372 24 
MSI1-cDNA in pEntr223 AT5G58230 U16887 25 
TFL2-cDNA in pEntr223 AT5G17690 G82682 26 
FVE-cDNA in pENTR/SD-dTopo At2g19520 U15529 27 

SWN-cDNA in pEntr223 AT4G02020 G14590  28 

Table 2.8: Other entry clones used in this study 
 

 

 

Created destination vectors: 

Name Vector backbone Derived from entry clone no. 

Yeast interaction studies 

pGAD-SCI1-CDS pGADT7-GW 1 

pGBD-SCI1-CDS pGBKT7-GW 2 

pGAD-SWN∆SET pGADT7-GW 19 

pGBD-SWN∆SET pGBKT7-GW 19 

pGAD-VRN2-cDNA pGADT7-GW 23 

pGAD-FVE-cDNA pGADT7-GW 22 

pGAD-TFL2-cDNA pGADT7-GW 26 

pGAD-MSI1-cDNA pGADT7-GW 25 

   

In vitro pulldown 
GST-SCI1-PWWP-domain  pGEX4T3-GW 7 
GST-SCI1-PWWP-domain (W27A)  pGEX4T3-GW 8 
GST-TFL2-CHROMO-domain  pGEX4T3-GW 21 

   

Localization studies 

SCI1pro:SCI1-GFP pMDC107 2 

SCI1pro:SCI1-GUS pMDC163 2 

i35S::SCI1-CDS-GFP pMDC7-Cterm-GFP 1 

i35S::SCI1-CDS-mCherry pMDC7-Cterm-mCherry 1 

SCI3pro:SCI3-GFP pMDC107 17 

SCI3pro:SCI3-GUS pMDC163 17 

i35S::CLF∆SET-GFP pMDC7-Cterm-GFP 18 

i35S::CLF∆SET-mCherry pMDC7-Cterm-mCherry 18 

i35S::SWN∆SET-GFP pMDC7-Cterm-GFP 19 

i35S::SWN∆SET-mCherry pMDC7-Cterm-mCherry 19 

   

Split-Luciferase assay 

N-LUC SCI1-CDS pYS40 1 

C-LUC CLF∆SET pYS39 18 

C-LUC SWN∆SET pYS39 19 

Table 2.9: Created destination vectors 
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Other vectors used in this study: 

Name Vector backbone Reference / Origin 

Yeast interaction studies 

pAD-SCI1(trunc) pAD424 (Clontech) Provided by Daniel Schubert 

pBD-CLF∆SET pGBT9 (Clontech) (Chanvivattana et al., 2004) 

pAD-MEA CDS  pAD424 (Clontech) Provided by Claudia Köhler 

   

Split-Luciferase assay 

N-LUC H2A pYS40 (Schatlowski et al., 2010) 

C-LUC H2B pYS39 (Schatlowski et al., 2010) 

Renilla-LUC (R-LUC) pYS Y3 (provided by Yvonne Stahl)  

Table 2.10: Other vectors used in this study 
 

 

2.1.10 Microorganism 

The Escherichia coli strains were used for cloning, plasmid amplification and protein 

expression. Agrobacterium tumefaciens strains were employed to stably or transiently 

transform Arabidopsis thaliana and Nicotiana benthamiana. Saccharomyces cerevisiae 

strains listed were used for yeast two-hybrid experiments.  

 

Strain Description 

E. coli  
DB3.1 F– gyrA462 endA1 Δ(sr1-recA) mcrB mrr hsdS20(rB–, mB–) supE44 ara-14 galK2 lacY1 proA2 

rpsL20(SmR) xyl-5 λ– leu mtl1 
DH5α F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rK–, mK+) phoA supE44 λ– thi-1 

gyrA96 relA1 
BL21(DE3) F– ompT gal dcm lon hsdSB(rB- mB-) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 nin5] 

Rosetta(DE3)pLys F- ompT hsdSB(RB
- mB

-) gal dcm λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 nin5]) pLysSRARE 
(CamR) 

A. tumefaciens  

GV3101 (pMP90) C58C1, pMK90, Rif r, Gmr (Koncz, 1986) 

GV3101 (pMP90RK) C58C1, pMK90RK, Rif r, Gmr, Kmr (Koncz, 1986) 

S. cerevisiae  
AH109 MATa, trp1-901, leu2-3,112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1UAS -GAL1TATA-HIS3, 

MEL1, GAL2UAS -GAL2TATA-ADE2, URA3::MEL1UAS-MEL1TATA-lacZ 
YST1 MATa,ura3-52, his3-200, ade2-101, trp1-901, leu2-3,112, gal4Δmet-, gal80Δ, URA3::GAL1UAS -

GAL1TATA-lacZ, MEL1 

Table 2.11: Microorganisms used in this study 
 

 

2.1.11 Plants 

The Arabidopsis thaliana plants used in this study are either in Columbia (Col-0) or 

Wassilewskaja (WS) ecotype. Plant carrying a T-DNA insertion, deletion or point mutation 

and transgenic plants created in this study are listed in Table 2.12. Seeds were ordered from 

the Nottingham Arabidopsis Stock Center (NASC).  
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Name Locus Insertion / Description 
NASC-
ID 

sci1-1 At3g03140 Sail_342_C09 N815951 
sci1-3 At3g03140 Tilling allele: Point mutation in PWWP-domain:  N93526 
sci1-GABI At3g03140 GABI_219C02 N420954 
SCI1::SCI1-GFP At3g03140 Translational fusion of gen. locus of SCI1 to GFP (pMDC107)  
SCI1::SCI1-GUS At3g03140 Translational fusion of gen. locus of SCI1 to GUS (pMDC163)  
sci2-2 At1g51745 Salk 136093 N636093 
sci3-2 At3g21295 Sail_828_A07 N836957 
SCI3::SCI3-GFP At3g21295 Translational fusion of gen. locus of SCI3 to GFP (pMDC107) 
SCI3::SCI3-GUS At3g21295 Translational fusion of gen. locus of SCI3 to GUS (pMDC163) 
clf-28 At2g23380 Salk 139371 N639371 
swn-7 At4g02020 Salk 109121 N609121 
vrn2-1 At4g16845 (Gendall et al., 2001)  

emf2-10 At5g51230 (Chanvivattana et al., 2004)  

flc-3 At5g10140 deletion (fast neutron from R. Amasino,)  

fve-3 At2g19520 Point mutation (Kim et al., 2006)  

FRI(SF2)FLC-LUC At4g00650 FRI(SF2) + FLC-LUC in Col-0 background (Mylne et al., 2004)  

linc1-1 At1g67230 SALK_025347 (Dittmer et al., 2007) N525347 

LINC1::LINC1-GFP At1g67230 (Dittmer and Richards, 2008)  

Table 2.12: Mutant and transgenic Arabidopsis thaliana  lines 
 

2.1.12 Software 

Cloning purposes 

Vector NTI, Invitrogen 

Perl Primer: http://perlprimer.sourceforge.net/ 

 

Protein analysis 

Protein domains: Expasy-Prosite: http://prosite.expasy.org/ 

Protein Subcellular Localization Prediction: http://wolfpsort.org/ 

Uni-Prot database: http://www.uniprot.org  

Sequence Analysis 

NCBI BLAST: http://blast.ncbi.nlm.nih.gov/Blast.cgi 

KALIGN: http://www.ebi.ac.uk/Tools/msa/kalign/ 

BoxShade: http://www.ch.embnet.org/software/BOX_form.html 

 

Analysis of Arabidopsis mutant lines 

TAIR: http://arabidopsis.org/ 

T-DNA express: http://signal.salk.edu/cgi-bin/tdnaexpress 

 

Arabidopsis root and nuclei measurements 

Image J: http://rsbweb.nih.gov/ij/ 
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2.2 Methods 

2.2.1 Basic molecular methods 

Basic molecular methods like DNA amplification by PCR, semi-quantitative RT-PCR, 

DNA/RNA separation, phenol/chloroform extractions and DNA precipitation were performed 

using protocols from (Sambrook et al., 1989).  

2.2.1.1 Cloning and vector generation  

DNA amplification for cloning purposes was performed using the Phusion polymerase 

(Finnzymes) according to manufacturers’ instructions. Cloning was performed using the 

Gateway technology (Invitroten), and created entry and destination vectors are listed in Table 

2.7 and Table 2.9. Site directed mutagenesis was performed in a one-step mutagenesis 

protocol as described in (Zheng et al., 2004)  

2.2.2 Quantitative real time PCR (qRT-PCR) 

qRT-PCR analyses was performed with technical triplicates and at least two biological 

replicates using oligonucleotides listed in Table 2.5 for expression analyses and Table 2.4 for 

ChIP analyses. The Mesa Blue Sybr Mix (Eurogentec) was used for amplification in a 

Chromo4 real-time PCR cycler (Biorad). Expression levels were normalized to the reference 

gene At4g34279 (nblack) (Czechowski et al., 2005). 

2.2.3 Bacteria methods 

Bacteria strains used in this study are listed in Table 2.11. 

2.2.3.1 Growth conditions and transformation 

E. coli cells were generally grown at 37°C, and A. tumefaciens strains at 28°C in liquid cell 

culture or on solid media (2.1.3). Chemical competent E.coli and A. tumefaciens cells were 

prepared as described in (Inoue et al., 1990) and (Hofgen and Willmitzer, 1988), respectively. 

Competent E.coli cells were transformed using the heat shock method described in 

(Sambrook et al., 1989), while competent A. tumefaciens were transformed by a method that 

includes freezing in liquid nitrogen followed by thawing at 37°C (Hofgen and Willmitzer, 

1988).  

2.2.3.2 Preparation of plasmid DNA from E. coli 

Plasmid DNA extraction was carried out using the peqGOLD Plasmid Miniprep Kit (Peqlab, 

Erlangen) or the QIAGEN Plasmid Midi Kit (Qiagen, Hilden)  
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2.2.4 Yeast methods 

2.2.4.1 Growth conditions 

All yeast cultures were grown at 28°C, untransformed AH109 and YTS1 cultures were grown 

on solid or liquid YPD media supplemented with adenine. Yeast cultures transformed with 

either Gal4-BD or Gal4-AD constructs were grown on selective SD media lacking tryptophan 

(W) or leucine (L), respectively. After mating, the strains were grown on the control media 

SD (-LW) as well as on media additionally lacking histidine (-LWH) or histidine and adenine 

(-LWHA) selecting for interaction and resulting reporter gene activity.  

2.2.4.2 Yeast two-hybrid interaction studies 

All yeast techniques were performed as described in the ‘Yeast Protocols Handbook’ 

(Clontech Laboratories, Inc., protocol PT3024-1, version PR13103). The yeast strains YST1 

and AH109 were transformed with Gal4-BD and Gal4-AD constructs. After mating, yeast 

two-hybrid studies were performed, either by dilution series on selective media or in liquid 

culture via the ONPG assay.  

2.2.5 Plant methods 

Arabidopsis thaliana lines used in this study are listed in Table 2.12.  

2.2.5.1 Plant growth conditions 

Arabidopsis thaliana plants were grown in long day (LD) conditions (16 h light/8 h dark 

cycles at 20°C) or short day (SD) conditions (8 h light/ 16 h dark cycles at 20°C) on ½ MS 

medium, and were transferred to soil after 10-14 days of growth. 

Nicotiana benthamiana plants were grown on soil in long day conditions. 

2.2.5.2 Seed sterilization 

Arabidopsis thaliana seeds were sterilized with Ethanol: Seed were incubated in 70% Ethanol 

+ 0,05% TritonX-100 for 5 min followed by incubation in 96% Ethanol for 5 min and 

subsequent drying of the seeds. Sees were sown on ½ MS medium if necessary supplemented 

with antibiotics for transgene detection.  

2.2.5.3 Plant transformation 

Agrobacterium tumefaciens mediated transformation of Arabidopsis thaliana was performed 

after the floral dip method (Clough and Bent, 1998). 

Transient transformation of N. benthamiana leaf epidermis cells was performed using four 

week old plants that were infiltrated as described in (Bleckmann et al., 2010). 
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2.2.5.4 Isolation of genomic DNA from Arabidopsis 

Genomic DNA was isolated using a modified protocol from (Dellaporta and Hicks, 1983) 

2.2.5.5 RNA extraction and cDNA synthesis 

Total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen, Hilden), followed by 

DNaseI (Fermentas) treatment according to manufacturers’ instructions. The DNase treated 

RNA was then transcribed to cDNA using SuperScriptII (Invitrogen) for further analysis via 

RT-PCR or qRT-PCR 

2.2.5.6 ß-Glucuronidase assay 

ß-Glucuronidase (GUS) activity in transgenic Arabidopsis lines was performed as described 

in (Colon-Carmona et al., 1999) 

2.2.5.7 Flowering time analysis 

The number of rosette leaves of Arabidopsis plants grown in LD or SD conditions was 

determined of approximately 20 plants per genotype. Compared plants were always grown 

simultaneously. 

2.2.5.8 Root length measurement 

Plants used for root length measurements were sown on ½ MS medium with 1,2% of agar, 

and placed vertically in the growth chamber in LD conditions. Every second day the plates 

were scanned using Canon Scan8800F, and roots were measured using the Image J software. 

2.2.5.9 Plant nuclei isolation for nuclear size measurements 

Protocol was adjusted from (Schubert et al., 1993): 3-4 whole seedlings were fixed in 4% 

Paraformaldehyde (in H2O) for 20 min. After rinsing in cold Tris-Buffer (10 mM Tris HCl pH 

7,5;M 10 mM Na2 EDTA; 100 mM NaCl), the tissue was chopped with a razor blade in 400µl 

LB01-Buffer (15 mM Tris HCl pH7,5; 2 mM Na2-EDTA; 0,5 mM Spermin x 4HCl; 80 mM 

KCl; 20 mM NaCl; 0,1% Triton X-100) in a glass petri-dish. The suspension was filtered 

through a 50 µm mesh, and 12 µl of the nuclei suspension was mixed with 12 µl of SO-Buffer 

(100 mM Tris; 50 mM KCl; 2 mM MgCl2; 0,05% TWEEN-20; 5% sucrose) directly on a 

microscopic slide. Nuclei were dried overnight and stored at 4°C until analysis. For DAPI 

staining 1µg/ml DAPI in VECTASHIELD (Vector Laboratories) was applied to the dried 

nuclei followed by microscopic analyses (Axioskop, Zeiss).  
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2.2.5.10 Ploidy analyses 

Ploidy analyses were carried out with whole seedlings 10 dag (8 seedlings per sample) and 

cotyledons (12 per sample). Tissue was chopped in nuclei isolation buffer (15 mM Tris; 2 

mM Na2-EDTA; 0,5 mM Spermin; 80 mM KCL; 20 mM NaCl; 15 mM ß-Mercaptoethanol; 

0,1%TritonX-100; pH adjusted to 7,5), filtered through a 50 µm mesh, stained with 

Propidiumiodide (0,005 mg/ml) and the DNA content was measured using a Fluorescence 

Activated Cell Sorter (FACS Aria BD Bioscience). 

2.2.6 Protein extraction and analysis from E. coli and Arabidopsis 

2.2.6.1 Protein expression and purification from E. coli 

E. coli strains used for expression of protein domains were Rosetta and BL21 (Table 2.11), 

transformed with constructs based on the pGEX4T3 vector backbone (Table 2.6). GST-fusion 

protein expression was induced with 0,5 mM IPTG for 3 hours at 28°C. Proteins were 

purified using the MagneGST Pulldown system (Promega) according to the manufacturers’ 

instructions.  

2.2.6.2 Histone enriched protein extraction from Arabidopsis thaliana 

Histone enriched protein extracts were prepared with an adjusted protocol from (Yan et al., 

2007): Approx. 3 g of whole seedlings 10 dag (LD) were homogenized in liquid N2 and 

suspended in 30 ml of histone extraction buffer (0.25 M sucrose; 60 mM KCl; 15 mM NaCl; 

5 mM MgCl2; 1 mM CaCl2; 15mM Pipes pH 6,8; 0.8% Triton X-100 and protease inhibitor 

cocktail (Sigma)). After centrifugation at 10000 g for 20 min, the pellet was resuspended in 6 

ml of 0,4 M H2SO4 and centrifuged at 22000 g for 5 min. Then, 12 vol. of acetone were added 

to the supernatant and left at −20°C overnight to precipitate proteins. The proteins were then 

centrifuged at 8000 g for 15 min and resuspended with 4 M urea to a final volume of 1,2 ml. 

Neutralization of pH was achieved by adding NaOH.  

2.2.6.3 Immunoblot procedures 

The western blot procedures were performed as described in (Ausubel, 1996). Protein extracts 

were mixed with 6x SDS sample buffer (0,3 M Tris-HCl (pH6,8); 10 % (w/v) SDS; 30 % 

(v/v) glycerol; 0,6 M DTT; 0,01 % (w/v) bromophenol blue) and incubated at 95 °C for 5 min 

before loading on 15% (global histone analyses) or 10% SDS Polyacrylamide gels. Gel 

Electrophoresis was performed using a Mini-PROTEAN tetra cell (Biorad). Proteins were 

transferred to PVDF membrane (Roth) using a Trans-Blot SD semi dry transfer cell (Biorad). 
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The chemoluminescent substrate used for immonodetection with HRP coupled secondary 

antibody was SuperSignal West Pico (Thermo Fischer Scientific). 

2.2.6.4 NuclearProtein extraction, immunoprecipitation and LC-MS/MS analysis 

Nuclear proteins were isolated from 3 g of whole seedlings including root tissue grown in LD 

conditions. Nuclei were extracted without prior fixation of the tissue as described in 

(Kaufmann et al., 2010). The further procedure was performed as described in (Smaczniak et 

al., 2012): Nuclei were resuspended in 1 ml of lysis buffer (µMACS GFP Isolation Kit; 

Miltenyi Biotec) with Complete Protease Inhibitor Mixture (Roche) followed by sonication 

and preclearing by sonification. The nuclear protein extract was collected in a 2 ml tube 

followed by immunoprecipitation with 50 μl of μMACS anti-GFP MicroBeads (Miltenyi 

Biotec) for 1 h at 4 °C. Then the mixture was applied onto a calibrated μ Column (Miltenyi 

Biotec) and allowed to run through by a gravity flow. Immobilized beads were washed 6 

times with 200 μl of lysis buffer and 2 times with 200 μl of wash buffer 2 (Miltenyi Biotec). 

Proteins were eluted from the beads with 50 μl of 8 M urea. Arabidopsis thaliana Col-0 wild-

type plants were used as a control IP experiments. The control plants were processed and 

analyzed in the same way as the SCI1-GFP plants. To compare GFP samples with wild-type 

controls, we used two biological replicates each analyzed in two technical replicates. The IP 

eluate was diluted 4x with 50 mM ammonium bicarbonate (Fluka), followed by cysteine 

residues reduction with 7.5 mM DTT (Fluka) and carbamidomethylation with 15 mM 

iodoacetamide (GE Healthcare). Proteins were digested with 7,5 μg of trypsin (Trypsin Gold, 

Mass Spectrometry Grade; Promega) overnight at 37°C. The digest was purified and desalted 

using Oasis HLB μElution columns (Waters) before MS analysis on LTQ Orbitrap XL mass 

spectrometer (Thermo Scientific). Protein identification was performed by the database search 

with the Andromeda search engine.  

The LC-MS/MS analysis and subsequent statistical data analysis was performed by C. 

Smaczniak (Smaczniak et al., 2012): The spectra acquired from the LTQ Orbitrap mass 

spectrometer were loaded to the MaxQuant protein quantification software (version 1.1.1.36; 

Max Plank Institute). After data processing, label-free quantification (LFQ) values were taken 

for further analysis. To distinguish specifically interacting proteins from the background, 

protein abundances were compared between the sample and the control groups, and False 

Discovery Rate (FDR) was used to control the error of the Student’s t-test statistics used in 

this comparison. The proteins are arranged according to the ratio which is a measure for the 

enrichment of peptides in the GFP sample compared to the Col-0 control. 
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2.2.7 Chromatin Immunoprecipitation (ChIP) 

ChIP analyses were carried out using seedlings 10 dag as described previously (Schubert et 

al., 2006). Antibodies used in this study were H3K27me3 (Millipore 07-449) and H3K4me3 

(Diagenode pAB-003-050) (3 µg per sample), 20 µl/sample of Protein G Dynabeads 

(Invitrogen) were used. Input and Immunoprecipitated (IP) DNA was diluted 1:10, and 1 µl 

was used for qRT-PCR. Oligonucleotides are listed in Table 2.4, and values of IP are shown 

in reference to the Input values (%Input). To account for differences in immunoprecipitation 

efficiency between sci1-1 and Col-0 samples, the %Input values were normalized to reference 

gene values. In case of the H3K4me3 Chip, the highly and ubiquitously expressed Actin gene 

which carries H3K4me3 served as reference locus (Lafos et al., 2011; Oh et al., 2008), while 

values of the H3K27me3 Chip were normalized to those of the FUSCA3 gene (At3g26790) 

which is expressed seed specifically and not expressed in seedlings were it is targeted by 

H3K27me3 (Makarevich et al., 2006). 

2.2.8 Immunoprecipitation of GST-fusion proteins with biotinylated peptides 

Protein domains expressed as GST-fusion proteins (vector backbone pGEX4T3 Table 2.9) in 

E. coli were used for immunoprecipitation experiments with biotinylated histone peptides 

listed in Table 2.1. Method was modified from (Shi et al., 2006): GST-fusion proteins were 

expressed and purified as described (2.2.6.1). 1 µg of fusion protein was incubated with 1 µg 

of biotinylated peptide in 300 µl Gozani-buffer (50mM Tris-HCl pH7,5; 300mM NaCl; 0,1% 

Igepal; 1mM PEFA and 1:100 plant protease inhibitor cocktail (Sigma-Aldrich P9599)) over 

night at 4°C on a rotating platform. Per sample 15 µl of Streptavidin magnetic beads 

(Invitrogen, prepared as instructed) were added and incubated for 1 h at 4°C on a rotating 

platform. Beads were washed 3 times with 500 µl Gozani-buffer at 4°C, then the bound 

proteins were eluted with 50 µl 0,1% SDS and incubation at 95°C for 5 min. The eluted 

proteins were studied by immunoblot analysis described in chapter 2.2.6.3.  

2.2.9 ModifiedTM Histone Peptide Array  

The GST-SCI1-PWWP fusion protein was hybridized to a ModifiedTM Histone Peptide 

Array (Active Motif) to reveal binding specificity to modified histone peptides. The 

hybridization was done in collaboration with A. Jeltsch (University of Bremen) as described 

previously (Dhayalan et al., 2010). 

2.2.10 Luciferase assays 

Luciferase reporter gene activity in plants carrying the FLC-LUC reporter gene was measured 

by spraying the plants with the substrate solution (5 mM D-Luciferin Potassium Salt in H2O) 
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followed by 5 min of incubation in darkness and imaging of the luminescence with the 

NightOwl system (Berthold). 

The Split-Luciferase assay was performed as described previously (Schatlowski et al., 2010). 

Nicotiana benthamiana epidermal leaf cells were transiently transformed with the Split-

Luciferase constructs listed in Table 2.9. After induction of the ß-estradiol inducible 

constructs, the substrate (10 µM ViviRen; Promega) was infiltrated in the epidermal leaf cells. 

After 5 min of darkness the luminescence was measured with the NightOwl system 

(Berthold). 

2.2.11 Microscopic analyses 

Normarsky microscopy was carried out using the Axioskop (Zeiss), pictures were taken with 

the Zeiss Axiocam and analyzed using the Axio Vision software. 

