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Summary

SET domain-containing proteins encoded by the Drosophila gene Su(var)3-9 

and its human homologue, SUV39H1, are major regulators o f heterochromatin 

formation. The SET domains of these proteins carry histone methyltransferase activity, 

which specifically targets lysine 9 of histone H3. Thus far, although nineteen Su(var)3-9 

homologs (SUVH  genes) have been identified in plants on the basis of SET domain 

similarities, few have been characterized in detail. The work described herein began 

with an investigation of the phylogenetic relationships o f plant SUVH  genes all of which 

share a similar domain architecture, comprising a SET domain flanked by pre-SET and 

post-SET domains and a novel dom*ain named SRA. Analysis of selective constraints in 

the SRA and SET domains during SUVH  evolution indicates that after gene duplication, 

functional divergence of the SRA domain occurred in different SUVH  lineages. The 

SET domain by contrast has remained under strong purifying selection.

In order to investigate SUVH  function, two Arabidopsis genes SUVHl and 

SUVH3, were studied in detail. Northern analysis and promoter-CL'S fusions showed 

that SUVHl and SUVH3 are broadly expressed during plant development but with the 

highest levels o f expression in proliferating cells. Translational fusions with GFP 

demonstrated that the SUVHl and SUVH3 proteins are targeted to nuclei and associate 

with specific nuclear sub-domains. Moreover during mitosis both fusion proteins 

showed a non-random distribution and remained associated with condensed 

chromosomes. SUVHl and SUVH3 were also shown to represses the expression o f a 

reporter gene when artificially targeted to its promoter indicating that the encoded 

proteins may exert a similar transcriptional repression function in vivo.

Ectopic expression of SUVHl or SUVH3 in transgenic Arabidopsis plants did 

not, however, affect either growth or development. Similarly, the phenotype of 

transgenic plants in which dsRNA constructs significantly reduced the levels o f the 

wild-type transcripts was indistinguishable from the wild-type. Finally, SUVHl and 

SUVH3 T-DNA insertion mutants were identified and shown to be complete loss-of- 

function alleles. However, neither the single T-DNA mutants nor a double mutant 

obtained by crossing the insertion lines were affected in growth or development.
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Chapter 1

General Introduction

1.1 Chromatin and gene regulation
In eukaryotic cells DNA is complexed with core histones and other 

chromosomal proteins in the form of chromatin. The nucleosome is the fundamental 

structural subunit of chromatin; it comprises an octamer of four core histones H2A, 

H2B, H3 and H4, around which two superhelical turns of DNA (146 bp) are wound and 

from which the N-terminal tails of the histones protrude. With the aid of additional 

proteins including histone H I, the nucleosomes are further packaged into 30 nm fibers 

with six nucleosomes per turn in a spiral or solenoid arrangement (Komberg and Lorch, 

1999). The 30 nm fiber unfolds to generate a template for transcription, an 11 nm fiber 

or beads on a string, by a mechanism that is still not entirely clear (Komberg and Lorch, 

1999). Thus, chromatin structure represents an important regulatory mechanism for 

cellular processes requiring access to DNA.

Gene expression in eukaryotes relies upon the accessibility of the DNA template 

to RNA polymerase and a variety of regulatory proteins. This accessibility can be 

controlled by the structure of chromatin at a given locus (Komberg and Lorch, 2002). A 

gene can remain silent in a particular cell, independent of the availability of all the 

requisite transcription factors (epigenetic silencing). This silenced state can be 

propagated faithfully through mitosis and meiosis. Transcriptionally permissive 

domains (euchromatin) are separated from more restricted, developmentally-regulated 

regions (facultative heterochromatin) and from structurally heterochromatic chromatin 

found at telomeres and centromeres. In addition to its roles in epigenetic control of gene 

expression (e.g. in X inactivation and genomic imprinting) or during developmental 

regulation of the homeotic gene cluster (HOM-C), higher order chromatin stmcture 

directs telomere and centromere activity and in consequence, the correct folding and 

segregation o f mitotic and meiotic chromosomes. Despite cmcial functions in both gene
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expression and chromosomal architecture, the underlying structural components 

required for the establishment and propagation of higher order chromatin remain largely 

unknown (Aagaard et al., 1999).

Although basic chromatin components (histones) participate in chromatin- 

dependent gene activity other factors including DNA modifications, histone 

modifications and the composition of associated proteins have been identified as major 

modulators of chromatin structure and function (Cheung et al., 2000; Strahl and Allis, 

2000; Jenuwein and Allis, 2001; Geiman and Robertson, 2002). Genetic screens for 

chromatin-related phenomena such as Position Effect Variegation (PEV) in Drosophila 