 

Scanning electron microscopy (SEM) was performed using the LEO (Zeiss) microscope and 

software. 

 

Confocal microscopy was performed using the LSM510 Meta or the LSM710 from Zeiss. For 

analysis the software ZEN 2011 (Zeiss) was used. Excitation and emission spectra are listed 

below. 

 

Fluorophore/Dyes Excitation  Emission 

GFP 488 nm argon laser meta channel 496 nm – 550 nm 

mCherry 561 nm cw laser diode 
meta channel 571 nm – 636 nm (leaves) 

LP 575 nm (root) 

DAPI 405 nm cw laser diode BP 480 nm – 520 nm 

PI 561 nm cw laser diode LP 575nm 

Table 2.13: Excitation and emission spectra 
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3 RESULTS 

Polycomb-group (PcG) proteins are epigenetic regulators which were first discovered in 

Drosophila melanogaster as regulators of homeotic genes (Schwartz and Pirrotta, 2007; 

Schwartz and Pirrotta, 2007; Klymenko and Muller, 2004). PcG proteins are organized in 

high molecular weight complexes in Drosophila, namely POLYCOMB REPRESSIVE 

COMPLEX1 (PRC1), PRC2, PhoRC and PR-DUB, of which PRC2 is highly conserved in 

plants (Schatlowski et al., 2008; Scheuermann et al., 2010). Some aspects of PcG function has 

evolved independently in different organisms, and as many Drosophila PcG proteins have no 

sequence homologs in plants, it is likely that numerous plant specific proteins contribute to 

PcG mediated gene silencing in Arabidopsis.  

In order to identify novel PcG proteins in plants, a yeast two-hybrid screen was carried out 

using the Arabidopsis PRC2 member CURLY LEAF (CLF) as bait (Schatlowski et al., 2010). 

One of the CLF interactors identified in the screen was the PWWP domain protein 

SWINGER/CURLY LEAF-INTERACTOR1 (SCI1), which is encoded by the gene locus 

At3g03140.  

In general, Arabidopsis PcG mutants are characterized by pleiotropic and flowering time 

phenotypes, reduced H3K27me3 levels and misexpression of PcG target genes. To assess 

whether SCI1 has a function in PcG mediated gene regulation, interaction studies of SCI1 

with additional PcG proteins were performed. Mutants of SCI1 were analyzed to reveal PcG 

resembling and independent phenotypes. In order to discover possible genetic interactions of 

SCI1 and CLF, double mutant analyses were carried out. Furthermore the global level of 

histone modifications in the mutants was analyzed, to reveal whether SCI1 is essential for 

PRC2 function in Arabidopsis. As clf and other PcG mutants show misexpression of meristem 

identity and homeotic genes, the expression of a subset of PcG target genes was analyzed in 

sci1 single and double mutants. Furthermore the H3K27m3 and H3K4me3 levels at PcG 

target gene loci were analyzed in sci1-1 compared to Col-0 by Chromatin 

Immunoprecipitation (ChIP).  

SCI1 belongs to a plant specific gene family with three members that possibly exhibit 

redundant functions. Therefore double and triple mutants were obtained and phenotypically 

analyzed. Furthermore the expression pattern and the intracellular localization of the three 

SCI proteins were studied. The most prominent feature of the SCI1 protein is the amino-

terminal PWWP domain which is implicated in chromatin binding (Maurer-Stroh et al., 2003; 
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Wang et al., 2009; Dhayalan et al., 2010). Histone peptide binding studies of the SCI1 PWWP 

domain were performed in order to reveal the binding specificity of the SCI1 PWWP domain.  

3.1 SCI1 is a plant specific PWWP domain protein 

Blast analyses revealed that SCI1 belongs to a gene family of three members in Arabidopsis 

thaliana. The two homologs are accordingly named SCI2 (At1g51745) and SCI3 (At3g21295) 

(Figure 3.1 B). SCI1 is a plant specific protein with orthologs in monocots like Oryza sativa 

and Brachypodium distachyon as well as in dicots like Medicago truncatula, Vitis vinifera and 

Populus trichocarpa. SCI1 encodes a protein of 769 amino acids (aa) and the protein 

comprises a predicted PWWP-domain at the amino-terminus of the protein (aa 13-75) and a 

nuclear localization signal (NLS; aa 393-409) in the central region (Figure 3.1 A and B). The 

greatest homology between the three SCI proteins can be found at the amino-terminus 

containing the predicted PWWP domain that is implicated in nucleic acid and chromatin 

binding (Figure 3.1 B) (Maurer-Stroh et al., 2003). 

 

 

Figure 3.1: Protein structure of SCI1 and sequence alignment of SCI1, SCI2 and SCI3 
(A) Protein structure of SCI1 with predicted amino-terminal PWWP domain (orange hexagon) and central NLS 
(red arrow). (B) Amino acid alignment of SCI1 and its homologs SCI2 and SCI3 in Arabidopsis showing a high 
level of conservation in the N-terminal region. Identical residues are shaded in black, residues with high 
similarity are shaded in grey and the predicted SCI1 PWWP domain and NLS are indicated above the sequence.  
 

PWWP domain NLS

769 aa

A)

B)
S C I 1 _ At 3 g 0 3 1 4 0 1 MAS P GS G- - - AV DWT V GS I V WV R R R NGS WWP GR I L GQE DL DS T HI T S P R S GT P V K L L GR E DAS V DWY NL E K S K R V K P F R C GDF DE C I E R
S C I 2 _ At 1 g 5 1 7 4 5 1 ME S NDDR NL E AI NAS V GR L V WV R R R NGS WWP GQT L V HDQV P DNS L V GP K V GT P I K L L GR DDV S V DWY I L E NS K T V K AF R C GE Y DT C I E K
S C I 3 _ At 3 g 2 1 2 9 5 1 MGS S DE R NC K AI DAS V GGL V WV R R R NGAWWP GR I MAHHE V P DGT I V S P K S GT P I K L L GR DDAS V DWY NL E K S K R V K AF R C GE Y DAC I AT

S C I 1 _ At 3 g 0 3 1 4 0 9 3 MI I K K R E K Y AR R E DAI L HAL E L E K E ML K R E - - - - - - - - - - - - - - - - - - GK L V P E K AR DDS L DAT K E - R MAI V R V QDT S NGT R E S T DY L R
S C I 2 _ At 1 g 5 1 7 4 5 9 6 K - - K R S GK C T L R E DAI NNAL K I E NE HL AK E DDNL C NL S GE E DS K R C L S GK E DE DS GS S DAE E T E DD- E L AS AP E QL QS S I S S QE MNNV G
S C I 3 _ At 3 g 2 1 2 9 5 9 6 T T GK K AV K Y AR R E DAI AHAL E I E NAHL AK - - - - - - - - - - - - DHP P C I - - E K AS T S GE V S R K GI E DS GDV AE T E V AL QS T MS L K K T K NGK

S C I 1 _ At 3 g 0 3 1 4 0 1 6 9 V MHL L R DK E E DQP S C E DE AV P R MR GL QDF - - - - - - - - - - - - - GL R T AS S K R K I S C S NG- P DT S F K Y L AR S NS S AS S S GDHS ME R P - I Y T
S C I 2 _ At 1 g 5 1 7 4 5 1 8 8 - - - K R R R T P NDS E DDGT E GV K R MR GL E DI - - - - - - - GK E QAGGI V E HK QDL DL I C AV G- L S DS V S NGNT I ANGNK V C S P S S L K R N- - - -
S C I 3 _ At 3 g 2 1 2 9 5 1 7 7 L S E K R R R T P NDS E DDGT QT NK R MR GL E DI GMGT GS K GK V QV GAL L E DT QE NGF K S DT NNI NDS V S NGS L S NGS S R DC S P S MK R K R S P V V

S C I 1 _ At 3 g 0 3 1 4 0 2 4 9 K S R AE AK R T K Y MF T P S E S NDV S DL HE NL L S HR DAMHS S F AGG- DT R Y S DY DP P NF L E DME S DY - S E S E T DS S DME E DT DDDI P L L - S GA
S C I 2 _ At 1 g 5 1 7 4 5 2 6 7 K R K NR R R QL T K V L E S T AMV S V P V T C DQGV S - - - - - - L DC QGI Y DS K V S GME S V E S MK S V S V V I NNNS DS T GV S C E DAY E NV V GAS HNNK
S C I 3 _ At 3 g 2 1 2 9 5 2 7 2 K R K NR R R T L T K V L E S T AT V S I P GT C DK L V N- - - - - - S DC L S L - - - - - P GV S E S D- - - - - - - - - - NNS DS NE V F S E NV S E NI V E V I - NDK

S C I 1 _ At 3 g 0 3 1 4 0 3 4 1 R NT F S R HT S GE DE S T S S E E DHY E S S I S GDS S Y L Y S QNP NNE AS T V S NWQHK GK R NF R T L P R R S AR K R K L HR NR L E DGR Y C E Y K R R AF GQ
S C I 2 _ At 1 g 5 1 7 4 5 3 5 6 S S I - - - S V S AE DDS S - - - DR L F DV P L T GE E NH- - - - - - - - - - - - - - - - - - - - S E GF P A- AC R I S S P R K AL V T DL T - - - - - - - - - R R C GR
S C I 3 _ At 3 g 2 1 2 9 5 3 4 5 S NI - - - S V L AK DDS S - - - NGL F DV P L NGDE K Y - - - - - - - - - - - - - - - - - - - - P S GI S T V P F T S S S P R K AL V S GP T - - - - - - - - - R R F GQ

S C I 1 _ At 3 g 0 3 1 4 0 4 3 6 L DF NGI NDMS DGT - - - - - DDT DP NE R QF GDR MI V P GDDY QL S NV V AS R C K NI Y S HDML DWDDDP WE GR I GMK K R GE E K L E GL GQE F DV S
S C I 2 _ At 1 g 5 1 7 4 5 4 1 5 V K - - - - NE AS NGS AC T S P P AS E P V NC I L S G- - - - - - - - - - - - - - - - - - - - - - I E K NT S K WQL K GK R NS R QMS K K QE E R R NV Y GE E ANNN
S C I 3 _ At 3 g 2 1 2 9 5 4 0 5 V K - - - - S E GS NGS - - - - - P S T S P AAT L F NG- - - - - - - - - - - - - - - - - - - - - - I K K S T S K WQL K GK R NS R QMS K K QV E R R NAY AE E ANNN

S C I 1 _ At 3 g 0 3 1 4 0 5 2 3 - - - - - - - - - - - - F GR K T Y - - - S S L MDV DL E V R GS Y QK GP V P I V S L MS K L NGR AI I GHP V E V E V L ADGS S E S Y I QT I DY F GNE T T Y QDK T
S C I 2 _ At 1 g 5 1 7 4 5 4 8 3 - - - - - - - - - - - - - - - - - - - - - S T L Y E V K I E V K AS Y T K P R V P L V S R MS E L S GK AI V GHP L S V E I L E E DY S NG- - - - - - - - - - - - - - - - - -
S C I 3 _ At 3 g 2 1 2 9 5 4 6 8 S V S DQK P R S L F S V GT QAMGR NS E L Y DV K I E V K ANY K P R NV P L I S L R S K L NGE AI V GHP S V V E V L E DGS C GH- - - - - - - - - - - - - - - - - -

S C I 1 _ At 3 g 0 3 1 4 0 6 0 3 WK T AR R S NS R V P R L QP F S S S V E ADDDAT Y DY S L ADQGR K P L V K K L GL GHF S NDDNS V R R NS S L R I P R P P AE R K QQHQQQQK K L L K NT NA
S C I 2 _ At 1 g 5 1 7 4 5 5 3 3 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - MV - - - - - - - - - - - - - - - - - - - - - - - - MP P V V AK AK - - - - - - - - - - - S - -
S C I 3 _ At 3 g 2 1 2 9 5 5 3 9 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - I V S S HR I DDAK P K P S S K K K S K K K K P HF P P QAS K S K - - - - - - - - - - - K S S

S C I 1 _ At 3 g 0 3 1 4 0 6 9 8 R AL S S F S GE - - QGHNGMK AS R DR T HE L S NR R V L P GP P T V AC I P V K L V Y S R L L E K I NR P P S K P T AK AF NE R R R V Q
S C I 2 _ At 1 g 5 1 7 4 5 5 4 5 - - - - - - - - - - L P K K NGK K QT T E K AK E - - - - - - - - - - T V V AC I P L K V V F S R I NE V L K GS AR QT QHR AL P S AAK T -
S C I 3 _ At 3 g 2 1 2 9 5 5 8 3 R C L S AL S GQK L T L S S K K K V MI E S T K E - - - - - - - - - - R I V AC I P L K V V F S R I NE AV K GS AR QV - HR S L P S AGNT G

PWWP domain

NLS
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3.2 Yeast two-hybrid interaction studies with SCI1 

SCI1 was isolated in a yeast two-hybrid (Y2H) screen as interactor of the PRC2 component 

CLF, and it can be speculated that SCI1 is involved in PcG mediated gene silencing in 

Arabidopsis. An interaction of SCI1 with additional PcG proteins would confirm this 

hypothesis, therefore the first approach to characterize SCI1 was to perform Y2H interaction 

studies with further PcG proteins and flowering time regulators. 

 

3.2.1 SCI1 was isolated in a yeast-two-hybrid screen with the PRC2 component CLF 

The Y2H screen that identified SCI1 as interaction partner of CLF was carried out using a 

truncated CURLY LEAF protein as bait. This bait protein lacked the C-terminal catalytic 

SET-domain, as the SET domain reduced the interaction strength with known interactors in 

yeast, and was fused to the Gal4-DNA-binding domain (CLF∆SET-BD) (Chanvivattana et al., 

2004). In this screen 75 clones were identified that showed growth on selective media. 

Among these were established interaction partners of CLF like EMF2 and VRN2, which are 

components of the Arabidopsis PRC2 complex (Chanvivattana et al., 2004). 

The initial SCI1(trunc)-AD (Gal4-activation domain) clone identified in the screen contained 

a truncated SCI1 protein devoid of the PWWP domain and starting with amino acid 273 of the 

769 aa containing full-length protein. Therefore the interaction domain of SCI1 with CLF is 

located in the central or C-terminal region of the protein that contains the NLS and excludes 

the PWWP domain of SCI1. 

 

3.2.2 SCI1 interacts with several PRC2 components in yeast 

To confirm the interaction of SCI1 with CLF, and to test for further interactions with proteins 

involved in PcG mediated gene silencing and proteins regulating flowering time, the full 

length cDNA of SCI1 was cloned and fused to the Gal4-BD and Gal4-AD domains. 

Expression clones of the PRC2 components CLF∆SET, SWN∆SET, MEA, VRN2, EMF2 and 

MSI1, the MSI1 homolog FVE/MSI4 and the PRC1-like protein LHP1/TFL2 were generated. 

The interactions between SCI1 and these proteins were tested in a growth assay using dilution 

series on drop out media selecting for expression of the auxotrophic markers HIS3 and ADE2. 

The medium lacking the amino acids leucine and tryptophan (LW) was used as control to 

confirm the presence of the AD and BD constructs. The selective media additionally lack 

histidine (LWH) or histidine and adenine (LWHA), and select for HIS3 and ADE2 reporter 

gene activity. In case of an interaction of the AD and BD fusion proteins, the two reporter 
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genes are activated and the yeast cells are able to grow on selective media. In case of weak 

interaction, growth may only be visible on the less stringent LWH selective medium.  

The truncated version of SCI1 (SCI1(trunc)-AD) was able to interact with CLF∆SET and 

SWN∆SET, while no interaction could be detected with TFL2, VRN2 and EMF2 (Figure 3.2 

A and data not shown). The interaction assay could not be carried out using MSI1-BD 

construct, as this construct activated reporter gene expression when co-expressed with the 

empty AD-vector. The SCI1-BD construct containing the full length SCI1 protein showed 

additional interactions with MEA, VRN2 and FVE/MSI4, furthermore homodimerization of 

SCI1 could be observed (Figure 3.2 A). The interaction of SCI1-BD with VRN2-AD appears 

to be weaker than those with the other PcG proteins, as the yeast cells only showed growth on 

LWH medium. The interaction of CLF∆SET and SWN∆SET with VRN2 served as positive 

controls to ensure the functionality of the truncated constructs. Additionally it was shown that 

SWN∆SET has the ability to homodimerize in yeast, which contradicts a previous study 

carried out with the SWN full length protein (Figure 3.2 A) (Luo et al., 2000). 

 
Figure 3.2: Yeast two hybrid interactions of SCI1 with several PcG proteins 
A) Dilution growth assay of yeast cells transformed with Gal4-BD and Gal4-AD constructs on control medium 
selecting for presence of pGBKT7 and pGADT7 plasmids (-LW), selective medium (-LWH) and more stringent 
selective medium (-LWHA) selecting for HIS3 or HIS3 and ADE2 reporter gene activity, respectively. Negative 
controls are yeast cells transformed with the respective BD constructs and the pGADT7 vector (empty-AD).  
B) Quantification of the protein-protein interactions via ONPG assay that measures the relative ß-Galactosidase 
activity. Grey bars represent the background activity; black and red bars show positive interactions and strong 
interactions, respectively. Average values are derived from at least two independent experiments; error bars 
represent standard deviation between the replicates. 
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3.2.3 Quantification of the SCI1 yeast two-hybrid interactions via ONPG assay 

The colorimetric ONPG assay is used for quantification of protein-protein interactions in 

yeast by measuring the relative ß-Galactosidase activity. This enzyme is encoded by the lacZ 

reporter gene which is expressed upon protein interaction of the AD and BD constructs in the 

yeast two-hybrid system, and converts the transparent substrate ONPG to a yellow dye which 

is measured spectrophotometrically. The results of the ONPG assay largely affirmed the 

interactions detected in the growth assay (Figure 3.2 A and B). The interaction of SCI1-BD 

with FVE-AD as well as the homodimerization of SWN∆SET proved to be very strong, and 

the interactions of CLF∆SET-BD with SCI1-AD, SWN∆SET-BD with SCI1-AD and VRN2-

AD as well as of SCI1-BD with SWN∆SET-AD and SCI1-AD were confirmed. The 

interaction of CLF∆SET-BD with VRN2-AD and of SCI1-BD with MEA-AD could not be 

observed in the ONPG assay, suggesting that these interactions are too weak or transient to be 

detected with this method (Serebriiskii and Golemis, 2000). In case of VRN2 previous studies 

used the VRN2-VEFS domain showing interaction with CLF and SWN. Similarly the EMF2 

full length protein does not interact with CLF∆SET in yeast, while interaction can be detected 

with truncations of EMF2 (Chanvivattana et al., 2004). Since the interaction of SCI1 with 

CLF∆SET and SWN∆SET was observed using truncated proteins that lack the catalytic SET 

domains, the use of the full length MEA protein might be the reason that the interaction of 

SCI1-BD with MEA-AD could not be observed in the ONPG assay. 

In conclusion it could be shown in the yeast two-hybrid interaction studies that SCI1 is able to 

interact with the three histone methyltransferase subunits of the plant PRC2 complex CLF, 

SWN and MEA, as well as weakly with the PRC2 subunit VRN2. Additionally an interaction 

with the MSI1 homolog FVE/MSI4 was observed, which was shown to act as a component of 

the autonomous flowering promotion pathway. This might suggest an involvement of SCI1 in 

flowering time regulation.  

 

3.3 In planta analysis of the SCI1 protein 

3.3.1 Intracellular localization of SCI1, CLF and SWN in planta 

The intracellular localization of proteins in planta is important to gain insight into possible 

protein function, and to interpret results from yeast or in vitro experiments. Therefore fusion 

proteins of SCI1, CLF and SWN with fluorescent proteins were constructed and transformed 

into plants. The fluorescence was observed in vivo by confocal microscopy. Co-localization 

studies of SCI1 with CLF and SWN were performed to analyze whether the proteins show 
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overlapping intracellular localization patterns, which is essential for the interaction in planta. 

Furthermore truncations of the SCI1 protein were analyzed in order to identify protein 

domains important for specific sub-cellular localization patterns (Figure 3.2 A-D) Hence the 

full length cDNA of SCI1 (I. SCI1cDNA), the N-terminus of SCI1 including the PWWP 

domain (II. SCI1-incl.NLS), the C-terminal part of SCI1 devoid of the PWWP domain (III. 

SCI1∆PWWP), and a central protein fragment lacking the PWWP domain but including the 

NLS (IV. SCI1-frag.4) were cloned as translational GFP fusion proteins under the control of a 

ß-estradiol inducible 35S-promoter (Bleckmann et al., 2010). Furthermore CLF∆SET (V) and 

SWN∆SET (VI) were fused to the fluorophore mCherry. These constructs were transiently 

transformed into Nicotiana benthamiana epidermal leaf cells (Figure 3.3 B and C). Upon 

induction of the construct, one could observe a nuclear localization of all constructs tested. 

Nevertheless there were differences in the localization patterns, as SCI1cDNA-GFP localizes 

to the nucleoplasm as well as to nuclear speckles in N. benthamiana. The localization ranged 

between nucleoplasmic expression with few speckles and exclusive localization to speckles 

(Figure 3.3 B I, I’, I’’). The construct SCI1-incl.NLS-GFP shows a more uniform expression 

in the nucleoplasm and less nuclear speckles and the SCI1∆PWWP-GFP fusion protein 

localizes to the nucleoplasm and to the cytosol and no nuclear speckles are visible.             

SCI1-frag4-GFP mainly localizes to nuclear speckles and the nucleolus (Figure 3.3 B II-IV).  

The co-localization studies performed in N. benthamiana showed that, compared to SCI1-

GFP and SCI1incl.NLS-GFP, the fusion proteins CLF∆SET-mCherry and SWN∆SET-

mCherry display a uniform nucleoplasmic localization (Figure 3.3 C). When CLF∆SET-

mCherry or SWN∆SET-mCherry fusion proteins are co-expressed with SCI1-GFP, one can 

observe that the expression patterns of the fusion proteins overlap in the nucleoplasm and not 

in the nuclear speckles, which exclusively comprise SCI1-GFP expression (Figure 3.3 C I+V 

and I+VI). When co-expressing SCI1-incl.NLS-GFP with CLF∆SET-mCherry or SWN∆SET-

mCherry, a stronger overlap can be observed, as the amount of nuclear speckles is reduced 

(Figure 3.3 C II+V and II+VI). 

The intracellular localization of SCI1 in Arabidopsis thaliana was analyzed by construction of 

a translational fusion of the SCI1 genomic locus to GFP (SCI1pro::SCI1-GFP), which 

complements the sci1 mutant phenotype (Figure 3.7). This construct was transformed into 

Arabidopsis plants, and the intracellular localization was analyzed in homozygous lines by 

confocal microscopy (Figure 3.3 D I-IV).  
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Figure 3.3:Intracellular localization of SCI1, SCI1 truncations, CLF∆SET and SWN∆SET 
(A) Schemes of GFP and mCherry fusion proteins used for the transient localization studies in N. benthamiana. 
All constructs were expressed under the control of a ß-Estradiol inducible 35S-promoter. (B) Confocal analysis 
of the transiently expressed constructs, depicted in (A), in N.benthamiana leaf epidermal cells. I-I’’ show 
different localization patterns of SCI1-GFP in N. benthamiana, in II-IV the intracellular localization of the 
constructs SCI1incl.-NLS-GFP, SCI1∆PWWP-GFP and SCI1frag.4-GFP are depicted. White scale bar 
represents 20µm.  
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(C) Co-localization studies of indicated GFP and mCherry fusion proteins depicted in A) in N. benthamiana leaf 
epidermal cells. White scale bar represents 20µm. (D) Expression analysis by confocal microscopy of the 
following transgenes in A. thaliana (Col-0): (I-III) SCI1pro::SCI1-GFP in root cells, IV) SCI1pro::SCI1-GFP in 
root cells with DAPI co-staining, arrowheads point to position of chromocenters; V) SCI1pro::SCI1-GFP in 
unfertilized ovules; (VI) 35S::GFP-CLF in root cells (clf-50, WS) and (VII) SWN::SWN-GFP in root cells. 
White scale bars in D) represent: I) 50µm; II) 20µm III-IV) 10µm; V) 50µm; VI-VII) 20µm. 
 

SCI1-GFP fluorescence in Arabidopsis root cells was observed in the nucleus and to a lesser 

extent in the cytoplasm. In contrast to the transient expression in N. benthamiana no nuclear 

speckles were visible. Inside the nucleus the localization of SCI1-GFP appears to be similar to 

proteins localizing to the nuclear periphery (Figure 3.3 D II-III). DAPI co-staining showed, 

that SCI1-GFP fluorescence does not overlap with the chromocenters which are comprised of 

heterochromatin (Figure 3.3 D IV), thus the SCI1-GFP protein localizes to regions in the 

nucleus that are of euchromatic composition. The localization of the fusion protein does not 

change in the sci1-1 single or sci-triple mutant backgrounds (Chapter 3.4 and 3.7). In 

unfertilized ovules, a nuclear SCI1-GFP fluorescence can be observed in the entire tissue 

(Figure 3.3 D V). 

The intracellular localization of CLF and SWN in Arabidopsis was analyzed using stable lines 

comprising a 35S::GFP-CLF and a SWN::SWN-GFP transgene, respectively. In root cells 

both fusion proteins localize to the nucleus while the GFP-CLF fusion protein also shows 

cytoplasmic localization (Figure 3.3 D VI-VII).  

In conclusion it can be noted that SCI1, CLF and SWN co-localize to the nucleus in plants, 

which is essential for protein-protein interaction. The fact that SCI1-GFP localizes to so far 

unknown nuclear speckles in N. benthamiana and to the nuclear periphery in Arabidopsis root 

cells might suggest, that the interaction of SCI1 with CLF and SWN only takes place at the 

interface of these sub compartments.  

 

3.3.2 Interaction studies of SCI1 with CLF and SWN in planta 

In order to confirm the interaction of SCI1 with CLF and SWN in planta, which is important 

to show that results from yeast studies reflect the native situation, the SCI1cDNA, CLF∆SET 

and SWN∆SET constructs from the Y2H and intracellular localization studies were fused to 

the N- and C-terminal part of the luciferase Renilla reniformis (Rluc) to be used in the split-

luciferase assay (Figure 3.2; Figure 3.3) (Schatlowski et al., 2010). In case of an interaction of 

the tested proteins, the N- and C-terminal parts of Rluc come into close proximity, which 

restores the enzyme activity. The substrate Coelenterazine is catalyzed by the luciferase, what 

leads to the emission of photons that can be measured as luminescence.  
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The fusion proteins were transiently expressed in Nicotiana benthamiana leaf epidermal cells, 

the full length luciferase served as positive transformation control. The proteins of H2A and 

H2B fused to N-Luc and C-Luc fragments, respectively, are known to interact when co-

expressed in N. benthamiana and were therefore used as positive controls (Figure 3.4) 

(Fujikawa and Kato, 2007). The combination of SCI1-N-Luc with H2B-C-Luc, as well as 

CLF∆SET-C-Luc and SWN∆SET-C-Luc with H2A-N-Luc, served as negative controls. In 

case of co-expression of SCI1-N-Luc with CLF∆SET-C-Luc and SWN∆SET-C-Luc, no 

detectable luciferase activity could be observed (Figure 3.4). This result was also observed 

when SCI1 was fused to C-Luc and  CLF∆SET and SWN∆SET were fused to N-Luc (data not 

shown), suggesting that the full length SCI1 protein does not interact with the truncated 

CLF∆SET and SWN∆SET proteins in the split-luciferase assay. This finding can have several 

reasons, one of them being the intra-nuclear localization of SCI1 to nuclear speckles (Figure 

3.3 A and B). The analyses of SCI1 truncations performed in N. benthamiana suggest that the 

speckle formation is a feature of the functional SCI1 protein. As CLF∆SET and SWN∆SET 

uniformly localize to the nucleoplasm in N. benthamiana, the interaction with SCI1 might not 

be able to take place under these conditions (Figure 3.3 A and B). Another problem might be 

the nature and the position of the tagged luciferase protein, which could sterically inhibit the 

protein-protein interaction. Further interaction analyses with complementing and therefore 

functional fusion proteins in Arabidopsis thaliana and in vitro pulldown experiments will 

have to prove whether SCI1 is able to interact with CLF and SWN in planta. 

 
Figure 3.4: Split-luciferase complementation assay with SCI1, CLF and SWN 
Epidermal cells of N.benthamiana leaves were co-transformed with indicated N-Luc and C-Luc constructs. After 
substrate infiltration into the left abaxial side of the leaves, luminescence was monitored using the Nightowl 
luciferase imaging system (Berthold); the intensity is represented by a false color code. The intensity of the full 
length Renilla reniformis Luciferase (Rluc) appears translucent, since the intensity is higher than the scale.   
 

3.3.3 Immunoprecipitation with SCI1-GFP reveals possible complex partners of SCI1 

The interaction studies performed in yeast showed that SCI1 interacts with PcG proteins as 

well as with the autonomous pathway protein FVE/MSI4 (Figure 3.2). These interaction 
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partners, as most chromatin regulating proteins, have been shown to act as part of multimeric 

complexes in Arabidopsis (Guitton and Berger, 2005; Jeon and Kim, 2011; Pazhouhandeh et 

al., 2011). SCI1 might either be associated to the PRC2 complexes or be an integral member, 

but SCI1 could also be part of a different complex that associates with the proteins mentioned 

above.  

In order to discover the in planta interaction partners of SCI1, an immunoprecipitation (IP) 

experiment with nuclear protein extract from SCI1pro::SCI1-GFP and Col-0 plants using an 

anti-GFP antibody was performed. After tryptic digestion of the isolated proteins, the extracts 

were analyzed with liquid chromatography-mass spectrometry (LC-MS/MS). The statistical 

analysis of four replicates yielded 110 proteins significantly enriched in the SCI1pro::SCI1-

GFP samples compared to the Col-0 wildtype samples. The significantly enriched proteins are 

shown in Table 7.1 and Table 7.2, and selected putative interaction partners in Table 3.1. The 

interaction partners are listed according to the ratio, a measure for the certainty of enrichment 

in the IP sample compared to the control.  

 
Table 3.1: List of selected proteins identified as putative complex partners of SCI1  
Putative complex partners are listed according to the ratio and are depicted including ranked number, ratio value, 
AGI code, gene name and predicted protein function as retrieved form Uni-Prot and TAIR databases. Both parts 
of the bait protein, SCI1 and GFP, were identified and marked in red and green. PRC2 member MSI1 is marked 
in blue and LINC1 in orange.  

# Ratio AGI-code name protein data
1 820,30 At2g40930 UBP5 Ubiquitin carboxyl-terminal hydrolase 5 
2 82,77 At1g79350 EMB1135 embryo development ending in seed dormancy
5 21,58 At3g03140 SCI1 SCI1
9 15,61 At5g40340 PWWP domain-containing protein

11 14,85 GFP GFP GFP-like fluorescent chromoprotein FP506 (zFP506)

PcG or PcG-like proteins 
21 8,08 At5g58230 MSI1 WD-40 repeat-containing protein MSI1 (MULTICOPY SUPPRESSOR OF IRA 1)
16 11,88 At4g06634 Uncharacterized zinc finger protein
37 4,98 At1g79020 Enhancer of polycomb-like protein

Chromatin remodeling
8 16,23 At5g14170 CHC1 SWI/SNF complex component SNF12 homolog

15 12,04 At5g18620 Putative chromatin remodelling complex ATPase chain ISWI
19 10,33 At2g47620 SWI3A/CHB1 SWI/SNF complex subunit SWI3A (AtSWI3A)

Nuclear envelope
27 6,50 At5g65770 LINC4 LITTLE NUCLEI4 (Putative nuclear matrix constituent protein 1-like protein)
46 3,63 At1g67230 LINC1 LITTLE NUCLEI1

ARID Transcription factors
6 20,91 At2g17410 ARID3 AT-rich interactive domain (ARID)-containing protein 3

12 14,16 At1g76510 ARID5 ARID domain-containing protein 5
13 12,55 At3g43240 ARID4 ARID domain-containing protein 4
20 9,83 At1g20910 ARID6 ARID domain-containing protein 6

Histone proteins
24 6,76 At3g20670 Probable histone H2A.2 (HTA13)
32 5,86 At1g51060 Probable histone H2A.1 (HTA10)
36 5,04 At5g02560 Probable histone H2A.4 (HTA12)
38 4,94 At5g27670 Probable histone H2A.5 (HTA7)
48 3,41 At1g08880 Probable histone H2AXa (HTA5)
50 3,33 At4g40030 Histone H3
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The fact that SCI1 (#5, red) and free GFP (#11, green) were identified proves that SCI1-GFP 

was expressed and present in the nuclear protein extract after immunoprecipitation with anti-

GFP antibodies (Table 3.1). Therefore the other proteins identified are potential complex or 

interaction partners of SCI1. The protein most enriched in the SCI1-GFP sample was the 

Ubiquitin carboxyl-terminal hydrolase 5 (UBP5 #1) which is predicted to be involved in 

ubiquitin mediated protein degradation. Furthermore a protein of unknown function encoded 

by At1g79350 (#2) was found to interact with SCI1, which is involved in embryo 

development and seed dormancy. The identification of a PWWP domain protein of unknown 

function (#9) encoded by At5g40340 suggests that SCI1 interacts with additional chromatin 

or DNA binding proteins. The protein MSI1 is a component of the PRC2 complex, and was 

isolated in the immunoprecipitation (#21), which confirms the hypothesis that SCI1 interacts 

with PRC2. Furthermore two uncharacterized proteins that show homology to PcG associated 

proteins from Drosophila (#16; 37) were isolated as SCI1 interactors. Further proteins 

involved in chromatin remodeling and several ARID-domain transcription factors were found 

to interact with SCI1 (Table 3.1). 

Unfortunately neither CLF nor SWN were identified, and therefore the interaction with SCI1 

could not be confirmed in this experiment. A parallel experiment using nuclear extract from 

SWN::SWN-GFP transgenic plants was carried out, in which the bait protein SWN could be 

detected, but no other PRC2 members (data not shown). This result implies that under the 

applied experimental conditions the PRC2 complex might not be stable, and thus also not 

detectable in the SCI1-GFP samples. Nevertheless, another parallel experiment with an 

unrelated putative RNA processing factor as bait protein (TGH-GFP) was successful, and 

yielded a list of totally different interacting proteins (data not shown). This finding suggests 

that the interaction partners found with SCI1-GFP are genuine and not an artifact caused by 

protein binding to the GFP-tag.  

SCI1-GFP was furthermore found to interact with LITTLE NUCLEI1 and 4 (LINC1 and 4; # 

27; 46), and LINC1-GFP was described to localize to the nuclear periphery in Arabidopsis 

similar to SCI1-GFP, and was described to be involved in nuclear size regulation (Dittmer et 

al., 2007; vanZanten M. et al., 2011). Additionally also several histone proteins were detected, 

which implies that the PWWP domain of SCI1 indeed harbors histone binding capacity. The 

interaction of these proteins with SCI1 will have to be proven in separate experiments. The 

complex isolation approach yielded interesting candidates which might help to decipher SCI1 

function in plant development. 
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3.4 Analysis of sci1 mutant alleles in Arabidopsis thaliana 

The isolation of sci1 mutant alleles in Arabidopsis is important to study the gene function by 

analysis of morphological and molecular mutant phenotypes. Furthermore sci1 mutant alleles 

are a powerful tool to investigate genetic interactions, for example with the protein interaction 

partners identified in yeast, CLF, SWN, MEA and FVE/MSI4 (Figure 3.2).  

In the model plant Arabidopsis an extensive database of T-DNA insertion mutants is available 

that can be screened for insertions in the gene of interest (http://signal.salk.edu/cgi-

bin/tdnaexpress) (Alonso et al., 2003). In case of SCI1 the available T-DNA insertion lines 

sci1-1, sci1-2 and sci1-gabi were analyzed. The sci1-2 insertion line showed an abberant 

segregation probably due to a background mutation and was not analyzed further. In all three 

cases the T-DNA insertion is localized in the fourth exon, and as sci1-gabi was only recently 

identified, most of the further studies were carried out using the sci1-1 allele (Figure 3.5 A 

and B).  

Since the T-DNA insertion of all three identified alleles is localized in the last exon of SCI1, 

it cannot be excluded that these do not resemble null alleles. In order to gain a sci1 null 

mutant, TILLING (Targeting Induced Local Lesions IN Genomes) mutants were ordered 

from the Seattle Tilling Project (STP) and analyzed (http://tilling.fhcrc.org) (Till et al., 2003). 

In this approach six lines with point mutations in the N-terminus of SCI1 were identified, of 

which five alleles could be verified (sci1-3 to sci1-5, sci1-7 and sci1-8) (Figure 3.5). The  

sci1-3 allele exhibits a point mutation (R46Stop) in the PWWP-domain of SCI1 that leads to a 

premature stop codon. The point mutations in the other TILLING alleles cause amino acid 

exchanges indicated in Figure 3.5 A), but do not lead to a premature stop codon. As the 

characterization of the additional TILLING alleles revealed that none of them showed a 

severe phenotype, only the potential null allele sci1-3 was further analyzed (Figure 3.5 B).  

To investigate whether the sci1 mutants exhibit a reduction or even loss of SCI1 transcript, 

semi-quantitative RT-PCR analyses were carried out (Figure 3.5 C). The amplified DNA 

fragments are indicated in Figure 3.5 A) by black lines (I. to III.), and the housekeeping gene 

eIF4A served as loading control. All three sci1 mutant alleles exhibit SCI1 transcript at the 

5’end of SCI1 (I.) prior to the insertions / point mutation at a similar level as the Col-0 

wildtype. SCI1 transcript in the fourth exon (II.) is not detectable in sci1-1 and sci1-gabi, but 

present in sci1-3. At the 3’ end of SCI1 (III.), sci1-1and sci1-3 show reduced transcript levels 

while sci1-gabi shows a similar transcript level compared to Col-0. 
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Figure 3.5: Position, phenotype and transcript abundance in sci1 insertion mutants 
(A) Genomic locus of SCI1, exons are depicted in orange, area encoding the PWWP domain in yellow, introns 
and 5’ and 3’ UTR in dark grey. Neighboring genes are shown in light grey (not in scale). The position and 
accession numbers of different sci1 T-DNA insertion and TILLING alleles are indicated above. The amino acid 
exchanges in the TILLING alleles caused by point mutations are denoted. Black lines I.-III. resemble DNA 
fragments amplified in C) by semi-quantitative RT-PCR. (B) Phenotype of sci1-1, sci1-3 and sci1-gabi 
compared to Col-0. Plants were grown in LD conditions. (C) Semi-quantitative RT-PCR on RNA from whole 
seedlings 10 dag in order to analyze the SCI1 transcript level in the sci1 mutant alleles. Amplified regions are 
indicated in A), the housekeeping gene eIF4A (AT1G54270) served as loading control. 
 

The presence of transcript at the 5’ region can be explained by endogenous promoter activity 

which is not disrupted by the insertions / point mutation, the transcript detected at the 3’ 

region (III.) might derive from read-out transcriptional activity of the inserted T-DNAs that 

carry constitutive promoters. The finding that sci1-1 and sci1-gabi do not exhibit detectable 

transcript in region II shows that in these mutants no full length SCI1 transcript can be found, 

which suggests a severe reduction of SCI1 activity in these mutants. The partial transcripts 

found 5’ and 3’ of the insertions may encode for partial SCI1 protein fragments potentially 

providing residual protein function. In contrast sci1-3 most likely is a null mutant due to the 

premature stop codon in the SCI1 PWWP domain. Since all three sci1 alleles exhibit similar 

morphological phenotypes (Figure 3.7), it can be proposed that they are sci1 loss of function 

alleles  
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3.5 Expression analysis of SCI1, SCI2 and SCI3 in planta 

To examine the expression pattern of SCI1 and its homologs SCI2 and SCI3 throughout plant 

development, RNA was isolated from several different organs of Col-0 wildtype plants 

(seedlings, rosette leaves, roots, cauline leaves, flowers and siliques). The RNA was 

transcribed to cDNA, and transcript abundance of SCI1, SCI2 and SCI3 was tested via semi-

quantitative RT-PCR compared to the housekeeping gene eIF4A that served as loading 

control (Figure 3.6 C). The three genes are expressed in all tissues tested. While SCI1 and 

SCI2 transcript levels are relatively low in rosette leaves, cauline leaves and siliques, SCI3 

exhibits more homogenous expression levels in all tissues with a peak in flowers.  

 

 
Figure 3.6: Expression pattern of SCI1, SCI2 and  SCI3  
(A) ß-Glucuronidase activity in seedlings, primary root tip, emerging side root, leaf and inflorescence of 
SCI1pro::SCI1-GUS reporter line. (B) ß-Glucuronidase activity in SCI3pro::SCI3-GUS reporter line. (C) 
Transcript abundance of SCI1, SCI2 and SCI3 compared to the housekeeping gene eIF4A (AT1G54270) was 
analyzed via semi-quantitative RT-PCR. RNA was isolated from different organs of Col-0 plants grown in LD 
conditions.  
 

To gain a more precise insight into the expression pattern of SCI1 and its homolog SCI3, the 

whole genomic loci of SCI1 (from 1534 bp upstream of ATG) and SCI3 (from 1062 bp 

upstream of ATG) were translationally fused to a C-terminal uidA gene, and introduced into 

Col-0 wildtype plants (SCI1pro::SCI1-GUS; SCI3pro::SCI3-GUS). Several transformants 

were analyzed for segregation of the transgene, and transgenic lines exhibiting only one locus 

of transgene insertion were used for further studies. ß-Glucuronidase activity observed in 

SCI1pro::SCI1-GUS and SCI3pro::SCI3-GUS transgenic lines were quite similar (Figure 

3.6). In young seedlings SCI1-GUS and SCI3-GUS expression is observable the vasculature 

of the root and the shoot, the cotyledons and rosette leaves. ß-Glucuronidase activity can 

furthermore be observed in the primary root tip as well as in newly formed side roots and the 

root vasculature. In flowers, both transgenes are expressed in sepals and carpels, additionally 
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SCI3-GUS activity is observed at the tip of the filaments. The expression of SCI1-GUS is lost 

in older carpels. 

In summary, SCI1 and SCI3 are expressed throughout plant development, mostly restricted to 

the vasculature. The reporter gene activity in meristematic regions and floral organs suggests 

that SCI1 and SCI3 are involved in cell differentiation, organ identity and plant reproduction. 

The overlapping expression patterns of SCI1 and SCI3 observed in the reporter gene study, 

and of all three SCI genes detected via semi-quantitative RT-PCR, is consistent with a 

potential redundant function of SCI1, SCI2 and SCI3. 

 

3.6 Analysis of flowering time and root phenotypes in sci1 mutants  

3.6.1 Loss of SCI1 function results in an early flowering phenotype 

The onset of flowering and thus the switch from vegetative to reproductive growth is tightly 

regulated in plants. Histone modifications e.g. mediated by PcG proteins play an important 

role in the regulation of flowering time, and most PcG mutants show an alteration of 

flowering time compared to the wildtype. In general, the induction of early flowering can be 

caused by ectopic expression of the floral promoters FT and SOC1, meristem identity genes 

like APETALA1 (AP1) and LEAFY (LFY) or the floral-organ identity gene AGAMOUS (AG). 

Furthermore the down regulation of floral repressors like FLOWERING LOCUS C (FLC) or 

its homologs MADS AFFECTING FLOWERING 1-5 (MAF1-5), which among others causes 

the induction of the floral promoters FT and SOC1, results in an early flowering phenotype 

(Koornneef et al., 1998; Yoo et al., 2011; Dennis and Peacock, 2007). PcG proteins are 

directly involved in the repression of AG and FT as well as of the floral repressor FLC, and 

thus prevent early as well as late flowering (Goodrich et al., 1997; Jiang et al., 2008). 

Consequently it is very interesting to assess whether the PRC2 interacting protein SCI1 is also 

affected in flowering time. To test this, the number of rosette leaves formed before bolting 

was determined in sci1 mutants compared to the Col-0 wildtype. To exclude that an alteration 

in flowering time is caused by misregulation of the photoperiod pathway, the measurement 

was performed in inductive long day (LD) as well as in non-inductive short day conditions 

(SD).    

sci1-1 shows an early flowering phenotype in LD as well as in SD conditions, and therefore 

appears to be involved in the regulation of flowering time in Arabidopsis (Figure 3.7). To 

exclude an allele specific effect, two additional sci1 alleles were analyzed and showed a 

similar phenotype. The SCI1pro::SCI1-GFP transgene is able to rescue the early flowering 
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phenotype in LD conditions in respect to rosette leaf number. Taken together it is likely that 

the early onset of flowering in sci1 mutant alleles is caused by a disruption of SCI1 gene 

function.  

 

 
Figure 3.7: Flowering time analysis of sci1 and flc mutants in LD and SD conditions  
The average rosette leave number prior to bolting of Col-0 (black) and indicated mutant plants grown in long day 
and short day conditions are depicted in histograms. Mean values and the standard deviation were obtained from 
13 to 24 individual plants. In A) the diagram on the right hand side shows the average and standard deviation of 
three independent experiments. 
 

One key regulator of flowering time in Arabidopsis is the MADS box transcription factor 

FLC which encodes for a potent repressor of the floral transition. FLC expression is for 

example regulated by the autonomous pathway and the vernalization pathway, the latter 

involving PcG mediated tri-methylation of H3K27 (Amasino and Michaels, 2010). The null 

mutant flc-3 shows a reduction of rosette leaves in LD and SD conditions similar to the 

reduction observed in sci1 mutants (Figure 3.7) (Michaels and Amasino, 1999; Martin-Trillo 

et al., 2006). The analysis of sci1-1 flc-3 revealed a similar reduction of rosette leaf formation 

as the respective single mutants in both conditions, which implies that SCI1 and FLC act 

epistatically. 
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3.6.2 FLC expression is downregulated in sci1-1 mutant background 

The results of the flowering time analysis implicate a misregulation of FLC in sci1 mutants. 

To address this hypothesis, a reporter gene analysis and qRT-PCR analyses were carried out. 

In the transgene approach a line harboring a translational fusion of FLC with a firefly 

LUCIFERASE reporter gene (FLC-LUC) in FRIGIDA+ (FRI+) background was crossed with 

sci1-1 mutants (Mylne et al., 2004). The luciferase reporter is inserted in the sixth exon of 

FLC under control of the endogenous promoter, and while the reporter is expressed similar to 

FLC the transgene is not functional (Mylne et al., 2004). FRIGIDA is a coiled coil protein 

that acts dominantly to elevate FLC expression, and thereby prolongs the vegetative growth 

phase (Johanson et al., 2000; Simpson and Dean, 2002).  

Luciferase activity was monitored at different developmental time points in FRI+,             

sci1-1 FRI+, sci1-1 and Col-0 plants all carrying the FLC-LUC reporter gene (Figure 3.8). 

Col-0 plants without transgene served as negative control.  

 

 
Figure 3.8: Reduced FLC expression in sci1 mutant background 
FLC-LUC reporter gene activity was visualized using the Nightowl Imaging system (Berthold, Bad Wildbad). A 
corresponding heat map is depicted to the right of each experiment; the false color code represents luciferase 
intensity in counts per second (cps) (note different scaling). (A) Seedlings of 21 dag were imaged with an 
exposure time of 5 min (left) and 10 min (right) (4x4 binning). (B) Seedlings of 28 dag were imaged with an 
exposure time of 5 min (1x1binning). White scale bars represent 1,5 cm. (C) qRT-PCR based expression 
analysis of FLC in sci1 and flc single and double mutants compared to Col-0. cDNA was prepared from whole 
seedlings 10 dag grown in long day conditions. Expression values were normalized to At4g34279 (nblack) and 
are shown relative to Col-0. The average and standard deviation were obtained from at least two biological 
replicates each consisting of three technical replicates. 
 

During vegetative growth FLC is expressed in the vasculature of the leaves and in the apex 

similar to SCI1 (Greb et al., 2007), and the spatial expression pattern does not change in   

sci1-1 FRI+ background compared to FRI+ (Figure 3.8 A). However, strong reduction of 

reporter gene activity was observed in sci1-1 FRI+ background, which also led to a 

precocious termination of reporter gene expression (Figure 3.8 A and B). 
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In order to quantify the reduction of FLC transcript in sci1 mutants compared to the flc-3 null 

mutants, qRT-PCR analyses were carried out with cDNA obtained from 10 day old seedlings 

grown in LD conditions. This analysis revealed that, compared to Col-0, the expression of 

FLC is up to nine fold reduced in the sci1 single mutants. This is comparable to the level 

detectable in flc-3 null mutants, and sci1-1 flc-3 double mutants exhibit similar FLC 

expression levels as the single mutants (Figure 3.7). These results coincide with the reporter 

gene analysis and strongly suggest that the reduction of FLC expression is causal for the early 

flowering phenotype of sci1 mutants. 

The finding that FLC transcript is strongly reduced in sci1 mutant background could be 

caused by several scenarios. On the one hand the regulation might be direct, for example by 

binding of SCI1 to FLC chromatin. On the other hand, SCI1 might indirectly activate FLC 

expression by repressing a repressor or activating an activator. To test the possibility of an 

indirect regulation of FLC, sci1-1 mutants were crossed in FRIGIDA (FRI+) and fve-3 mutant 

backgrounds. While FRI is a strong activator of FLC, the autonomous pathway component 

FVE/MSI4 represses FLC and therefore flowering time.  

The introduction of the dominant FRI+ allele into Col-0 plants results in an extremely late 

flowering phenotype (Figure 3.9 A). flc mutants are epistatic to FRI+, as flowering time of  

flc FRI+ plants is similar to that of flc single mutants (Michaels and Amasino, 1999; 

Willmann and Poethig, 2011). The introduction of sci1-1 into FRI+ background results in an 

intermediate flowering time between sci1-1 and FRI+ (Figure 3.9 A and B). This result 

coincides with the FLC-LUC reporter gene analysis (Figure 3.8 A and B) and suggests that 

there is residual FLC expression in sci1-1 FRI+ plants, and that SCI1 and FRIGIDA regulate 

FLC independently of each other.   

If SCI1 regulated FLC through the autonomous pathway component FVE/MSI4, an epistatic 

flowering time phenotype of the sci1-1 fve-3 double mutants would be expected. 

Nevertheless, the double mutants show an intermediate phenotype compared to the single 

mutants, suggesting that SCI1 regulates FLC independently of FVE/MSI4 (Figure 3.9 A). In 

previous analyses it was shown that the flowering time of fve mutants is affected by flc in a 

dosage dependent manner (Sanda and Amasino, 1996). This implies that the intermediate 

flowering time of sci1-1 fve-3 mutants is caused by a reduction rather than a loss of FLC 

expression in sci1-1 mutants.  
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Figure 3.9: Flowering time analysis of sci1-1  FRI+ and sci1-1 fve-3 mutants and expression 
analysis of FLC repressors 
(A) Flowering time analysis of plants grown in LD conditions, average numer of rosette leaves is depicted, error 
bars represent standard deviation. (B) FRI+ and sci1-1 FRI+ plants 73 dag grown in LD conditions. (C) qRT-
PCR based expression analysis of FVE/MSI4, FLD, FLK and PRMT5 in sci1-1 and flc-3 single single mutants 
compared to Col-0. cDNA was prepared from whole seedlings 10 dag grown in short day conditions. Expression 
values were normalized to At4g34279 (nblack) and are shown relative to Col-0. The average and standard 
deviation were obtained from at least two biological replicates, each consisting of three technical replicates. 
 

The transcript level of genes involved in the repression of FLC was tested by qRT-PCR in 

sci1-1 and flc-3 mutants compared to Col-0 wildtype plants, in order to analyze whether SCI1 

regulates FLC through these repressors. FVE/MSI4 encodes for a WD40 protein involved in 

deacetylation and ubiquitination of the FLC locus, and the autonomous pathway component 

FLOWERING LOCUS D (FLD) is also involved in the deacetylation of FLC (Ausin et al., 

2004; Jeon and Kim, 2011; He et al., 2003). The RNA binding protein FLOWERING LOCUS 

KH DOMAIN (FLK) prevents the accumulation of FLC mRNA, and the PROTEIN 

ARGININE METHYLTRANSFERASE 5 (PRMT5) is important for proper pre-mRNA 

splicing, that affects several RNA processing factors involved in flowering time as well as 

FLK expression, which leads to elevated FLC mRNA accumulation (Deng et al., 2010; 

Quesada et al., 2005; Lim et al., 2004). Compared to Col-0 there was no significant difference 

in the expression level of these genes in sci1-1 and flc-3 plants, suggesting that they are not 

involved in SCI1 dependent FLC regulation. In conclusion it still has to be solved by which 

means SCI1 is regulating FLC and thereby flowering time in Arabidopsis. 

 

3.6.3 Primary root growth is reduced in sci1-1 mutants 

The expression analysis of SCI1 revealed a strong abundance in the primary root tip, 

emerging side roots and the root vasculature (Figure 3.6). These findings indicate that SCI1 is 
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involved in the regulation of root development, which might therefore be affected in sci1-1 

mutants. A root growth assay was carried out in LD conditions measuring the root length of 

vertically grown Col-0 and sci1-1 plants every second day (Figure 3.10). At 8 dag sci1-1 

mutants roots were significantly reduced to 64,2 % of the lenth observed in wildtype (Figure 

3.10 A and B). Furthermore sci1-1 mutants show a slower increase in root length compared to 

Col-0 suggesting a defect either in cell proliferation or cell elongation in sci1-1 mutants 

(Figure 3.10 B). In order to reveal whether the root length reduction observed in sci1-1 

mutants is caused by alterations in the root apical meristem, mpsPI (modified pseudo-Schiff 

propidium iodide) staining of Col-0 and sci1-1 roots at 8 dag were performed and analyzed by 

confocal microscopy (data not shown) (Truernit et al., 2008). In this analysis no apparent 

difference of root architecture could be observed in sci1-1 mutants, thus further analyses will 

be required to determine the cause of reduced root growth in sci1-1.  

 
Figure 3.10: Reduction of root length in sci1-1 mutants.  
(A) Average root length of Col-0 and sci1-1 plants grown vertically for 8 days in LD conditions. Error bars 
represent standard error, n= 51 Col-0 and 64 sci1-1 plants, asterisk indicates significant difference in root length 
compared to Co-0 using a t-test (p ≤0,0001). (B) Example of Col-0 and sci1-1 plants 8 dag grown in LD 
conditions. The white dotted line indicates root to shoot transition, the black line has no relevance. (C) Average 
root length of Col-0 and sci1-1 measured every second day through 8 days of growth. Error bars represent 
standard error; root length was measured using Image J.  
 

3.7 SCI1 acts redundantly with SCI2 and SCI3 

sci1 mutants display a relatively mild morphological phenotype for example compared to PcG 

mutants like clf-28, emf2-10 or the PRC2 loss of function mutant clf-28 swn-7 (Figure 3.17). 

This might be due to the fact that SCI1 is encoded by a gene family with three members in 

Arabidopsis. SCI1 and the two highly homologous proteins SCI2 and SCI3 exhibit a 

conserved PWWP domain at the amino-terminus of the proteins and comprise a central NLS. 

From their similar protein architecture as well as from overlapping expression patterns 
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(Figure 3.6) it can be assumed, that SCI2 and SCI3 comprise redundant functions with SCI1. 

To investigate this hypothesis, T-DNA insertion mutants of SCI2 and SCI3 were obtained and 

analyzed (Figure 3.11 A and B). In the sci2-2 line, the T-DNA is inserted in an intron, 

therefore it is likely that this line still harbors residual SCI2 function, while the insertion in 

sci3-2 is in the second exon and therefore resembles more likely a loss of function allele. The 

weak single mutant phenotypes of sci2-2 and sci3-2 show a slight developmental delay or late 

flowering, which will have to be analyzed in more detail (Figure 3.11 B). To investigate the 

potential redundancy of the three SCI genes, double and triple mutants in all combinations 

were obtained and phenotypically analyzed (Figure 3.12) 

 
Figure 3.11: Genomic loci of SCI2  and SCI3  and phenotypes of T-DNA insertion mutants  
(A) Genomic loci of SCI2 (At1g51745) and SCI3 (At3g21295) with the position and accession numbers of T-
DNA insertion lines. Colored boxes resemble exons, introns as well as 5’ and 3’ UTR are depicted in grey. 
Neighboring genes (light grey) are not depicted in scale. (B) Phenotypes of the sci2-2 and sci3-2 mutants 
compared to Col-0, plants were grown in LD conditions.  
 

3.7.1 Phenotypic analysis of SCI double and triple mutants 

Double mutants of any sci1, sci2 or sci3 alleles show only minor morphological phenotypes 

like a reduction in plant size and a delay in development (Figure 3.12 A). Plants with an 

additional mutation of one copy of the third SCI gene display similar phenotypes as the 

double mutants. However, it cannot be excluded that the T-DNA insertion mutants comprise 

partial transcripts as shown for sci1-1, and thus potentially partial protein function (Figure 

3.5). The establishment of the sci1-1 sci3-2 sci2-2 triple mutant revealed, that loss of 

SCI1/2/3 function results in seedling lethality (Figure 3.12). The triple mutants show an early 

meristem termination, furthermore neither formation of true leaves nor root growth can be 

observed. Additionally, the triple mutants often show an accumulation of anthocyanin and 

loss of chlorophyll. The sci1-1 sci3-2 sci2-2 triple mutants can be rescued by the introduction 

of SCI1pro::SCI1-GFP or SCI3pro::SCI3-GUS transgenes in the triple mutant background, 

suggesting that the drastic mutant phenotype is indeed due to loss of function of the three SCI 

genes (Figure 3.12).  
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Figure 3.12: Phenotypic analysis of SCI double and triple mutants 
Phenotypic analysis of double and triple mutant combinations of sci1-1, sci2-2 and sci3-2 alleles. Triple mutants 
show seedling lethality, which is rescued by introduction of the transgenes SCI1pro::SCI1-GFP or 
SCI3pro::SCI3-GUS. Plants were grown in LD conditions. 
 

The analysis of the progeny of sci1-1 sci2-2/+ sci3-2 plants revealed a strongly reduced 

germination rate to 67,8 %, suggesting that most of the triple mutants fail to germinate (Table 

3.2 A). Further analysis of the progeny of sci1-1 sci2-2/+ sci3-2 plants by PCR showed a 

distorted segregation of the sci2-2 allele (Table 3.2 B). Triple mutants were not included in 

this analysis, as they germinate delayed compared to the segregating population. In the 

progeny, the sci2-2 allele is predicted to segregate with a ratio of 1:2:1 (sci2-2 : sci2-2/+ : 

wildtype SCI2), or when the triple mutants are excluded in a ratio of 2:1 (sci2-2/+ : wildtype 

SCI2). In the analysis 157 plants were genotyped and 89 plants were hemizygous for sci2-2, 

and 68 plants comprised a wildtype SCI2 allele. This equals a ratio of 1,31:1 instead of the 

expected 2:1 ratio (sci2-2/+ : wildtype). Hence the missing sci2-2/+ hemizygous plants either 

failed to germinate, or this result implicates a reduced transmission of sci2-2 in sci1-1 sci3-2 

mutant background.  
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Table 3.2: Analysis of the progeny from sci1-1 sci2-2/+ sci3-2 plants 
(A) The germination rate of the progeny from sci1-1 sci2-2/+ sci3-2 plants is reduced to 67,8%. (B) Segregation 
analysis of the progeny of sci1-1 sci3-2 sci2-2/+ revealed a distorted ratio of 1,31:1 (sci2-2/+ : SCI2). (C) 
Reciprocal crosses of sci1-1 sci3-2 sci2-2/+ with Col-0 plants showed that the transmission of the mutant sci2-2 
through the germline is reduced. 
 

In order to analyze the transmission of the sci2-2 allele, reciprocal crosses with Col-0 were 

performed (Table 3.2 C). When Col-0 pollen was used to fertilize sci1-1 sci3-2 sci2-2/+ 

ovules, 61 of the resulting F1 plants were genotyped hemizygous (sci2-2/+) and 66 wildtype 

(SCI2). This ratio almost reflects the 1:1 ratio expected when the transmission is not affected 

by the mutation. On the contrary when Col-0 ovules were fertilized using pollen from       

sci1-1 sci3-2 sci2-2/+ mutants, 45 hemizygous (sci2-2/+) and 112 wildtype (SCI2) plants 

were obtained, which equals a ratio of 0,4:1 (sci2-2/+ : WT). This result shows that there is a 

severely reduced transmission of the mutant sci2-2 allele through the germline in              

sci1-1 sci3-2 sci2-2/+ background, which explains the reduced number of plants hemizygous 

for sci2-2 in the segregation analysis of the progeny of sci1-1 sci3-2 sci2-2/+ plants (Table 

3.2 C). 

Analysis of the progeny from sci1-1 sci3-2 sci2-2/+  plants

(A) Germination analysis
n germinated not germinated

1052 713 339

(B) Segregation analysis
n sci1-1 sci3-2 sci2-2/+ sci1-1 sci3-2 SCI2 

157 89 68
ratio 1,3 1,0

expected ratio 2,0 1,0

(C) Reciprocal crosses

1) sci1-1 sci3-2 sci2-2/+  x  Col-0
genotype of progeny sci1-1/+ sci3-2/+ sci2-2/+ sci1-1 sci3-2 SCI2 

n = 127 61 66
ratio 0,92 1,00

expected ratio 1,00 1,00

2) Col-0 x sci1-1 sci3-2 sci2-2/+ 

genotype of progeny sci1-1/+ sci3-2/+ sci2-2/+ sci1-1 sci3-2 SCI2 

n = 157 45 112
ratio 0,40 1,00

expected ratio 1,00 1,00
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3.7.2 SCI triple mutants are seedling lethal 

Further analysis of the sci1-1 sci3-2 sci2-2 triple mutants by scanning electron microscopy 

(SEM) analysis showed that the triple mutants exhibit severe desiccation of cells in all organs 

of the seedlings (Figure 3.13 C to F).  

 

 
Figure 3.13: Scanning electron microscopy analysis of  sci1-1 sci2-2 sci3-2 triple mutants 
(A) Segregating sci1-1 sci3-2 double mutant compared to (B) sci1-1 sci2-2 sci3-2 triple mutants. (C and C’) 
SEM pictures of Col-0 wildtype seedling compared to sci1-1 sci2-2 sci3-2 triple mutant seedlings (D-F). (D) 
Triple mutant seedling with desiccated cells (D’), close-up of the cotyledon and (D’’) the root tip. (E) Just 
germinated triple mutant with wildtype-like cells in the hypocotyl (red arrowheads), close-up of the root tip in 
(E’) shows distortion of the root apical region. Asterisk in (E) indicates the seedcoat which is still attached to the 
cotyledons. (F) Top view of triple mutants with desiccated cotyledons, the close-up in (F’) shows the arrested 
shoot apical meristem.  
 

For comparison a SEM picture of a Col-0 seedling is depicted in C, and a close-up of the 

cotyledon in C’. The close-up pictures D’ and D’’ show the cotyledon and the root tip of the 

triple mutant seedling depicted in D. The analysis of a just germinated triple mutant (Figure 
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3.13 E) revealed that the desiccation process probably starts after germination as this seedling 

still exhibits wildtype-like cells in the hypocotyl. Nevertheless the root apical meristem of this 

seedling is already distorted and starts to desiccate (Figure 3.13 E’). The arrest of the shoot 

apical meristem observed in the triple mutants is depicted in Figure 3.13 F and F’. This 

analysis clearly shows that the loss of the three SCI genes leads to severe problems of 

desiccation tolerance as well as of meristem maintenance. Since the triple mutant phenotype 

is too severe to be associated with a specific pathway, it will be essential in the future to study 

the embryonic development of the triple mutants. This analysis would help to reveal at which 

stage of development SCI1 function is needed first. Furthermore an inducible rescue construct 

would be useful to overcome the seedling lethality, and to study SCI function in adult plant 

organs.  

 

3.8 Genetic interaction of SCI1 with PRC2 component CLF 

The phenotypic analysis of the sci1 single and sci1-1 sci2-2 sci3-2 triple mutants revealed that 

the SCI genes play an important role in plant development. Due to the high degree of 

redundancy between the three SCI genes, and the severity of the triple mutant phenotype, it is 

challenging to uncover the functional role of SCI1 genes by phenotypic analysis. Fortunately 

SCI1 was found to interact with the PRC2 components CLF, SWN and MEA in yeast, 

suggesting an involvement in PcG mediated gene regulation (Figure 3.2). In order to study the 

function of SCI1 in respect to PcG mediated gene regulation, double mutants of sci1 alleles 

with clf-28 were established and analyzed.  

 

3.8.1 Phenotypic and flowering time analysis of sci1 clf-28 double mutants 

Genetic interactions between two genes can be uncovered by the establishment of double 

mutants that, in case of an interaction, can show an enhancement or a suppression of the 

single mutant phenotypes. The sci1-1 and sci1-3 mutants were introduced into clf-28 

background followed by phenotypic analysis of the double mutants compared to the single 

mutants (Figure 3.14 A). The introduction of both sci1 mutant alleles into clf-28 mutant 

background led to a severe enhancement of the clf phenotype. The double mutants display 

stronger leaf curling and reduction of overall plant size, which is especially noticeable in short 

day conditions (Figure 3.14 D). 
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Figure 3.14: Phenotypic and flowering time analysis of sci1 clf-28  double mutants  
(A, B and D) Phenotypic analysis of indicated plants grown in long day (LD) or short day (SD) conditions, 
respectively, white scale bars indicate 1 cm. (C and E) Average rosette leaf number of plants grown in LD or SD 
conditions, error bars represent standard deviation; average was obtained from ≥15 individual plants for each 
genotype. 
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A prominent feature of the sci1-1 clf-28 double mutant phenotype is the severe enhancement 

of the early flowering phenotype in LD and SD conditions (Figure 3.14 C and E). In contrast 

to clf-28, the phenotype of the double mutants is day length independent, suggesting that for 

example the floral promoter FT is no longer repressed in the double mutants grown in SD 

conditions. In short day conditions it can be observed that the mutation of one copy of SCI1 

already reduces the flowering time of clf-28 to an intermediate level. This implies that SCI1 

acts in a dosage dependent manner (Figure 3.14 E). The enhancement of the clf mutant 

phenotype can be complemented by introduction of a SCI1pro::SCI1-GUS transgene, which 

was shown phenotypically in LD conditions and by flowering time analysis in short day 

conditions (Figure 3.14 B and E). In respect to flowering time, the enhancement of the clf 

mutant phenotype is reminiscent of the enhancement achieved by introduction of the flc-3 null 

mutant into clf-28 background (Figure 3.14 C and E) (Lopez-Vernaza et al., 2012). 

Nevertheless the sci1-1 clf-28 and sci1-3 clf-28 double mutants are stronger impaired in 

respect to leaf curling and overall plant size compared to the flc-3 clf-28 double mutant 

(Figure 3.14 B). This finding suggests that other factors apart from FLC misregulation are 

involved in the sci1-1 dependent enhancement of the clf phenotype. The early flowering 

phenotypes of PcG mutants like clf and emf2 are known to be mainly caused by 

misexpression of the PcG target genes AG, SEP3, FT and FLC (Lopez-Vernaza et al., 2012). 

Therefore the transcript levels of these PcG target genes were analyzed in sci1-1 single and 

double mutant backgrounds (Figure 3.15).   

 

3.8.2 SCI1 dependent regulation of PcG target genes  

The phenotypic analyses of sci1-1 clf-28 double mutants revealed a genetic interaction of 

SCI1 with CLF, and therefore most likely an involvement of SCI1 in PcG mediated gene 

regulation (Figure 3.14). Like the PcG mutants clf or emf2, sci1 mutant alleles show an early 

flowering phenotype, which is correlated with a severe downregulation of the PcG target gene 

FLC in sci1 mutants (Figure 3.8). The early flowering phenotype of sci1 mutants is similar to 

that observed in flc-3 mutant plants. Furthermore, in double mutant analyses SCI1 was found 

to act epistatically to FLC (Figure 3.7). The introduction of flc-3 in clf mutant background 

leads to an enhancement of the early flowering phenotype to a similar degree as observed in 

sci1-1 clf-28 mutants (Figure 3.14, Lopez-Vernaza et al., 2012). Thus the relative FLC 

transcript level of seedlings grown in LD or SD conditions was analyzed by qRT-PCR (Figure 

3.15 A and D). As observed before, FLC expression is significantly reduced in sci1-1 and 

sci1-3 in a day length independent manner, while it is upregulated in clf-28 background 
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compared to Col-0 wildtype plants (Figure 3.8; Figure 3.15 A and C). The sci1-1 clf-28 

double mutants exhibit an intermediate FLC expression, similar to the level observed in Col-

0. The introduction of the SCI1pro::SCI1-GUS transgene in sci1-1 clf-28 restores FLC 

expression to the level observed in clf-28 single mutants. Thus the reduction of FLC 

expression in the double mutant is caused by loss of SCI1 function. As shown before, the 

deletion mutant flc-3 and double mutants with sci1-1 and clf-28 show a strong reduction of 

FLC transcript (Figure 3.8; Figure 3.15 A). The intermediate level of FLC expression in   

sci1-1 clf-28 double mutants, that is comparable to the level observed in Col-0, is sufficient to 

cause the enhancement of the early flowering phenotype. In comparison, flc-3 clf-28 double 

mutants display only background levels of FLC transcript, and FLC function is completely 

impaired in flc-3 loss of function mutants.   

The clf mutant phenotype was shown to be mainly caused by ectopic misexpression of the 

floral homeotic genes AG and SEP3, FLC and the floral promoter FT (Goodrich et al., 1997; 

Lopez-Vernaza et al., 2012; Jiang et al., 2008). Furthermore upregulation of several other PcG 

target genes was described in clf backgrounds, among them the MADS box transcription 

factors AGAMOUS LIKE 19 (AGL19) and the meristem identity gene SHOOT 

MERISTEMLESS (STM) (Lopez-Vernaza et al., 2012; Jiang et al., 2008; Schonrock et al., 

2006; Katz et al., 2004). These genes, together with the MADS box genes AGL24 and 

PISTILLATA (PI), are potential candidates that could cause the enhancement of the clf-28 

phenotype in sci1-1 clf-28 double mutants (Kim et al., 2010; Alexandre and Hennig, 2008), 

and were therefore analyzed by qPCR analysis (Figure 3.15).  

The PcG targets AGL19 and AGL24 are MADS box genes that function as floral activators in 

response to vernalization in an FLC-independent manner (Alexandre and Hennig, 2008; 

Michaels et al., 2003; Schonrock et al., 2006). In qRT-PCR analysis, transcript levels of 

AGL24 and AGL19 were found to be significantly elevated in the sci1-1 clf-28 double mutant 

compared to Col-0 and clf-28, which is restored in sci1-1 clf-28 SCI1pro::SCI1-GUS 

transgenic  plants (Figure 3.15 A and C). Thus loss of SCI1 function in clf-28 background 

causes the enhanced transcript levels of the floral activators. Interestingly also flc-3 clf-28 

double mutants show elevated levels of AGL24 compared to flc-3 single mutants, which 

display similar transcript levels as Col-0 (Figure 3.15 A). The four-fold enrichment of AGL19 

and AGL24 transcript levels in sci1-1 clf-28 compared to clf-28 single mutants is most likely 

not caused by reduced FLC levels, as the double mutants show similar FLC levels as the 

wildtype.  
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Figure 3.15: Expression analysis of PcG target genes via qRT-PCR 
(A) to (D): qRT-PCR based expression analysis of FLC, AGL19, AGL24, SEP3, AG, PI, STM and FT in indicted 
mutants and Col-0 wildtype. RNA was extracted from whole seedlings 10 dag grown in long day (LD) or short 
day conditions (SD). Expression values were normalized to At4g34279 (nblack) and are shown relative to Col-0 
or clf-28, as indicated on vertical axis. The average and standard deviation were obtained from at least two 
biological replicates each consisting of three technical replicates. Asterisks indicate level of significance as 
obtained by student ttest, *p≤0,05; **p≤0.01. Significance is shown in respect to either to Col-0 or clf-28 (as 
indicated on y-axis), additional significance values are shown by asterisks above a bracket that connects the 
compared genotypes. 
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An involvement of FLC expression on AGL19 and AGL24 transcript abundance in clf-28 

background cannot be excluded and would need further investigations. While it has been 

shown before that AGL19 and AGL24 act in an FLC independent manner (Schonrock et al., 

2006; Michaels et al., 2003), the effect of FLC on the transcriptional activation of these floral 

activators might be masked by CLF and thus PcG mediated gene silencing.  

The analysis of PI and STM transcript levels revealed no significant difference in the tested 

mutant backgrounds compared to Col-0, suggesting that these genes are not involved in the 

sci1-1 induced enhancement of the clf-28 phenotype (Figure 3.15 C). 

Transcript abundance of SEP3, AG and FT was analyzed in relation to the levels observed in 

clf-28 mutants, since these genes are hardly expressed in Col-0 wildtype seedlings (Figure 

3.15 B and D). Compared to Col-0, transcripts of SEP3, AG and FT were found to be 14-fold, 

540-fold and 30-fold enriched in clf-28 single mutant seedlings, respectively. The transcript 

level of SEP3 in sci1-1 clf-28 double mutants is four-fold increased compared to clf-28. In 

contrast, a similar misexpression is not observed in flc-3 clf-28 double mutants. Thus SEP3 

misexpression is a good candidate to cause the enhancement of the clf-28 phenotype observed 

in sci1-1 clf-28 plants. Further evidence that SEP3 might be responsible for the enhanced    

clf-28 phenotype in sci1-1 clf-28 is provided by the finding that sep3 is able to suppress the clf 

phenotype (Lopez-Vernaza et al., 2012). Also transcript levels of AG and FT are enhanced in 

the double mutant, and in case of AG this is not observed in flc-3 clf-28 mutants. Thus AG and 

FT misexpression may also play a role in causing the sci1-1 clf-28 phenotype, even though in 

case of FT the elevated transcript levels might be secondary due to a sci1-1 induced reduction 

of FLC in the double mutant compared to the clf-28 single mutant (Figure 3.15 B and D). 

In conclusion, beside the reduced FLC expression in sci1-1 clf-28 compared to clf-28, an 

alteration in transcript abundance of AGL19, AGL24, SEP3, AG and FT might be involved in 

the enhancement of the double mutant phenotype in respect to both, flowering time and plant 

morphology. While AGL19, AGL24, and FT expression levels might be dependent on FLC 

activity, SEP3 and AG are good candidates to cause the enhanced double mutant phenotype in 

concert with the effect of reduced FLC expression levels. Apart from regulation of FLC, SCI1 

appears to act as a repressor of the analyzed PcG target genes, at least in clf-28 mutant 

background. 
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3.8.3 ChIP analysis of histone methylation levels in sci1-1 mutants 

The PRC2 complex mediates gene silencing by tri-methylation H3K27, and the Arabidopsis 

histone methyltransferase mutants clf and clf swn show loss of H3K27me3 levels at PcG 

target genes, which coincides with transcriptional de-repression (Schubert et al., 2006). sci1 

mutants show repression of FLC, and de-repression of several other PcG target genes (Figure 

3.15). Thus levels of H3K27me3 and of the antagonistically acting H3K4me3 mark were 

analyzed by Chromatin Immunoprecipitation (ChIP) in sci1-1 mutant seedlings compared to 

Col-0 (Figure 3.16).  

In the ChIP experiments, the histone modification levels of ACTIN, FLC, SEP3, AG and 

FUSCA3 (FUS3) were analyzed, the used oligonucleotides matched regions of the genes that 

were shown to be enriched for the respective modification. In the diagrams A) and D) the 

precipitation efficiency compared to the input (%Input) is shown for the H3K27me3 and 

H3K4me3 experiments, respectively. ACTIN is not a PcG target gene, but exhibits H3K4me3 

and is ubiquitously and strongly expressed Arabidopsis (Zhang et al., 2007a; Oh et al., 2008; 

Lafos et al., 2011). Consistent with this observation, H3K4me3 levels were found to be 

enriched at the ACTIN locus (D) while no enrichment for H3K27me3 (A) could be detected in 

Col-0 and sci1-1 seedlings. FUS3 is seed specifically expressed PcG target gene that carries 

H3K27me3 in seedlings, which was also shown in this experiment (A) (Makarevich et al., 

2006). To account for differences in precipitation efficiency between Col-0 and sci1-1, the 

H3K27me3 %Input values were normalized to those of FUS3, while the H3K4me3 %Input 

values were normalized to ACTIN. In the resulting diagrams (B and D) it can be observed that 

Col-0 and sci1-1 seedlings show similar enrichment of H3K27me3 and H3K4me3 at the 

tested target genes. While ACTIN served as negative control in the H3K27me3 ChIP 

experiment, the intronic region of AG, which is enriched for H3K27me3 (B), served as 

negative control for the H3K4me3 experiment. Congruent with the expectation, AG showed 

only low levels of enrichment for the H3K4me3 mark (D) compared to ACTIN.  

Thus it could be shown that FLC, SEP3 and AG show enrichment of H3K27me3 in Col-0 and 

sci1-1 seedlings. Furthermore FLC and SEP3 exhibit H3K4me3 at regions close to the start 

codon, again to a similar extent in Col-0 and sci1-1. This finding implies that the altered 

expression levels of PcG targets in sci1-1 are not due to changes in H3K4me3 or H3K27me3 

levels. Nevertheless it cannot be excluded that the levels of these histone modifications are 

altered at different regions of the target loci, or that there are differences in specific cell types. 

More detailed ChIP analyses, especially of the FLC locus, will be essential to judge whether 
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altered levels of histone modifications are involved in the transcriptional misregulation of 

PcG target genes observed in sci1-1 and sci1-1 clf-28 mutants (Figure 3.15). 

 

 

 

Figure 3.16: ChIP analysis of PcG target genes in sci1-1 mutants 
Chromatin Immunoprecipitation (ChIP) experiments were performed using antibodies against H3K27me3 (A 
and B) and H3K4me3 (C and D) on nuclear extracts from 10 day old sci1-1 and Col-0 seedlings. Samples were 
analyzed by qRT-PCR using oligonucleotides matching intronic regions in case of H3K27me3, or regions close 
to the start codon in case of H3K4me3. The precipitation efficiency (A and C) was normalized to levels observed 
for FUS3 (H3K27me3) or Actin (H3K4me3) (Table 2.4). Results were obtained in a single experiment; error 
bars represent standard deviation of the technical qRT-PCR replicates. 
 

3.8.4 Global levels of histone modifications in sci1-1 clf-28 and other PcG mutants  

In order to analyze whether the mutation of SCI1 in clf-28 mutant background causes a global 

change in histone modification levels, histone enriched protein extracts were examined by 

immunoblot analyses. Furthermore several histone modifications in PcG mutants with 

different levels of PcG activity were observed (Figure 3.17), and this data was recently 
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published (Lafos et al., 2011). The mutants analyzed were clf-28, clf-28 swn-7, sci1-1 clf-28 

and bli in Col-0 ecotype as well as emf2-10 and vrn2-1 emf2-10 in the WS ecotype (Figure 

3.17 A). 

 

 

 

Figure 3.17: Global levels of histone modifications in PcG mutants and sci1-1 clf-28 
(A) Morphological phenotypes of PcG mutants compared to the respective wildtype. (a-d) Plants grown in SD 
conditions, scale bar 1 cm; (e-f) LD conditions, (g) LD conditions, 60 dag, scale bar 0,5 cm; (h-j) short day 
conditions, scale bar 0,5 cm. (B) Immunoblot analysis on histone protein extract from clf-28, clf-28 swn-7,    
sci1-1 clf-28 and bli-1 compared to Col-0. Equal amounts of histones were loaded as indicated by the coomassie 
staining and immunoblot with H3 antibody. Immunoblot analysis of histone modifications H3K27me3 and 
H3K4me3 are shown beneath the respective loading control. (C) Immunoblot analysis with protein extracts from 
the PcG mutants clf-28, clf-28 swn-7, emf2-10 and vrn2-1 emf2-10 compared to their respective wildtype Col-0 
or WS. The histone modifications H3K27me3, H3K4me3, H3K27me1 and H3K27me2 are analyzed, the 
corresponding immunoblot with H3 antibody detecting the C-terminal unmodified part of H3 serves as loading 
control. 
 

The clf-28 swn-7 double mutants are severely affected in cell fate control, and grow in callus 

like structures (Figure 3.17 A) (Chanvivattana et al., 2004). In this global analysis, 

H3K27me3 was not detectable in clf-28 swn-7 double mutants, while clf-28 single and sci1-1 

clf-28 double mutants exhibit reduced H3K27me3 levels compared to Col-0. In contrast bli-1 
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mutants display similar levels as the wildtype (Figure 3.17 B and C). This result implies that 

vegetative H3K27me3 is completely dependent on the PcG proteins CLF and SWN which act 

in part redundantly (Chanvivattana et al., 2004). Since SWN is not able to completely fulfill 

CLF function, cfl-28 single and sci1-1 clf-28 mutants show a reduced level of H3K27me3. 

The mutation of SCI1 in clf-28 background does not result in a further loss of H3K27me3 

suggesting that SCI1 acts either downstream of PRC2 or in a cell type or target gene specific 

manner. Furthermore SCI1 function might be masked by redundancy with the homologs SCI2 

and SCI3.  

The weak emf2-10 allele shows a comparable phenotype to clf-28 mutants, and also a similar 

reduction of H3K27me3 levels (Figure 3.17). H3K27me3 is further reduced in the            

vrn2-1 emf2-10 double mutants, and residual levels of the modification are probably due to 

partial PRC2 activity caused by the weak emf2-10 allele.  

 

Furthermore the global levels of H3K4me3, H3K27me1 and H3K27me2 were determined, as 

it was not known how these modifications are affected in the different PcG mutant 

backgrounds. The activating mark H3K4me3 is mediated by TrxG proteins, which function as 

antagonists of the PcG proteins (Klymenko and Muller, 2004). While global H3K4me3 levels 

are not affected in clf-28, sci1-1 clf-28 and bli-1, a strong enhancement can be observed in  

clf-28 swn-7 double mutants compared to Col-0 (Figure 3.17 B and C). This enhancement 

seems to correlate with a complete loss of PRC2 activity, as it is not observed in the weaker 

emf2-10 and emf2-10 vrn2-1 mutants (Figure 3.17 C). 

Since tri-methylation of H3K27 seems to be exclusively dependent on PRC2 activity, we 

investigated whether the H3K27me1 and H3K27me2 marks were changed in PcG mutant 

background. H3K27me1 is preferentially found in heterochromatin (Jacob et al., 2009), and 

global levels are not affected in the PcG mutants analyzed consistent with a role for PcG 

proteins in euchromatic gene regulation (Figure 3.17 C). On the other hand global levels of 

the euchromatic H3K27me2 mark are severely increased in clf-28 swn-7 double mutants, 

while reduced in vrn2-1 emf2-10 mutant background compared to the respective wildtype 

(Figure 3.17 C). In conclusion, H3K27me2 is likely not directly mediated by PRC2 activity, 

but is nevertheless affected in the two double mutant combinations. 

These results illustrate that H3K27me3 is completely dependent on PRC2 activity, and that 

complete or partial loss of PRC2 function results in alterations of other histone modifications 

like the TrxG mediated H3K4me3 or H3K27me2 levels.  
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3.9 SCI1 regulates nuclear size similar to LINC1 

Additional to its participation in PcG target gene and flowering time regulation, SCI1 is most 

likely involved in other pathways regulating plant development, which is implied by the 

severe sci1-1 sci2-2 sci3-2 triple mutant phenotype (Figure 3.13). The complex isolation 

experiment yielded a list of promising candidate proteins which may act together with SCI1 

(chapter 3.3.3). One of these putative interaction partners of SCI1, the coiled coil protein 

LITTLE NUCLEI1 (LINC1), shows a similar intracellular localization as SCI1-GFP in 

Arabidopsis roots (Figure 3.18 A). LINC1 is an ortholog of the Nuclear Matrix Constituent 

Protein 1 (NMCP1) from Daucus carota, and both proteins localize to the nuclear periphery 

(Masuda et al., 1997; Dittmer and Richards, 2008). Together with its homolog LINC2, LINC1 

functions in the regulation and dynamics of nuclear size, which is reduced in linc1 and linc2 

mutants (Dittmer et al., 2007; vanZanten M. et al., 2011). The analysis of LINC1 transcript 

levels in sci1-1 mutants (Figure 3.18 B) compared to Col-0 revealed a slight reduction of 

LINC1 transcript in sci1-1 mutant background.  

The potential protein interaction, similar intracellular localization patterns of SCI1-GFP and 

LINC1-GFP fusion proteins and reduced transcript levels of LINC1 in sci1-1 imply, that SCI1 

might be involved in nuclear size regulation. Isolated nuclei from whole seedlings 14 dag 

were stained with DAPI and microscopically analyzed (Figure 3.18 D). Area measurements of 

these nuclei revealed that three independent sci1 alleles, similar to linc1 mutants, show a 

significant reduction of nuclear size compared to the wildtype. This phenotype is 

complemented by introduction of the SCI1::SCI1-GFP transgene (Figure 3.18 C). In linc1 

mutants it was found that the size reduction is not caused by altered endoploidy levels 

(Dittmer et al., 2007). To analyze the level of endoreduplication in sci1 mutants, propidium 

iodide stained extracts from whole seedlings and from differentiated cotyledons were 

analyzed by Fluorescence Activated Cell Sorting (FACS). In this analysis the ploidy levels of 

sci1-1, sci1-3, sci1-gabi and the complementing line sci1-1 SCI1pro::SCI1-GFP are in all 

cases proportional to those detected in wildtype, which is shown in a histogram in Figure 3.18 

E. Furthermore the cycle value, which represents the mean number of endoreduplication 

cycles per nucleus, was determined (Figure 3.18 F) (Barow and Meister, 2003). The cycle 

value is similar to Col-0 for whole seedlings and cotyledons in all genotypes tested, therefore 

it can be stated that the reduction of nuclear size in sci1 mutants is not due to an alteration in 

endoploidy levels. Concluding SCI1 appears to be involved in nuclear size regulation, 

possibly in concert with LINC1, and it will be interesting to learn whether SCI1 genetically 

interacts with LINC1.  
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Figure 3.18: SCI1 and its interaction partner LINC1 regulate nuclear size 
(A) Confocal microscopic analysis of the intracellular localization of the SCI1-GFP and LINC1-GFP fusion 
proteins in Arabidopsis thaliana root cells. Scale bar represents 20 µm. (B) qRT-PCR based expression analysis 
of LINC1 in Col-0 and sci1-1. RNA was extracted from whole seedlings 10 dag grown in long day (LD) or short 
day (SD) conditions. Expression values were normalized to At4g34279 (nblack) and are shown relative to Col-0. 
Error bars represent standard deviation of at least two biological replicates each consisting of three technical 
replicates. (C) Average nuclear area (µm2) from formaldehyde fixed and DAPI stained nuclei extracted from 
whole seedlings 14 dag. Error bars represent standard error (SE), at least 50 nuclei were measured per genotype. 
Asterisks indicate level of significance compared to Col-0 analyzed with a student ttest, *≡p≤0,05; **≡p≤0,01. 
(D) Representative DAPI stained nuclei for each genotype; scale bar represents 10µm. (E) Histogram of detected 
ploidy levels in seedlings of the indicated genotypes analyzed by FACS. (F) Cycle value which represents the 
mean number of endoreduplication cycles per nucleus of the analyzed genotypes in seedlings and cotyledons.  
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3.10 Functional analyses of the SCI1 PWWP-domain 

In silico analysis of the SCI1 protein sequence predicted an amino terminal PWWP domain 

and a central NLS (Figure 3.1). PWWP domains have been described to confer nucleic acid 

binding and histone binding abilities, for example in the mammalian de novo DNA 

methyltransferase DNMT3A (Mus musculus) or the Pdp1 protein from Schizosaccharomyces 

pombe (Ge et al., 2004; Wang et al., 2009)). An alignment of the predicted SCI1 PWWP 

domain with those of the Arabidopsis thaliana proteins SCI2, SCI3 and ATX1, the 

mammalian DNMT3A, DNMT3B and MSH6 (Mus musculus), the human NSD2 and the 

yeast protein Pdp1 (S. pombe) is shown in Figure 3.19.  

 
SCI1_ARATH (Q9M9N3) 1    ---MA---SPGSGAVDWTVGSIVWVRRRNGSWWPGRILGQEDLDSTHITSPRSGTPVKLLGREDA  59       
SCI2_ARATH (Y1745)  1    MESND---DRNLEAINASVGRLVWVRRRNGSWWPGQTLVHDQVPDNSLVGPKVGTPIKLLGRDDV  62    
SCI3_ARATH (Q9LU29) 1    MGSSD---ERNCKAIDASVGGLVWVRRRNGAWWPGRIMAHHEVPDGTIVSPKSGTPIKLLGRDDA  62 
ATX1_ARATH (Q9C5X4) 283  YDEMVVLAATLDECQDFEPGDIVWAKLAGHAMWPAVIVDESII------GERKGLNNKVSG---- 337 
DNMT3A_MUS (O88508) 270  ATKAADDEPEYEDGRGFGIGELVWGKLRGFSWWPGRIVSWWMT----------GRSRAAEG---- 320 
DNMT3B_MUS (O88509) 214  AESRDGDSTEYQDDKEFGIGDLVWGKIKGFSWWPAMVVSWKAT----------SKRQAMPG---- 264 
MSH6_MUS   (P54276) 76   ASSSAQA--VPPSSCDFSPGDLVWAKMEGYPWWPCLVYNHPFD----------GTFIRKKGK--- 125 
NSD2_HUMAN (O96028) 204  KESCPNTGRDKDHLLKYNVGDLVWSKVSGYPWWPCMVSADPLL----------HSYTKLKGQKKS 258 
PDP1_SCHPO (O59676) 34   VEESKDNLEQASADDRLNFGDRILVKAPGYPWWPALLLRRKET----------KDSLNTNSS--F  86 
                                            *  :  :      **                          .         
 
SCI1_ARATH (Q9M9N3) 60   S----VDWYNLE------KSKRVKPFRCGD--FDECIERVESSQAMIIKKREKYARREDAILHAL 112 
SCI2_ARATH (Y1745)  63   S----VDWYILE------NSKTVKAFRCGE--YDTCIEKAKASSS--KKRSGKCTLREDAINNAL 113 
SCI3_ARATH (Q9LU29) 63   S----VDWYNLE------KSKRVKAFRCGE--YDACIATAKATASTTGKKAVKYARREDAIAHAL 114 
ATX1_ARATH (Q9C5X4) 338  GGSLLVQFFGTH-DFARIKVKQAISFIKGLLSP----SHL----------KCKQPRFEEGMQEAK 387 
DNMT3A_MUS (O88508) 321  --TRWVMWFGDG-KFSVVCVEKLMPLSSFCSAFHQATYN-------------KQPMYRKAIYEVL 369 
DNMT3B_MUS (O88509) 265  --MRWVQWFGDG-KFSEISADKLVALGLFSQHFNLATFN-------------KLVSYRKAMYHTL 313 
MSH6_MUS   (P54276) 126  SVRVHVQFFDDSPTRGWVSKRMLKPYTGSKSKEAQKGGH--------------FYSSKSEILRAM 176 
NSD2_HUMAN (O96028) 259  ARQYHVQFFGDAPERAWIFEKSLVAFEGEGQFEKLCQESA------------KQAPTKAEKIKLL 311 
PDP1_SCHPO (O59676) 87   NVLYKVLFFPDF-NFAWVKRNSVKPLLDSEIAKFLGSSK-------------R---KSKELIEAY 135 
                              * ::                                                     .  
 
SCI1_ARATH (Q9M9N3) 113  ELEKEMLKREGKLVPEKARDDSLDATKER- 141 
SCI2_ARATH (Y1745)  114  KIENEHLAKEDDNLCNLSGEEDSKRCLSGK 143   
SCI3_ARATH (Q9LU29) 115  EIENAHLAKDHPPCIEKAS-TSGE--VSRK 142 
ATX1_ARATH (Q9C5X4) 388  MYLKAH------------------RLPERM 399 
DNMT3A_MUS (O88508) 370  QV---------------ASSRAGKL----- 394   
DNMT3B_MUS (O88509) 314  EK---------------ARVRAGKT----- 323 
MSH6_MUS   (P54276) 177  QR---------------ADEALSKDTAER- 190 
NSD2_HUMAN (O96028) 312  KPISGKLRAQWEMGIVQAEEAASMSVEERK 341 
PDP1_SCHPO (O59676) 136  E--------------------ASKT----- 140 

 

Figure 3.19: Alignment of SCI1 PWWP domain with analyzed domains from mammalian 
and S. pombe  proteins  
Alignment of PWWP domains from following proteins: Arabidopsis proteins SCI1, SCI2, SCI3 and ATX1; 
DNMT3A, DNMT3B and MSH6 (Mus musculus); NSD2 (human) and Pdp1 (S. pombe). Uni-prot indentifiers 
are shown in brackets. The predicted PWWP domains are shaded in grey, identical amino acids in black (*) and 
highly similar amino acids in dark grey (:). Conserved amino acids shaded in pink were used for site directed 
mutagenesis experiments of the SCI1 PWWP domain in analogy to experiments with Pdp1 (S. pombe). 
 

The predicted PWWP domains are indicated by grey shading, identical amino acids are 

shaded in black and indicated by asterisks while highly similar amino acids are shaded in dark 

grey and indicated by dots beneath the alignment. Functional analyses of the Pdp1 PWWP 

domain showed, that the amino acids shaded in pink are essential for the binding specificity to 

trimethylated H4K20 peptides (Wang et al., 2009). Therefore the according amino acids in 
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SCI1 were chosen for site directed mutagenesis to functionally analyze the SCI1 PWWP 

domain by complementation studies in the Arabidopsis and for in vitro histone binding assays 

(Figure 3.20). 

In order to functionally analyze the SCI1 PWWP domain, it was fused to GST (Glutathione-

S-transferase) and expressed in E.coli. To analyze the potential histone binding capacity of 

the SCI1 PWWP domain, the GST-SCI1-PWWP and the mutated GST-SCI1-PWWP-W27A 

fusion proteins were purified and used to perform in vitro immunoprecipitation experiments 

with modified histone peptides.  

 

3.10.1 The SCI1 PWWP domain exhibits in vitro histone peptide binding capacity  

The GST-SCI1-PWWP fusion protein expressed and purified from E.coli cells was hybridized 

to the MODifiedTM histone binding array (Active Motif) harboring many different 

combinations of naturally occurring histone modifications on histone peptides (Figure 3.20 A; 

collaboration with A. Jeltsch) (Dhayalan et al., 2010). The GST-SCI1-PWWP fusion protein 

was found to bind to histone peptides, but binding is specifically inhibited by phosphorylation 

of H3S28 (Figure 3.20 A; red boxes). This is probably not caused by the negative charge of 

the phosphorylation, since histone peptides phosphorylated at H3S10 were bound by the 

GST-SCI1-PWWP fusion protein, the probes on the array are indicated by grey circles. Also 

the amino acid sequence surrounding the positions H3S10 and H3S28 is similar (ARKS), 

indicating that the restriction from binding to H3S28pho is a specific feature of the SCI1 

PWWP domain.  

The binding capacity of GST-SCI1-PWWP to unmodified and modified histone H3 peptides 

was independently demonstrated in vitro. The purified GST fusion protein was incubated with 

biotinylated histone peptides harboring different modifications, followed by precipitation of 

proteins bound to the histone peptides via streptavidin covered magnetic beads. Following 

immunoblot analysis with an anti-GST antibody revealed binding of the GST-SCI1-PWWP 

fusion protein to unmodified H3 as well as to H3K27me1, H3K27me2, H3K27me3, 

H3K4me3 and H3K9me3 (Figure 3.20 B). While GST alone was not able to bind to the 

biotinylated peptides (neg. control), the GST fusion protein with the CHROMO domain of 

TERMINAL FLOWER2 (TFL2/LHP1) (GST-TFL2-CHROMO) which served as positive 

control, showed in vitro binding ability to H3 peptides trimethylated at K9 and K27 consistent 

with previously published data (Figure 3.20 B) (Turck et al., 2007).  
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Figure 3.20: Histone peptide binding capacity of the SCI1 PWWP domain 
(A) Hybridization of GST-SCI1-PWWP fusion protein to the MODified™ Histone Peptide Array (Active 
Motif). Each spot harbors a histone peptide modified at different amino acid residues (www. Activemotif.com). 
Spots with red boxes indicate peptides phosphorylated at H3S28, white circles mark spots comprising 
phosphorylated H3S10. Black arrowheads mark the negative controls (biotinylated control peptide, c-myc tag, 
HAc). (B) Immunoblot with anti-GST antibody of eluates from the in vitro binding experiment of GST-fusion 
proteins GST-SCI1-PWWP and GST-TFL2-CHROMO to biotinylated histone peptides. Free GST served as 
negative control. (C) In vitro binding studies of GST-SCI1-PWWP, GST-SCI1-PWWP-W27A and GST-TFL2-
CHROMO to unmodified H3, H3K27me3 and H3S28pho. Free GST served as negative control, immunoblot 
analysis was performed using anti-GST and anti-H3S28pho antibodies. Red asterisks indicate the molecular 
weight of the GST-fusion protein analyzed, additional bands visible are either degradation products or 
background signal. 
 

The omission from binding to H3S28 might be a functional feature of the SCI1 PWWP 

domain, and is exciting as serine 28 on histone H3 is directly adjacent to the PRC2 target site 

H3K27. To confirm the result of the array, the in vitro binding ability of GST-SCI1-PWWP to 

biotinylated H3S28pho peptide was analyzed (Figure 3.20 C). Similar to the result from the 

array hybridization, the GST-SCI1-PWWP fusion protein showed no binding to 

phosphorylated H3S28. The abundance of biotinylated H3S28pho peptide was tested in an 

additional immunoblot with an antibody against H3S28pho (Figure 3.20 C). GST and      
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GST-TFL2-CHROMO served as negative and positive controls, respectively. A point 

mutation of the conserved tryptophan 27 to alanine (SCI1-PWWP-W27A) did not alter the 

binding properties towards H3, H3K27me3 and H3S28pho peptides, suggesting that the 

mutation of the W27 residue alone is not sufficient to alter the binding specificity of the SCI1 

PWWP domain. In summary, the SCI1 PWWP domain harbors histone peptide binding 

capacity and specifically neglects binding to peptides phosphorylated at H3S28, the amino 

acid adjacent to the PcG target site H3K27. 
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4 DISCUSSION 

During the development of eukaryotic organisms, cell fate decisions are essential for proper 

organ and tissue formation. In plants, cell fate decisions are made throughout development, as 

new organs are continuously formed from pools of undifferentiated meristematic cells. The 

shoot apical meristem for example gives rise to rosette leaves during vegetative development, 

and cauline leaves and flowers during reproductive development. In order to adjust the time 

point of the switch from vegetative to reproductive development, plants are able to respond to 

endogenous and environmental cues (Srikanth and Schmid, 2011). Epigenetic marks like 

DNA methylation and histone modifications play an important role in the establishment and 

maintenance of cell fate. 

Polycomb group (PcG) proteins are major regulators of chromatin state, and maintain the 

transcriptional repression of homeotic genes in a tissue specific manner (Chanvivattana et al., 

2004; Moon et al., 2003; Schonrock et al., 2006). The general mechanisms of PcG mediated 

gene regulation, as well as the subunits of the POLYCOMB REPRESSIVE COMPLEX 2 

(PRC2) mediating tri-methylation of H3K27, are highly conserved among the animal and 

plant kingdoms (Cao and Zhang, 2004; Cao et al., 2002; Goodrich et al., 1997; Luo et al., 

1999; Grossniklaus et al., 1998).  

The fundamental differences between plant and animal development and lifestyle, for 

example the fact that plants are sessile organisms and cannot escape from an unfavorable 

environment, demands for an adaption of molecular pathways to the special needs of the 

organism. Therefore it is not surprising that PcG mediated trimethylation of H3K27 and the 

resulting gene silencing is conserved in plants, while several key players identified in 

Drosophila are either missing, or represented by several genes in Arabidopsis. The PRC1 

complex from Drosophila for example is involved in the recognition and maintenance of the 

H3K27me3 mark, but there are only few sequence homologs in Arabidopsis. Nevertheless, 

recent studies identified plant specific proteins that fulfill PRC1 like functions in Arabidopsis 

(Chen et al., 2010; Turck et al., 2007; Zhang et al., 2007b; Xu and Shen, 2008; Bratzel et al., 

2010; Schatlowski et al., 2010).  

There are several layers of PcG mediated gene regulation which are not yet sufficiently 

understood in plants. For example PRC2 recruitment and cell type or target gene specificity of 

PcG mediated gene silencing likely involves more plant specific proteins than discovered to 

date. This is illustrated by the large discrepancy between the number of PcG target genes 

identified in whole genome studies, and those target genes which were experimentally shown 
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to be regulated by specific complexes (Oh et al., 2008; Zhang et al., 2007a; Lafos et al., 2011; 

Makarevich et al., 2006). Furthermore novel plant specific proteins are likely involved in the 

interplay of activating and repressive histone modifications, the maintenance of the 

H3K27me3 mark during mitotic divisions and target gene reactivation, for example in 

response to abiotic stress. 

The aim of this study was to functionally analyze the plant specific PWWP domain protein 

SWINGER/CURLY LEAF INTERACTOR 1 (SCI1, At3g03140), which was found to 

interact with the plant PRC2 histone methyltransferase subunits CURLY LEAF (CLF), 

SWINGER (SWN) and MEDEA (MEA). The genetic interaction with PcG proteins was 

addressed by analysis of morphological and molecular phenotypes of mutant alleles. It was 

analyzed whether the mutation of SCI1 influences the the expression levels of PcG target 

genes, and if SCI1 can be associated with PRC2 or PRC1 function. In order to identify in vivo 

interaction partners of SCI1, an immunoprecipitation experiment was carried out. SCI1 

function during plant development, as well as redundancy with its two close homologs SCI2 

and SCI3, was studied by mutant analyses. Furthermore a functional characterization of the 

SCI1 PWWP domain was performed to identify its binding properties to histone peptides.  

 

4.1 SCI1 interacts with core members of the Arabidopsis PRC2 complex 

SCI1 belongs to a small gene family in Arabidopsis with the two homologs SCI2 and SCI3, 

and all three proteins comprise an amino-terminal PWWP domain and a nuclear localization 

sequence (Figure 3.1). SCI1 is a plant specific protein with orthologs in monocots like Oryza 

sativa and Brachypodium distachyon as well as in dicots like Medicago truncatula, Vitis 

vinifera and Populus trichocarpa. No obvious homology to proteins in gymnospermae like 

Pinus sylvestris or the moss Physcomitrella patens were detected. This finding suggests that 

SCI1 function is needed for angiosperm development, whereas it is dispensable in lower 

plants. 

In yeast cells, SCI1 is able to interact with the PRC2 core members CLF, SWN and MEA, as 

well as weakly with VRN2 (Figure 3.2). The fact that SCI1 shows interaction with several 

PcG proteins illustrates that the protein function is most likely associated with PcG mediated 

gene silencing, possibly as part of a specific PRC2 complex. A similar case was described for 

the protein BLISTER (BLI) that interacts with CLF and VRN2, and is involved in the 

regulation of a subset of PcG target genes (Schatlowski et al., 2010). 

Furthermore SCI1 is capable to interact with FVE/MSI4, a WD40 protein involved in the 

regulating flowering time in Arabidopsis through repression of the MADS box transcription 
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factor FLC (Ausin et al., 2004). FVE/MSI4 is a component of the autonomous pathway and is 

involved in histone deacetylation. Furthermore FVE/MSI4 shows an interaction with CLF, 

and fve/msi4 mutants exhibit reduced H3K27me3 levels as well as elevated H3 acetylation on 

FLC chromatin (Pazhouhandeh et al., 2011). Thus FVE/MSI4 function appears to be required 

for deposition of the H3K27me3 mark on FLC chromatin, which is mediated by the PRC2 

complex. Additionally, FVE/MSI4 was shown to associate with the CUL4-DDB1 ubiquitin 

ligase that, discovered by mutant analyses, positively influences H3K27 tri-methylation of 

FLC (Pazhouhandeh et al., 2011). Hence the interaction of SCI1 with FVE/MSI4 is very 

interesting, as it links SCI1 function to several putative multimeric protein complexes 

including PRC2, which possibly interact with each other. All of these complexes are involved 

in the regulation of FLC expression and hence flowering time (Ausin et al., 2004; 

Pazhouhandeh et al., 2011; Jeon and Kim, 2011). 

Furthermore SCI1 has the ability to form homodimers in yeast, which might be important for 

SCI1 function in Arabidopsis. It could serve to inactivate SCI1, for example in a 

concentration dependent manner, and SCI1 homodimerization is likely to compete with the 

binding of SCI1 to PRC2 components or FVE/MSI4. The ability of SCI1 to form homodimers 

furthermore suggests that SCI1 might also be able to interact with its homologs SCI2 and 

SCI3. 

In conclusion it was shown in the yeast two-hybrid studies that SCI1 is able to interact with 

several components of the plant PRC2 complex as well as with the WD-40 protein 

FVE/MSI4. These proteins are all involved in the regulation of flowering time indicating a 

possible function for SCI1 in this process. Based on the interaction of SCI1 with several core 

components of PRC2 it can be proposed that SCI1 could be involved in PcG mediated gene 

regulation.  

 

4.2 Sub-cellular localization of SCI1 in planta 

Intracellular localization studies further supported the assumption of an in planta interaction 

of SCI1 with CLF and SWN, since all three proteins localize to the nucleus (Figure 3.3). The 

expression analyses were carried out in epidermal leaf cells of Nicotiana benthamiana, as 

well as in stable transformed Arabidopsis plants. 

In N. benthamiana, SCI1-GFP fluorescence was observed in the nucleoplasm and in nuclear 

speckles of unknown nature (Figure 3.3). The localization to the nuclear speckles was 

abolished by truncation of the N-terminal PWWP domain, which led to a localization to the 
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nucleus and the cytoplasm. Thus the domain is important for the subcellular localization of 

SCI1 and might be needed to tether the protein to chromatin or other nuclear structures.  

 

The nature of the nuclear speckles comprising SCI1-GFP is not yet known, but also plant PcG 

proteins were shown to localize to nuclear speckles. The PRC2 subunit VERNALIZATION 2 

(VRN2) localizes to nuclear speckles when transiently expressed in onion epidermal cells 

(Gendall et al., 2001). Similar intranuclear speckle formation was observed for the 

Arabidopsis PRC1-like proteins LHP1 and EMF1 when expressed as GFP fusion proteins in 

N. tabacum and Arabidopsis or Nicotiana benthamiana, respectively (Calonje et al., 2008; 

Gaudin et al., 2001; Libault et al., 2005; Zemach et al., 2006). 

Strikingly, Drosophila and mammalian PcG proteins localize to PcG bodies, which are 

observed as nuclear foci or speckles, and the number and size of them was found to vary 

depending on the cell type (Pirrotta and Li, 2011). Thus the nuclear speckles observed in N. 

benthamiana or onion cells comprising VRN2, LHP1, EMF1 or SCI1 might represent PcG 

bodies, and therefore display the localization of the plant PRC2 or PRC1 complexes in the 

nucleus. The fact that neither CLF nor SWN were detected in nuclear speckles might be due 

to the truncation of the catalytic SET domain in the fusion proteins used for sub-cellular 

localization studies in N. benthamiana. 

In case of LHP1-GFP, the localization pattern is dependent on the CHROMO domain, that 

harbors H3K27me3 binding capacity, as well as on the cell type and the degree of 

differentiation (Libault et al., 2005; Turck et al., 2007). The differences observed due to cell 

type and differentiation status might be caused by the fact, that different subsets of target 

genes are silenced by the PcG machinery (Lafos et al., 2011). 

EMF1 was shown to participate in PcG mediated gene silencing of AG, PI and AP3, and 

furthermore to directly bind to FLC and other gene loci (Kim et al., 2010; Calonje et al., 

2008).  

The similar sub-cellular localization patterns of SCI1 with VRN2, LHP1 and EMF1 should be 

further analyzed by co-localization studies. In case of co-localization, a possible in planta 

interaction could be tested by Fluorescence Resonance Energy Transfer (FRET) analysis. A 

possible interaction of SCI1 with EMF1 or LHP1 might link the protein to PRC1-like 

function. It will be important to resolve the nature of the nuclear speckles, and whether they 

are comparable to PcG bodies found in Drosophila and mammals. This specific sub-cellular 

localization of SCI1 could be a good starting point for such an analysis. 
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In Drosophila it has been found that the 3D organization of PcG proteins contributes 

significantly to their function (Bantignies and Cavalli, 2011). Some of the PcG bodies are 

proposed to be due to a genomic clustering of PcG target genes observed in Drosophila 

(Kharchenko et al., 2011). Furthermore it has been shown by chromosome conformation 

capture (3C) and DNA-fluorescent in situ hybridization (DNA-FISH), that PcG bodies 

comprise genes that map at large distances from each other, even though the association 

appears not to be stable (Bantignies et al., 2011; Bantignies and Cavalli, 2011). Insulator 

elements are known to mediate looping of chromatin, and might therefore be involved in the 

interaction of PcG target genes in Drosophila (Pirrotta and Li, 2011). Furthermore ncRNA 

were proposed to serve as scaffolds and nucleators for higher order assembly of PcG proteins, 

as it was also proposed for the assembly of stress bodies, cajal bodies and histone locus 

binding bodies (Mao et al., 2011). The interaction between PcG target genes suggests, that not 

all PcG target loci are recognized by specific DNA elements, but are rather silenced due to the 

proximity to a certain chromosome territory (Bantignies and Cavalli, 2011). Also in plants 

ncRNAs have been implicated in the regulation and recruitment of the PRC2 protein CLF to 

the target gene FLC (Heo and Sung, 2011). Further studies will have to reveal whether 

ncRNAs play a general role in the regulation and recruitment of PcG proteins in plants, and 

whether plant PcG proteins can also be organized in PcG bodies, which might occur in a cell 

type dependent manner.  

 

In Arabidopsis the intracellular localization of SCI1-GFP was analyzed using stable 

transformed lines comprising the complementing SCI1pro::SCI1-GFP transgene (Figure 3.3). 

In roots cells, the sub-cellular localization of the SCI1-GFP fusion protein is similar to 

proteins that localize to the nuclear periphery, like the coiled coil protein LITTLE NUCLEI 1 

(LINC1) (Figure 3.18) (Dittmer et al., 2007). In contrast, CLF-GFP and SWN-GFP fusion 

proteins show nucleoplasmic localisation in root cells, which partly overlaps with the pattern 

observed for SCI1-GFP (Figure 3.3). Like CLF, SCI1-GFP fluorescence does not co-localize 

with the DAPI stained heterochromatic chromocenters, suggesting a euchromatic localization 

and function for SCI1 in Arabidopsis (Figure 3.3). This finding suggests that SCI1, like PcG 

proteins, might have a function in gene regulation rather than in heterochromatin formation 

(Turck et al., 2007). 

 

The observation that SCI1-GFP is not localized to distinct speckles in Arabidopsis might be 

due to differences in chromatin composition between Arabidopsis in N. benthamiana. The 
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small genome of A. thaliana (1C = 135Mbp) consists of only 10-15 % heterochromatin, while 

the 33 times larger genome of Nicotiana tabacum contains a considerably larger amount of 

repetitive sequences (Houben et al., 2003). Instead of a concentration of silenced sequences in 

heterochromatic chromocenters as observed in Arabidopsis, species with larger genomes 

exhibit euchromatic regions that are interspersed with repetitive sequences. Thus 

heterochromatic sequences are abundant throughout the nucleus (Houben et al., 2003). The 

localization pattern of a euchromatic protein in N. benthamiana might therefore appear 

different from the pattern observed in Arabidopsis. In order to assess the chromatin nature of 

the nuclear speckles in N. benthamiana, which SCI1-GFP fusion proteins localize to, it will 

be essential to perform co-localization studies of euchromatic and heterochromatic hallmarks 

with SCI1-GFP. This could for example be achieved by immunostaining of isolated nuclei 

from plants expressing SCI1-GFP, with anti-GFP and anti-H3K9m2 (heterochromatic) or 

anti-H3K4me3 (euchromatic) antibodies. 

 

In summary, the subcellular localization studies with SCI1-GFP revealed, that SCI1 localizes 

to distinct nuclear speckles in N. benthamiana epidermal leaf cells, and to the nuclear 

periphery in Arabidopsis roots. Whether the respective domains have a common chromatin 

state, or whether the localization differs due to the different cell types, has yet to be studied. 

The localization to the nuclear periphery suggests that, at least in roots, SCI1 might regulate 

genes positioned in this sub-compartment. The localization to nuclear speckles observed in N. 

benthamiana similar to the PcG proteins like VRN2, LHP1 and EMF1, which furthermore 

resembles PcG bodies found in Drosophila and mammals, suggests that SCI1 might be part of 

a higher order complex possibly including PRC1 as well as PRC2 components. 

 

4.3 In planta co-localization and interaction studies  

Compared to SCI1, the CLF∆SET and SWN∆SET fusion proteins showed a uniform 

localization to the nucleoplasm in N. benthamiana (Figure 3.3). Since the localization of SCI1 

to nuclear speckles appears to be important for protein function, an interaction with CLF and 

SWN might only take place at the interphase of the nuclear speckles and the nucleoplasm.  

The constructs of CLF and SWN analyzed in the co-localization studies were both truncated 

missing the catalytic SET domain. This might result in a localization pattern that differs from 

that of the full length proteins. It would be essential to analyze the subcellular localization of 

complementing full length proteins in N. benthamiana, which might also show localization to 

nuclear speckles similar to SCI1. Even though the truncated constructs showed interaction 
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with SCI1 and other PcG proteins in yeast (Schatlowski et al., 2010; Chanvivattana et al., 

2004), the truncation might result in aberrant protein folding or sub-cellular localization in 

planta.  

 

While interaction studies performed in yeast have the advantage that also transient 

interactions can be detected, also artifacts can be produced that do not reflect the native 

situation in planta. Therefore interaction studies of SCI1 with CLF∆SET and SWN∆SET 

were carried out using the split-luciferace complementation assay in transiently transformed 

N. benthamiana epidermal leaf cells (Figure 3.4). In this assay, the interaction of the full 

length SCI1 construct with CLF∆SET and SWN∆SET could not be confirmed. As discussed 

above, this could be due to the different localization patterns of the respective proteins in N. 

benthamiana, especially to the localization of SCI1 to nuclear speckles (Figure 3.3; chapter 

4.2). Further analysis using transiently transformed protoplasts from Arabidopsis, or most 

appropriate, complementing and thus functional constructs in Arabidopsis, might elucidate 

whether SCI1 is able to interact with CLF and SWN in planta. 

 

In order to isolate putative complex partners of SCI1 in Arabidopsis, possibly including PcG 

proteins, an immunoprecipitation experiment was performed with nuclear protein extract from 

SCI1pro::SCI1-GFP transgenic plants, followed by characterization of the proteins by LC-

MS/MS. Statistical analyses yielded a list of 110 potential complex partners for SCI1, which 

were significantly enriched compared to the Col-0 control samples (Table 7.1; Table 7.2), and 

a selection of interactors are listed in Table 3.1. 

In this experiment MSI1, a component of the plant PRC2 complex, was isolated as interaction 

partner of SCI1. This finding affirmed the hypothesis that SCI1 interacts with plant PcG 

proteins in planta. Nevertheless, as MSI1 is also part of other complexes involved in 

chromatin remodeling like CAF-1 (Chromatin assembly factor 1), it cannot be excluded that 

the MSI1 found as interaction partner of SCI1 was not part of a PRC2 complex (Exner et al., 

2006; Kohler et al., 2003). Furthermore the identification of homologs of PcG proteins from 

Drosphila, and of proteins involved in chromatin remodeling support the hypothesis that SCI1 

function is associated with chromatin. The fact that neither CLF nor SWN were detected 

among the putative interaction partners might be due to the experimental conditions, in which 

the PRC2 complex might not be stable. Supporting this hypothesis, a parallel experiment 

using nuclear extract from SWN::SWN-GFP transgenic plants was carried out, and the bait 

protein SWN could be detected, but no other PRC2 members (data not shown).  
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Since several proteins of the 110 significantly enriched putative interaction partners are 

predicted to localize to chloroplasts, which is not the case for SCI1, these proteins might be 

false positives due to the extraction procedure. Further analysis of the putative complex 

partners will be necessary to confirm the interaction with SCI1, and whether SCI1 function is 

related to that of the interaction partners. In order to address these questions double mutant 

analyses of selected putative complex partners will be carried out as well as co-

immunoprecipitation experiments.  

 

In summary it can be stated that SCI1 co-localizes with CLF and SWN to the nucleus, but a 

direct interaction of the proteins could not be observed in planta. One possible reason for this 

is the distinct sub-cellular localization of SCI1 to nuclear speckles in N. benthamiana, and the 

interaction studies will have to be continued with complementing protein constructs in 

Arabidopsis. The complex isolation experiment in Arabidopsis yielded a list of putative 

complex partners of SCI1. The interaction of SCI1 with MSI1 once more suggests that SCI1 

is able to interact with PcG proteins in planta.  

 

4.4 SCI1 and its interaction partner LINC1 regulate nuclear size in Arabidopsis 

The immunoprecipitation experiment furthermore identified LINC1 as interaction partner of 

SCI1-GFP, which is an ortholog of the Nuclear Matrix Constituent Protein 1 (NMCP1) from 

Daucus carota, and NMCP1 as well as LINC1 localize to the nuclear periphery (Dittmer and 

Richards, 2008; Masuda et al., 1997). Together with its homolog LINC2, LINC1 functions in 

the regulation and dynamics of nuclear size, which is reduced in linc1 and linc2 mutants 

(Dittmer et al., 2007; vanZanten M. et al., 2011). Despite the previously observed connection 

between nuclear size and DNA content, the endoploidy levels are not changed in linc1 

mutants compared to the wildtype. LINC1 and LINC2 rather exhibit a more densely packed 

DNA, which results in nuclear size reduction (Dittmer et al., 2007).  

Similar to LINC1-GFP, the sub-cellular localization of SCI1-GFP in Arabidopsis root cells 

was observed at the nuclear periphery (Figure 3.18). Furthermore a similar reduction of 

nuclear size as in linc1 mutants was observed in three independent sci1 alleles, which is 

rescued by the SCI1pro::SCI1-GFP transgene (Figure 3.18). Interestingly, the endoploidy 

levels in sci1 mutants are not changed compared to the wildtype. This suggests that SCI1, like 

LINC1 and LINC2, might be a determinant for nuclear size regulation in plants (Dittmer et 

al., 2007).  
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Compared to animal systems, there is not much known about the nuclear periphery in plants. 

In eukaryotes, the nuclear envelope was described to consist of the inner nuclear membrane, 

the outer nuclear membrane, nuclear pore complexes and the nuclear lamina, which is a 

meshwork of proteins that is closely attached to the inner nuclear membrane and to chromatin 

(Dechat et al., 2008). Lamins are intermediate filament proteins, and directly or indirectly 

anchor chromatin to the nuclear lamina. While it has been reported that heterochromatin 

associates with the nuclear periphery, this region has also been associated with gene activity 

(Dechat et al., 2008; Arib and Akhtar, 2011). The lamins are proposed to serve as scaffolds 

regulating chromatin organization, transcription and DNA replication (Dechat et al., 2009). 

Lamins have no sequence homologs in Arabidopsis, but proteins like LINC1 could fulfill 

analogous functions.  

Furthermore, the nuclear periphery was shown to be involved in cell type specific PcG 

mediated gene regulation. In myoblast cells, PcG proteins are directed to the nuclear 

periphery through interaction with the homeodomain protein Msx1, causing an enhanced level 

of repressive H3K27me3 at Msx1 target genes (Wang et al., 2011).  

Thus SCI1 could have a function in PRC2 recruitment to the nuclear periphery, for example 

in Arabidopsis root cells, in order to silence specific target genes, which may possibly be 

involved in nuclear size regulation.  

To further investigate the connection of SCI1 and LINC1 function, double and triple mutants 

with linc1 and linc2 should be established and analyzed. Further, an in planta co-localization 

and interaction analyses of SCI1 and LINC1 would be necessary to affirm the interaction 

detected in the complex isolation experiment. In summary, it is an interesting finding that 

SCI1, a protein connected to PcG mediated gene regulation, also has a function in nuclear 

architecture and thus chromatin organization.  

 

4.5 SCI1 genetically interacts with CLF 

4.5.1 The SCI1 expression pattern overlaps with those of CLF, SWN and MEA 

The expression pattern of SCI1 and its two homologs SCI2 and SCI3 was studied on steady 

state RNA level as well as by reporter gene analysis in Arabidopsis plants (Figure 3.6). 

Transcripts of SCI1, SCI2 and SCI3 can be detected throughout plant development (Figure 

3.6). ß-Glucuronidase activity of the complementing SCI1-GUS and SCI3-GUS transgenes 

was mainly observed in the vasculature of the root and the shoot, primary root tips as well as 
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in newly formed side roots. In flowers both transgenes were found to be expressed in sepals 

and carpels, SCI3-GUS activity is additionally detected at the tip of the filaments (Figure 3.6). 

The observed expression patterns of SCI1, SCI2 and SCI3, overlap with previously reported 

expression patterns of CLF and SWN, both obtained by in situ hybridization experiments. 

CLF and SWN are strongly expressed in the shoot apical meristem, leaf primordia and leaves, 

as well as in floral meristems, the floral organs and ovules (Chanvivattana et al., 2004; 

Goodrich et al., 1997). SCI1 is not involved in PcG mediated gene regulation in petals and 

stamen, as SCI1 and CLF/SWN expression patterns do not overlap in these organs. MEA and 

SWN are expressed during ovule and seed development and thus overlap with SCI1 

expression (Luo et al., 2000; Grossniklaus et al., 1998). In conclusion, the expression patterns 

of SCI1, SCI2 and SCI3 overlap with those of the PRC2 histone methyltransferases during 

Arabidopsis development, which is congruent with a possible physical interaction of the 

proteins in planta. 

 

4.5.2 SCI1 and its homologs SCI2 and SCI3 exhibit redundant functions 

The similar protein structure as well as the overlapping expression patterns of SCI1 and its 

two homologs SCI2 and SCI3 imply that the proteins share redundant functions (Figure 3.1; 

Figure 3.6). Double mutant analyses revealed a high level of redundancy among the 

homologous proteins, as these plants phenotypically resembled the wildtype. Triple mutants, 

however, were seedling lethal, and seeds often failed to germinate, revealing an essential role 

for the SCI genes in plant development (Figure 3.12). The triple mutants display desiccation 

of cells and differentiation of the apical shoot and root meristems (Figure 3.13). This severe 

phenotype suggests that the SCI genes are essential from an early stage of plant development. 

Analysis of embryo development might discover at which time point SCI function is needed 

first. In contrast to the triple mutants, PcG mutants like clf-28 swn-7, that exhibit a loss of 

vegetative PRC2 activity, still proliferate and can be maintained in tissue culture. The 

seedling lethality of the triple mutants might be caused by misexpression of few target genes, 

and lines harboring an inducible SCI1 rescue construct in sci1-1 sci2-2 sci3-2 triple mutant 

background might help to overcome the seedling lethality and could be useful to study SCI1 

function during plant development. 
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4.5.3 Mutation of SCI1 severely enhances the clf phenotype  

In order to analyze SCI1 function, three different sci1 mutant alleles were analyzed, one of 

which exhibits a stop codon in the PWWP domain, and therefore likely resembles a null 

allele. Phenotypic analyses revealed mild phenotypes, including an early onset of flowering 

and a reduction of primary root length (Figure 3.5; Figure 3.10). Double mutants of sci1-1 and 

sci1-3 alleles with clf-28 mutants, however, showed a strong, dosage dependent enhancement 

of the clf mutant phenotype. The enhancement was observed in respect to early flowering, leaf 

curling and overall plant size, and appears to be day length independent (Figure 3.14).  

The clf mutant phenotype can be enhanced by mutation of redundantly acting proteins like 

SWN (Chanvivattana et al., 2004), or by regulation of PcG target genes that are causal for the 

phenotypic features observed in clf mutants. 

The clf mutant phenotype was initially proposed to be caused by misexpression of the floral 

organ identity gene AG, as the ag mutant is able to suppress the clf phenotype (Goodrich et 

al., 1997). A recent suppressor screen, however, identified three mutations that suppress the 

clf phenotype despite high AG misexpression in vegetative organs (Lopez-Vernaza et al., 

2012). These suppressors were the PcG target genes FPA and FT, both promoting the onset of 

flowering, and SEP3, which is, like AG, a floral organ identity gene. In all suppressor 

mutants, including clf ag double mutants, SEP3 expression levels were strongly reduced, 

which implies that SEP3 is the major determinant for the clf mutant phenotype (Lopez-

Vernaza et al., 2012). Furthermore FLC expression levels are altered in clf mutants, and flc clf 

double mutants show an enhanced early flowering phenotype (Figure 3.14) (Lopez-Vernaza et 

al., 2012). The reduction of FLC expression appears to only affect flowering time, but no 

other features of the clf phenotype. Double and triple mutant analysis indicated that elevated 

levels of the floral integrator FT, which functions downstream of FLC, are causal for the early 

flowering time in clf and clf flc mutants (Lopez-Vernaza et al., 2012). Even though PcG 

proteins function as repressors of FLC, a downregulation of FLC has been observed in 

mutants of PcG associated proteins like INCURVATA 2 (ICU2) and BLI (Schatlowski et al., 

2010; Barrero et al., 2007) 

 

Hence the expression levels of these PcG target genes were analyzed in sci1-1 single and 

sci1-1 clf-28 double mutants, and it was shown that altered expression levels of FLC and 

SEP3 are likely to be causal for the phenotypic enhancement observed in sci1-1 clf-28 double 

mutants (Figure 3.15).  



CHAPTER IV   DISCUSSION 
 

89 

FLC expression levels are strongly reduced in sci1 single mutants, and SCI1 was found to 

function epistatically to FLC in respect to flowering time (Figure 3.7; Figure 3.8). In clf-28 

single mutants an elevated FLC transcript level can be observed, which is reduced to a level 

similar to Col-0 in sci1-1 clf-28 double mutants. This reduction of FLC likely has downstream 

effects, like a further elevation of FT expression, which is indeed observed in sci1-1 clf-28, 

resulting in an early flowering phenotype (Figure 3.15). 

However, flc-3 clf-28 double mutants, in which FLC function is completely impaired, showed 

a similar reduction of flowering time as sci1-1 clf-28 double mutants, even though              

sci1-1 clf-28 only exhibit FLC expression levels similar to the wildtype (Figure 3.14; Figure 

3.15) (Lopez-Vernaza et al., 2012). Thus the effect of reduced FLC levels is not comparable 

between flc-3 clf-28 and sci1-1 clf-28 double mutants. 

Additionally, compared to flc-3 clf-28 double mutants, a more severe enhancement of leaf 

curling and a stronger reduction of plant size can be observed in sci1 clf-28 double mutants 

(Figure 3.14), suggesting misregulation of additional target genes such as SEP3.  

SEP3 is significantly upregulated in sci1-1 single and sci1-1 clf-28 double mutants compared 

to Col-0, whereas no change in SEP3 expression level was observed in flc-3 mutants, thus 

SCI1 appears to be regulating SEP3 expression in an independent manner (Figure 3.15). This 

result contradicts the previous finding that SEP3 expression level is enhanced in flc-3, which 

could be due to the fact that the previous analysis was carried out in FRI+ background (Deng 

et al., 2011), As SEP3 transcript levels are significantly enriched in sci1-1 clf-28 double 

mutants compared to clf-28 single mutants, SEP3 is likely the cause for the enhanced leaf 

curling and plant size reduction phenotype observed in the double mutants. Elevated SEP3 

levels might also be involved in the early flowering phenotype of the double mutant, as FT 

misexpression was shown to depend on SEP3 levels in clf mutant background (Lopez-

Vernaza et al., 2012). Collectively, SCI1 appears to be required, in addition to CLF and FLC, 

to repress SEP3 expression in Arabidopsis seedlings.  

Further expression analyses revealed an additional upregulation of AG, AGL19 and AGL24 in 

sci1-1 clf-28 double mutant seedlings, while expression levels of PI and STM are not altered 

(Figure 3.15). The enhanced misexpression of AG is probably not causal for an enhancement 

of the phenotype, as strong AG misexpression is still observed in the sep3 clf or ft clf double 

mutants, that show a suppression of the clf phenotype (Lopez-Vernaza et al., 2012). 

AGL19 and AGL24 function as floral activators in response to vernalization in an FLC 

independent manner, and transcript levels were significantly enhanced in the sci1-1 clf-28 

double mutant compared to Col-0 and clf-28 (Figure 3.15) (Alexandre and Hennig, 2008; 
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Michaels et al., 2003; Schonrock et al., 2006).Thus loss of SCI1 function in clf-28 background 

causes the enhanced transcript levels of the floral activators, which in case of AGL24 is also 

observed in flc-3 clf-28 double, but not flc-3 or sci1-1 single mutants. The enhanced level of 

AGL19 and AGL24 transcripts might be caused by a simultaneous loss of FLC and CLF 

function. Whether AGL19 and AGL24 expression contributes to the enhancement of the 

phenotype observed in sci1-1 clf-28 mutants compared to flc-3 clf-28 could be analyzed by 

triple mutant analyses.  

 

In conclusion, SCI1 functions as regulator of the PcG target genes FLC, SEP3, AGL19, 

AGL24, FT and AG. As some of these genes also transcriptionally regulate each other, it will 

have to be solved whether SCI1 directly or indirectly influences the expression of these genes. 

Nevertheless it can be concluded that the simultaneous misexpression of FLC and SEP3 is 

most likely causal for the phenotype of the sci1-1 clf-28 double mutant. This hypothesis could 

be tested by overexpression of SEP3 in flc-3 clf-28 double mutants, which should cause 

strong leaf curling and a reduction of overall plant size in addition to the early flowering 

phenotype. Furthermore sci1-1 flc-3 clf-28 triple mutants should exhibit a phenotype stronger 

than flc-3 clf-28 mutants, but probably similar to sci1-1 clf-28 double mutants. The results of 

the expression analysis are summarized in Figure 4.1. 

 

 
 
Figure 4.1: SCI1 regulates PcG target genes in a CLF dependent and independent manner 
A model for SCI1 function is depicted in a simplified scheme, arrows implicate gene activation, lines with 
terminal bars indicate gene repression. As it is not known whether SCI1 directly or indirectly regulates the PcG 
target genes, dotted lines are used. Also regulation of AGL19 and AGL24 by FLC in clf mutant background is 
depicted in dotted lines as it is not yet proven. Previously described regulations are depicted with solid lines. 
SCI1 regulates SEP3 and FLC expression independently of CLF, while AG, AGL19 and AGL24 are only affected 
in clf mutant background. The regulation of FT is probably not direct, as FT is regulated by FLC and SEP3.  
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4.6 SCI1 is a novel regulator of FLC 

In sci1 mutant alleles, expression analyses revealed a severe downregulation of FLC 

transcript (Figure 3.8). Double mutant analyses with the flc-3 null allele furthermore showed 

that SCI1 is epistatic to FLC (Figure 3.7). These results imply that SCI1 is a novel regulator 

of FLC expression, and the question arises, whether the regulation is direct or indirect. Direct 

regulation of FLC would imply that SCI1 is able to bind to the FLC locus, while indirect 

regulation would include transcriptional control of other FLC regulators, or the alteration of 

chromatin modifications at the FLC locus. 

The possibility of a direct interaction of SCI1 with FLC chromatin was addressed by ChIP 

analysis, using a transgenic line harboring the complementing SCI1pro::SCI1-GFP transgene. 

SCI1-GFP binding to FLC, however, was not observed (data not shown), which might have 

several reasons. For once the SCI1-GFP fusion protein has a low stability, similar to what has 

been observed for CLF, with which binding studies were carried out using an overexpression 

line (Schubert et al., 2006). Furthermore the binding of SCI1-GFP to FLC might only occur in 

specific cell types or under specific conditions. SCI1-GFP might additionally have to compete 

with the binding of the potentially redundantly acting endogenous proteins SCI2 and SCI3. 

Thus this experiment should be repeated in sci1-1 sci2-2 sci3-2 triple mutant background. To 

reveal direct target genes of SCI1-GFP, a ChIP experiment followed by hybridization of the 

chromatin to whole genome tiling arrays (ChIP-chip) could be carried out. This would also 

show whether H3K27me3 and SCI1 binding sites overlap on targeted chromatin. 

CLF is able to directly bind to the FLC locus, and this binding is significantly decreased in 

FRIGIDA+ (FRI+) background (Doyle and Amasino, 2009). FRI is a coiled coil protein that 

acts dominantly to elevate FLC expression, and therefore to prolong the vegetative growth 

phase (Johanson et al., 2000; Simpson and Dean, 2002). The dominant allele clf-59, 

suppresses the late flowering phenotype of FRI+ plants in a dosage dependent manner (Doyle 

and Amasino, 2009). The FLC locus exhibits low levels of H3K27me3 in non-vernalized 

FRI+ plants compared to Col-0. The clf-59 plants however exhibit elevated levels of 

H3K27me3 at FLC in FRI+ background, which leads to the repression of FLC expression and 

thus to a suppression of the late flowering phenotype.  

Double mutant analysis with sci1-1 revealed, that sci1-1 FRI+ plants show an intermediate 

flowering time compared to FRI+ and sci1-1 (Figure 3.9), which is correlated with lower 

levels of FLC-LUC reporter gene activity in sci1-1 FRI+ background (Figure 3.8). It would 

be essential to analyze H3K27me3 levels at FLC in sci1-1 FRI+ plants to reveal whether this 

chromatin mark is involved in the reduction of FLC expression in sci1-1 background.  
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Similar to sci1-1, also mutants of the TrxG genes ATX1 and ATXR7 display a partial 

suppression of the late flowering phenotype in FRI+ background, which is correlated with 

reduced levels of H3K4me3 at the FLC locus (Tamada et al., 2009; Pien et al., 2008). But in 

contrast to sci1 mutants, the TrxG mutant atx1 suppresses the clf phenotype, thus it is not 

likely that SCI1 has a general TrxG associated function (Saleh et al., 2007).  

There are several other proteins which were found to suppress the FRI+ late flowering 

phenotype that can be organized in two groups (Kim and Michaels, 2006). Mutants of the first 

group include putative members of the PAF1 complex like EARLY FLOWERING IN SHORT 

DAYS (EFS) and EARLY FLOWERING7 (ELF7). They suppress FLC expression and 

H3K4me3 levels in autonomous pathway mutants as well as in FRI+, but show other 

pleiotropic phenotypes as well (Kim et al., 2005; Kim and Michaels, 2006; He et al., 2004).  

The second group includes SUPPRESSOR OF FRIGIDA 4 (SUF4), FRIGIDA-LIKE1 (FRL1) 

and FRIGIDA ESSENTIAL1 (FES1) which are essential for FRI dependent elevation of FLC 

levels, but have little effect on FLC expression in autonomous pathway mutants (Michaels et 

al., 2004; Schmitz et al., 2005; Kim and Michaels, 2006).  

SCI1 probably belongs to the first group of FRI+ suppressors, since the suppression of late 

flowering by sci1 is not FRI specific, but is also observed for the autonomous pathway mutant 

fve. The sci1 fve double mutants exhibit an intermediate flowering time phenotype compared 

to the single mutants, suggesting an intermediate level of FLC in the double mutant (Figure 

3.9). The same result was obtained for fve clf-59 double mutants (Doyle and Amasino, 2009). 

Thus the reduction of flowering time in sci1 fve might be due to enhanced levels of 

H3K27me3 at the FLC locus. The direct interaction of SCI1 with FVE/MSI4 in yeast suggests 

that SCI1 could also be involved in the acetylation status of FLC, which could be analyzed by 

ChIP. Since FLC, as master regulator of flowering time, is regulated by many parallel 

pathways, it cannot be excluded that SCI1 acts indirectly through one of them. But from these 

results it can be concluded that the novel FLC regulator SCI1 acts independent of FRI and 

FVE, and might be a regulator of the chromatin state at the FLC locus. 

 

4.6.1 Analysis of histone modification levels in sci1-1 and PcG mutants  

The misexpression of PcG target genes in sci1-1 clf-28 double mutants could be caused by 

altered histone modification levels at these loci. In order to analyze whether histone 

modifications are affected on a global scale in sci1-1 clf-28 double mutants compared to other 

PcG mutants, immunoblot analysis of histone enriched protein extracts were carried out 

(Figure 3.17) (Lafos et al., 2011). H3K27me3 levels were found to be completely dependent 
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on vegetative PRC2 function, as the modification was not detectable in clf-28 swn-7 double 

mutants. The reduction of H3K27me3 correlated with the severity of the phenotype of 

different PcG mutants. The reduction observed for clf-28 single mutants was not enhanced in 

sci1-1 clf-28 double mutants, suggesting that SCI1 acts either downstream of PRC2, functions 

in specific cell types or affects only a small number of target genes. Another possibility is that 

SCI1 function is masked by its homologs SCI2 and SCI3.  

 

Further analyses of H3K27me1, H3K27me2 and H3K4me3 levels were carried out and novel 

insights could be gained concerning the effect of partial or complete loss of PRC2 function on 

the global abundance of these histone modifications (Figure 3.17) (Lafos et al., 2011).  

In order to identify the substrate of the PRC2 complex, also the global levels of H3K27me1 

and H3K27me2 were analyzed (Figure 3.17). The H3K27me1 mark is preferentially found in 

heterochromatic chromatin, and is not affected by mutation of PcG proteins, which is 

consistent with the finding that monomethylation of H3K27 is carried out by the histone 

methyltransferases ATXR5/6 in Arabidopsis (Jacob et al., 2009). In contrast, H3K27me2 is a 

euchromatic mark (Jacob et al., 2009), and in this study it could be shown that it is not 

mediated by PRC2, but that a loss of vegetative PRC2 activity leads to an elevation of 

H3K27me2 levels (Figure 3.17). This finding suggests that H3K27me2 is the substrate for 

PRC2, but this is contradicted by the fact that a partial loss of PRC2 activity, as in vrn2-1 

emf2-10 double mutants, causes a reduction of H3K27me2 compared to the wildtype (Figure 

3.17). It can be concluded that PRC2 is not responsible for the dimethylation of H3K27, and 

the histone methyltransferase catalyzing this mark still needs to be discovered. 

Surprisingly, a strong enhancement of H3K4me3 was observed in clf-28 swn-7 double 

mutants (Figure 3.17). Partial loss of PRC2 function does not lead to enhanced H3K4me3 

levels, suggesting that low levels of PRC2 are sufficient to avoid global accumulation of 

H3K4me3. The activating H3K4me3 mark is mediated by TrxG proteins that act 

antagonistically to PcG proteins. Mutants of the TrxG gene ULTRAPETALA1 (ULT1) are able 

to suppress the clf mutant phenotype (Saleh et al., 2007; Carles and Fletcher, 2009). At the 

AG locus, ult1 mutants show an increase of H3K27me3, while clf mutants display increased 

levels of H3K4me3. This finding fits to the observation that, on a global scale, H3K4me3 

levels are strongly increased in clf-28 swn-7 mutants (Figure 3.17), which suggests that 

trithorax activity is needed to balance PcG activity and vice versa (Carles and Fletcher, 2009; 

Schubert et al., 2006). This experiment reinforces the finding that PcG and TrxG complexes 

act antagonistically, and that loss of one part results in an increase of the counterpart activity.   
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The analysis of histone modifications at FLC and other loci in sci1-1 mutants is essential to 

understand SCI1 function. Therefore the abundance of H3K4me3 and H3K27me3 on FLC, 

SEP3 and AG in sci1-1 mutants compared to Col-0 was furthermore tested by ChIP 

experiments (Figure 3.16). For both modifications no difference could be observed in sci1-1 

compared to the wildtype. At least in case of FLC this is surprising, as FLC expression is 

strongly reduced in the sci1-1 single mutant. Since Col-0 plants exhibit high levels of 

H3K27me3 at FLC, these analyses should also be performed in FRI+ or fve-3 backgrounds 

which show low levels of H3K27me3 at FLC, and changes would therefore be more 

prominent (Doyle and Amasino, 2009). It is possible that other modifications than those 

tested are involved in the regulation of FLC by SCI1, thus also H3K36m3, and histone 

acetylation will be analyzed in the future. Furthermore it is possible that SCI1 enhances FLC 

expression without altering histone modification levels, for example through interaction with 

the transcription machinery.  

 

4.7 Functional analysis of the SCI1 PWWP domain 

The Arabidopsis genome contains at least 19 PWWP domain proteins 

(http://www.uniprot.org), among them the TrxG proteins ATX1-5. The PWWP domain is 

conserved among eukaryotes, and while it was first described as unspecific DNA binding 

motif, the PWWP domains from the mammalian DNA methyltransferase DNMT3A/B, Pdp1 

from fission yeast or from the zebrafish Brpf1 protein were shown to harbor chromatin 

targeting ability (Ge et al., 2004; Wang et al., 2009; Vezzoli et al., 2010).  

From in vitro binding studies performed in this work it can be concluded that the SCI1 

PWWP domain also exhibits histone peptide binding ability (Figure 3.20). The SCI1-PWWP 

domain was found to specifically neglect binding to peptides phosphorylated at H3S28, while 

other histone peptides were bound irrespective to other modifications (Figure 3.20). 

Congruent with these findings also several histone proteins were found as interaction partners 

of SCI1 in the immunoprecipitation experiment (Table 3.1).  

The residue H3S28 is directly adjacent to the PRC2 target site H3K27 which is bound by the 

PRC1-like protein LHP1/TFL2. The proximity of amino acids that are subject to covalent 

modifications on the histone tails, such as at the positions H3K9/H3S10 and H3K27/H3S28, 

triggered the hypothesis of the existence binary switches (Fischle et al., 2003a; Fischle et al., 

2003b). It was proposed, that the phosphorylation of an amino acid adjacent to a methyl mark 

leads to a loss of binding of effector proteins to the methyl mark. In case of H3K9/H3S10 it 

was shown that the dissociation of HP1 from tri-methylated H3K9 during mitosis is 
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dependent on H3S10 phosphorylation (Fischle et al., 2005; Hirota et al., 2005). Furthermore 

recent studies in mammalian cell culture could show that the PRC2 complex is displaced from 

chromatin with the double mark H3K27me3H3S28pho, which resulted in a release of 

transcriptional silencing of PcG target genes (Gehani et al., 2010; Lau and Cheung, 2011). 

The H3K27me3H3S28pho mark can also be detected in plant nuclei by immunostainings, and 

shows a euchromatic localization (C. Klose; personal communication). The double mark 

could therefore also be important in plants to restrict PcG complexes from binding to 

chromatin. The specific omission from binding to H3S28pho of SCI1 suggests that SCI1 

might recognize marked chromatin and could act to restrict PRC2 or LHP1/TFL2 from 

binding to target genes. A model for SCI1 function combining the recognition of H3S28pho, 

the physical interaction with PRC2 and the regulation of PcG target genes is depicted in 

Figure 4.2. 

 

 

Figure 4.2: Model for SCI1 function  
(A)The SCI1 protein (orange hexagon) binds to chromatin devoid of the H3S28pho mark. Because of its 
interaction with CLF, SWN, MEA, and MSI1, SCI1 might facilitate PRC2 binding to its target genes. This leads 
to trimethylation of H3K27 and subsequent target gene repression (B) In case of H3S28 phosphorylation, SCI1 
is not able to bind the chromatin, which could cause the detachment of PRC2 from specific target genes, and thus 
a release of target gene repression. (C) Furthermore SCI1 might facilitate the access of other complexes to target 
chromatin e.g. through interaction with the autonomous pathway protein FVE/MSI4, to regulate chromatin 
independently of PcG proteins. The nucleosomes and the N-terminal sequence of histone H3 are depicted in 
grey; important amino acids H3K27/H3K28 are shown in red and green letters, respectively. 
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Histone phosphorylation was described to be involved in processes like chromosome 

condensation/segregation, activation of transcription, apoptosis and DNA damage repair as 

well as in the cross-talk of histone modifications (Houben et al., 2007). In plants 

phosphorylation at H3S10 and H3S28 was observed during mitosis and meiosis, where it was 

highly abundant in pericentromeric regions, and proposed to play a role in sister chromatid 

cohesion, rather than in chromosome condensation (Gernand et al., 2003; Houben and 

Schubert, 2003). It was shown previously that CLF-GFP is not abundant in dividing root cells 

(Schubert et al., 2006), and gain of H3S28pho could be the reason for dissociation of PRC2 

from the chromatin during mitosis.  

In mammalian cells phosphorylation of histone H3 at serine 10 and serine 28 residues in 

interphase chromatin is mediated by the kinases mitogen- and stress- activated protein kinase 

1 and 2 (MSK1 and 2), and is involved in the transcriptional activation of genes, for example 

in response to stress and mitogen-stimulated signaling (Perez-Cadahia et al., 2009; Sun et al., 

2007).  

In Arabidopsis it was shown that cold, salt and hormone stress enhances the activity of the 

MSK homologues ATPK6/19, thus stress induced histone phosphorylation could play a role 

in transcriptional gene regulation in plants (Houben et al., 2007; Mizoguchi et al., 1995).  

It is conceivable that specific PcG target genes could be phosphorylated at H3S28 for 

example in response to stress or other abiotic factors, which could lead to a transient 

reactivation of specific target genes. A comparison of MSK1 target genes with PcG target 

genes could identify genes that are silenced by the PcG machinery, and which are possibly 

activated by phosphorylation in response to stress.  

H3S28 phosphorylation was furthermore shown to be involved in differentiation processes by 

regulation of PcG complexes. The Drosophila E(z) histone methyltransferase has two 

orthologs in humans, Ezh1 and Ezh2, which are differentially expressed. While Ezh2 is 

abundant in proliferating tissues, the homolog Ezh1 is found in non-proliferative adult organs 

(Shen et al., 2008; Margueron et al., 2008). The interchange of PRC2-Ezh2 with PRC2-Ezh1 

was shown to be required in order to allow the activation of muscle specific genes. This 

interchange is dependent on Msk1 mediated H3S28 phosphorylation, which causes the 

displacement of PRC2-Ezh2 from specific target genes. In contrast PRC2-Ezh1 is insensitive 

toward H3S28pho, and was found to be essential for the proper timing of target gene 

activation (Stojic et al., 2011). 

Also plants possess several PRC2 complexes with different composition, and while no 

sensitivity toward H3S28pho has been described to date, it is conceivable that apart from 
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differential expression patterns, also neighboring histone modifications could be involved in 

the target gene specificity of the different complexes. In vitro experiments have shown that 

the EMF2-PRC2 complex is inhibited by H3K4me3 while the VRN2-PRC2 is insensitive, 

which could be important for the establishment of bivalent marked loci that exhibit H3K4me3 

and H3K27me3 on the same histone tail (Schmitges et al., 2011).  

 

To further analyze the function of SCI1 in respect to H3S28 phosphorylation, the abundance 

of H3S28pho and H3K27me3H3S28pho in plant nuclei should be further analyzed by 

immunostainings. It would be important to analyze the histone modifications, especially the 

abundance of H3K27me3 and H3S28pho, at the nuclear periphery, as SCI1-GFP localizes to 

this region in Arabidopsis root cells. Furthermore it will be essential to study whether also 

plant PcG complexes are sensitive toward the H3K27me3H3S28pho double mark. The 

involvement of SCI1, SCI2 and SCI3 in the recognition of H3S28pho in vivo should be 

further analyzed. The substitution of negatively charged amino acids in the PWWP domain of 

SCI1 might alter its binding to histones and the restriction from binding to phosphorylated 

H3S28. Such a construct would be instrumental to analyze SCI1 function in relation to the 

H3S28 phosphorylation mark in Arabidopsis.  

 

4.8 Concluding remarks 

During the course of this study evidence could be gained that the function of the novel plant 

specific SCI1 protein is essential for plant development. Since SCI1 belongs to a gene family 

of three members in Arabidopsis with partly redundant function, the role for SCI1 during 

plant development cannot easily be approached by mutant analyses. The severe, seedling 

lethal, triple mutant phenotype nevertheless revealed that the SCI genes redundantly function 

in meristem maintenance, desiccation tolerance and probably in cell proliferation. The 

analysis of sci1 single mutant alleles furthermore disclosed a function for SCI1 in flowering 

time regulation by activation of the floral repressor FLC, and beside FLC also other PcG 

target genes were found to be transcriptionally regulated by SCI1. Interestingly, SCI1 appears 

to have a function in nuclear size regulation, possibly in concert LINC1, which was identified 

as interaction partner of SCI1 in an immunoprecipitation experiment. 

I could show that SCI1 interacts with all three histone methyltransferase subunits of the plant 

PRC2 complex, and furthermore MSI1, another component of the plant PRC2, was identified 

in the immunoprecipitation experiment to interact with SCI1. Hence it was a major goal of 

this study to identify the function of SCI1 in respect to PcG mediated gene regulation. 
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Besides the in vitro interaction mentioned above, mutant analyses revealed a genetic 

interaction of SCI1 with CLF, visible through a strong enhancement of the clf phenotype by 

mutation of SCI1. SCI1 was discovered to regulate the expression of several PcG target genes, 

among them FLC which causes early flowering of the sci1 single and sci1 clf double mutants, 

as well as SEP3, a major determinant for the clf mutant phenotype that is probably responsible 

for the enhanced leaf curling and reduction of plant size in the double mutants. The analysis 

of histone modification levels on the chromatin of misexpressed target genes in sci1 mutants 

showed no difference compared to the wildtype, suggesting that PRC2 function in sci1 is not 

impaired, and therefore SCI1 might not be a general member of the PRC2 core complex. 

Nevertheless SCI1 could have a function downstream of PRC2, or might act as recruitment-

factor of PRC2 to a subset of target genes. 

The binding specificity analysis of the SCI1 PWWP domain uncovered further evidence, that 

SCI1 could be involved in regulation or recruitment of PcG complexes. The SCI1 PWWP 

domain harbors histone binding capacity, which is only restricted by H3S28 phosphorylation. 

Studies in mammals showed that simultaneous phosphorylation of H3S28 and tri-methylation 

of H3K27 restricts PRC2 from binding to target loci. Therefore it is a reasonable hypothesis 

that SCI1 might have a function in the recognition of this double modification, and could 

mediate the dissociation of PcG complexes from marked target genes. As there is only very 

little known about the effects of H3S28pho in plants, and even less about the double mark, 

SCI1 will be instrumental to study the role of these modifications in plant development. 

Sub-cellular localization studies revealed that SCI1 is localized to the nuclear periphery in 

plants, about which, similar to H3S28pho, is not yet much known in plant research. The 

interaction of SCI1 with LINC1, and the similar regulation of nuclear size suggest that the 

localization of SCI1 to the nuclear periphery is important for its function. Furthermore this 

could imply that also H3S28pho and PcG mediated gene regulation might be involved in 

nuclear architecture. Enhanced PcG activity at the nuclear periphery in specific cell types has 

been reported in mammals, and SCI1 might function to recruit PRC2 to specific target genes, 

devoid of H3S28pho, at the nuclear periphery in Arabidopsis. The localization of SCI1 

appears to be dependent on the cell type and differs between plant species, as SCI1 was found 

to localize to nuclear speckles in N. benthamiana similar to the PcG proteins VRN2, 

LHP1/TFL2 and EMF1. It will be essential to reveal the nature of these speckles, and to 

uncover if they possibly resemble PcG bodies, which have not yet been described in plants to 

date. 
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Taken together, the analysis of SCI1 did not only reveal a function in the transcriptional 

regulation of PcG target genes and flowering time regulation, but also uncovered a connection 

to nuclear size regulation and the recognition of H3S28 phosphorylation. SCI1 and its 

homologs SCI2 and SCI3 are likely to be involved in the interpretation of the histone 

modifications landscape at target gene loci. Furthermore the future analysis of the SCI 

proteins will possibly yield insights in novel fields of plant research, such as the role of 

H3S28 phosphorylation in plant development and the characterization of the nuclear 

periphery. 
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5 SUMMARY 

Previous studies showed that Polycomb group (PcG) proteins that mediate the repressive tri-

methylation of H3K27, and which were initially identified in Drosophila, are only in part 

conserved in plants. This might be due to differences in development and lifestyle between 

plants and animals, and suggests that many plant specific proteins are involved in PcG 

mediated gene regulation in Arabidopsis. 

In this study the novel plant specific protein SCI1 was characterized, which is encoded by a 

gene family with three members in Arabidopsis. RNA and reporter gene analyses showed that 

SCI1 and its two homologs SCI2 and SCI3 are expressed throughout plant development. A 

high level of redundancy among the three SCI genes was revealed by analysis of sci1 sci2 sci3 

triple mutants, which are seedling lethal. Introduction of SCI1 or SCI3 transgenes were able to 

rescue the mutant phenotype. 

SCI1 was found to interact with the plant PRC2 members CLF, SWN and MEA. Double 

mutant analyses revealed a genetic interaction of SCI1 and CLF, as sci1-1 clf-28 double 

mutants show a strong enhancement of the clf mutant phenotype. SCI1 has a function in PcG 

target gene regulation, as altered transcript levels of the PcG target genes FLC, SEP3, AG and 

FT were detected in sci1-1 clf-28 double mutants, which is probably the cause for the 

enhancement of the phenotype.  

FLC expression is strongly repressed in sci1 single mutants, which results in an early 

flowering phenotype, and double mutant analyses revealed an epistatic function of FLC and 

SCI1 in respect to flowering time. Mutant analyses suggest, that SCI1 acts independently of 

FRI, an activator of FLC expression, and of the autonomous pathway component FVE/MSI4, 

which acts as repressors of FLC. Nevertheless it cannot be excluded that SCI1 function in 

these genetic backgrounds is masked by functional redundancy between SCI1, SCI2 and 

SCI3.  

To further analyze SCI1, putative in vivo complex partners were isolated in an 

immunoprecipitation experiment followed by mass spectrometry. Besides the PRC2 

component MSI1, also other proteins involved in chromatin remodeling were found to 

interact with SCI1. Furthermore the coiled coil protein LINC1 was identified as putative 

interaction partner of SCI1, and both proteins localize to the nuclear periphery in Arabidopsis 

root cells. sci1 mutants, similar to linc1, show a reduction of nuclear size compared to the 

wildtype, suggesting that SCI1 might be involved in the regulation of nuclear architecture in 

Arabidopsis. 
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The amino-terminal PWWP domain of SCI1 was analyzed in respect to histone peptide 

binding ability. With the exception of phosphorylated H3S28, which inhibits binding of the 

SCI1 PWWP domain, histone peptides were bound by the SCI1 PWWP domain regardless to 

other modifications. Since H3S28 is directly adjacent to the PRC2 target site H3K27, SCI1 

might be involved in the interplay of these two, probably antagonistic, histone modifications. 

 

In conclusion, SCI1 is involved in the regulation of PcG target genes, especially in the 

regulation of FLC. It is conceivable that SCI1, in concert with SCI2 and SCI3, could restrict 

PRC2 from binding to chromatin phosphorylated at H3S28, for example during mitosis or in 

response to abiotic stress. Furthermore SCI1 controls nuclear size, and might have a LINC1 

related function in nuclear architecture in Arabidopsis. 
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5.1 ZUSAMMENFASSUNG 

 

Vorausgegangene Studien in Arabidopsis über Polycomb-Gruppen (PcG) Proteine und die 

durch diese vermittelte repressive Histonmodifikation H3K27me3 haben gezeigt, dass nicht 

alle PcG Proteine aus Drosophila homologe Gene in Pflanzen aufweisen. Das kann in den 

Unterschieden in der Entwicklung und im Lebensstil von Pflanzen und Tieren begründet sein 

und suggeriert, dass viele pflanzenspezifische Proteine an der PcG vermittelten Genregulation 

in Arabidopsis beteiligt sind. 

In dieser Arbeit wurde das bisher nicht beschriebene Protein SCI1 (SWINGER / CURLY 

LEAF INTERACTOR 1) funktionell charakterisiert. SCI1 ist Teil einer Genfamilie mit drei 

Mitgliedern, die während des gesamten Lebenszyklus exprimiert sind. Die Phänotypen der 

Einzelmutanten der homologen Gene SCI1, SCI2 und SCI3 unterscheiden sich nur marginal 

vom Wildtyp, im Gegensatz dazu sind sci1 sci2 sci3 Mehrfachmutanten im Keimlingsstadium 

letal. Daraus kann geschlossen werden, dass ein hoher Grad an funktioneller Redundanz 

zwischen den SCI Genen vorliegt.  

Im Verlauf dieser Arbeit konnte gezeigt werden, dass SCI1 mit den Histon-Methyltransferase 

Untereinheiten CLF, SWN und MEA des pflanzlichen POLYCOMB REPRESSIVE 

COMPLEX 2 (PRC2) interagiert. Zusätzlich zur physikalischen Interaktion ist eine 

genetische Interaktion zwischen SCI1 und CLF vorhanden, da sci1 clf Doppelmutanten eine 

Verstärkung des clf-spezifischen Phänotyps aufweisen. Verantwortlich für diese Verstärkung 

ist die veränderte Fehlregulation der PcG Zielgene FLC, SEP3, AG und FT in sci1 clf 

Doppelmutanten im Vergleich zu clf Einzelmutanten. 

SCI1 reguliert die Expression des floralen Repressors FLC, und sci1 Mutanten weisen eine 

starke Reduktion von FLC Transkript auf. Dies resultiert in einem verfrühten Blühzeitpunkt 

von sci1 Mutanten im Vergleich zum Wildtyp. Einzelmutanten und Doppelmutanten von sci1 

und flc weisen einen identischen Blühzeitpunkt auf, was auf eine epistatische Funktion von 

SCI1 und FLC hindeutet. Mutantenanalysen haben gezeigt, dass die Regulation der FLC 

Expression durch SCI1 unabhängig ist von FRI, einem Aktivator von FLC, sowie von dem 

Repressor FVE/MSI4. Allerdings könnte der Funktionsverlust von SCI1 auch zum Teil durch 

Redundanz der homologen Proteine SCI2 und SCI3 ausgeglichen werden. 

Um die Funktion von SCI1 weiter zu analysieren, wurden potentielle in vivo Komplex-Partner 

mit Hilfe von Immunoprezipitation von SCI1-GFP und folgender Analyse der 

Interaktionspartner mit Massenspektroskopie isoliert. Neben der PRC2 Komponente MSI1 

konnten noch weitere chromatinmodifizierende Proteine isoliert werden. Zudem wurde mit 
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LINC1 ein Protein identifiziert, das wie SCI1 eine intrazelluläre Lokalisation an der nucleären 

Peripherie aufweist.  

Durch weiterführende Analysen konnte eine verringerte Zellkern-Größe in sci1, vergleichbar 

mit linc1 Mutanten, nachgewiesen werden. Dieser Befund deutet darauf hin, dass SCI1, 

ähnlich wie LINC1, eine Funktion in der strukturellen Organisation des Zellkerns in 

Arabidopsis ausüben könnte.  

In dieser Arbeit konnte nachgewiesen werden, dass die PWWP Domäne von SCI1 in vitro 

Histon-Bindungseigenschaften besitzt. Die Bindung an Histon-Peptide wird durch 

Phosphorylierung an der Position H3S28 inhibiert, während andere Histonmodifikationen 

keinen Effekt auf die Bindung der SCI1 PWWP Domäne haben. H3S28 grenzt direkt an die 

durch PcG Proteine tri-methylierte Position H3K27. Da H3S28pho und H3K27me3 

antagonistische Auswirkung auf die Genexpression haben, und potentiell die Bindung von 

Effektor Molekülen konträr beeinflussen, kann angenommen werden, dass SCI1 als 

Interaktionspartner von PRC2 Komponenten bei der Wechselwirkung dieser Modifikationen 

eine Rolle spielt. 

 

Zusammenfassend kann man sagen, dass das PWWP-Domänen-Protein SCI1 eine Funktion in 

der Regulation von FLC und anderen PcG Zielgenen aufweist. Es ist denkbar dass SCI1, 

potentiell redundant mit SCI2 und SCI3, die Bindung von PcG Proteinen an Histone mit der 

Modifikation H3S28pho verhindert, zum Beispiel während der Zellteilung oder als Reaktion 

auf abiotischen Stress. Zusätzlich weisen meine Ergebnisse darauf hin, dass SCI1, zusammen 

mit LINC1, eine Funktion in der strukturellen Organisation des Zellkerns besitzen könnte. 
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7 APPENDIX 

7.1 Abbreviations 

aa   amino acid NLS Nuclear localization signal  

A. thaliana  Arabidopsis thaliana nm   nanometer  

bp   base pair nmol    nanomolar  

°C degree Celsius N-terminus amino-terminal end of a protein  

cDNA    copy DNA   PAGE   Polyacrylamid  gelectrophoreses  

Col-0   Ecotype Columbia PCR    Polymerase chain reaction  

C-terminus Carboxy-terminal end of a protein PI Propidium iodide  

dag days after germination PVDF    Polyvinylidenfluoride  

DAPI 4',6-diamidino-2-phenylindole RNA    Ribonucleic acid 

DTT   Dithiothreitol RT   reverse transcriptase 

dH2O   destilled water qRT-PCR  quantitative Real Time-PCR 

DNA    Deoxyribonucleic acid   SDS   Sodiumdodecylsulfate 

E. coli   Escherichia coli v/v volumer per volume 

EDTA  Ethylendiamine tetra acidic acid Ws Ecotype Wassilewskaja 

FRET Fluorescence resonance energy transfer WT   wild type 

g gram w/v weight per volume 

GAL4-AD GAL4 activation domain Y2H Yeast two-hybrid 

GAL4-BD GAL4 DNA binding domain µg  micro gramm 

GFP   Green fluorescing protein μl  micro litre 

GST Glutathione-S-Transterase µm micro meter 

h   hour   

kb  kilobase pair   

l   litre   

LB   Luria Bertoni broth   

LC/MS light chromatography mass spectrometry  

M   molar   

mg   milligram   

min    minute     

ml   millilitre   

mM   milli molar   

MNE mean normalized expression   

mRNA   messenger RNA   

MW   molecular weight   

ncRNA non-coding ribonucleic acid   

ng   nanogram   
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Table 7.1: List of 50 most enriched putative complex partners of SCI1-GFP 
Putative complex partners are listed according to the ratio and are depicted ranked no., ratio value, AGI code, 
predicted protein function, uni-prot IDs and gene ontology annotations (GO) retrieved form TAIR and Uni-Prot 
databases. The bait protein SCI1 is marked in red, GFP in green. Proteins predicted to be involved in chromatin 
remodeling are shown in blue, histone proteins in yellow and LINC1 in orange. Most proteins are predicted to be 
nuclear localized. 
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Table 7.2: List of putative complex partners (# 51-110) of SCI1-GFP 
Putative complex partners from no. 51 are listed according to the ratio and are depicted ranked no., ratio value, 
AGI code, predicted protein function, uni-prot IDs and gene ontology annotations (GO) retrieved form TAIR and 
Uni-Prot databases. Proteins predicted to be involved in chromatin remodeling are shown in blue, histone 
proteins in yellow 
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