(Weiler et al., 1995), centromeric silencing in Schizosaccharomyces pombe and 

telomeric silencing in Saccharomyces cerevisiae have identified distinct classes of 

genes that are involved in the regional organization of chromatin domains and gene 

silencing. PEV involves a local change in chromatin structure that represses 

transcription of genes brought into the vicinity of heterochromatin, usually by a 

chromosomal rearrangement. In PEV, heterochromatin appears to “spread” in cis across 

a euchromatin/heterochromatin boundary, causing repression of a normally active gene 

in a variable manner. More than 120 loci have been identified that enhance (E[var] 

genes) or suppress (Su[var] genes) the “spread” of heterochromatin in Drosophila, thus 

implicating E(var) genes in the establishment o f active chromatin domains and Su(var) 

genes in the organization of repressive chromatin domains (Gasser et al., 1998). Several 

of the few characterized PEV modifiers share domains with the Trithorax group (TrxG) 

activators or with the Polycomb group (PcG) repressors o f the homeotic selector gene 

(HOM-C) cluster, suggesting a similar mechanism for the regulation of gene activity at 

heterochromatic and euchromatic positions. Whereas domains such as the 

chromodomain are found only in repressive proteins other protein domains are 

interchanged between antagonistic chromatin regulators (e.g. the SET domain). The 

analysis of these conserved domains is a major subject of epigenetic research, one that 

should shed light on the mechanism underlying chromatin-mediated repression (Gasser 

et al., 1998).

2



1.2 SET domain proteins
The idea of the existence of an evolutionarily conserved mechanism of 

chromatin regulation is underscored by the discovery o f the SET domain genes, an 

emerging, well conserved gene family encoding chromatin-associated proteins that play 

a role in either promoting or inhibiting gene expression (Jenuwein et al., 1998). The 

SET domain is an evolutionary conserved sequence motif o f about 130 amino acids, it 

was first recognized as a common element encoded in three Drosophila genes: the 

strongest suppressor of PEV, Su(var)3-9, the PcG gene Enhancer o f  zeste {E(z)] and the 

activating TrxG gene Trithorax (Trx) (Zhang and Reinberg, 2001). Over 700 real and 

hypothetical proteins of diverse function, ranging from mammals to bacteria and 

viruses, contain a recognisable SET domain (http://smart.embl-heidelberg.de). 

However, this review focuses only on those proteins known to be associated with 

chromatin.

1.2.1 The chromatin-associated SET domain protein family
The chromatin-associated SET domain proteins can be divided into four subgroups 

based on similarities in domain architecture and sequence conservation within the SET 

domain (Figure 1.1) (Jenuwein et al., 1998);

1.2.1.1 Subgroup I: Enhancer of zeste [E(Z)]

The E(Z) subgroup I comprises the Drosophila PcG gene E(z), its mammalian 

homologues EZH2, Ezhl (Laible et al., 1997); and the plant homologues, CURLY LEAF  

(CLF) (Goodrich et al., 1997) and MEDEA, alternatively called FERTILIZATION 

INDEPENDENT SEED DEVELOPMENT 1 (FISl) (Grossniklaus et al., 1998). A 

common structural feature o f the E(Z) subgroup is the presence of a cysteine-rich 

region, CXC, immediately upstream of the SET domain. E(Z) and its mammalian and 

plant homologues, have been classified as repressive chromosomal proteins (Goodrich 

et al., 1997; Laible et al., 1997; Van lohuizen, 1998). In Drosophila, E(z) restricts 

expression boundaries o f HOM-C but also has been shown to be involved in repression 

of early acting segmentation and gap genes (Jenuwein et al., 1998).

E(Z) interacts with ESC {Extra sex combs)', biochemical evidence has indicated 

that ESC and E(Z) form a complex required at the initiation stage of repression. This
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complex, called PcG initiation complex (Pc-Gi) is required to stably maintain an already 

initiated repression pattern (Shao et al., 1999; Van lohuizen et al, 1998).

1.2.1.2 Subgroup II: Trithorax Goup (TrxG)

This subgroup contains the founder of the TrxG, the Drosophila gene Trithorax 

{Trx), its human homologue ALLl/H RX  (Pirrotta, 1998), S. cerevisiae SETl (Nislow et 

al., 1997) and several others proteins including five found in Arabidopsis (Alvarez- 

Venegas and Avramova, 2002). TrxG genes antagonize the repressive function of PcG 

genes. Consistent with its antagonistic function, TRX co-localizes with many PcG 

protein-binding sites on polytene chromosomes (Chinwalla et al., 1995). The N-terminal 

region of the protein in this subgroup shows notable differences in the presence and 

positioning of different domains. Domains such as the repressive domain CXXC are 

present in ALLl but not in the TRX protein (Ma et al., 1993). The presence of 

additional domains e.g. PHD fingers, DAST domain, bromodomain or tudor domain, 

the PWWP or HMG motif, characterizes different members o f this subgroup (Alvarez- 

Venegas and Avramova, 2002).

Trx was identified genetically as a positive regulator o f homeotic genes in 

Drosophila (Mazo et al., 1990). Mutations in the SET domain o f TRX are embryonic 

lethal (Alvarez-Venegas and Avramova, 2002). The ALLl human homolog is frequently 

affected by translocations in both acute lymphoblastic and acute myeloid leukaemia 

(Djabili et al., 1992; Gu et al., 1992). Remarkably, up to 30 different chromosomal 

fusiors have been observed, in many cases creating hybrid proteins. HRX, like TRX, is 

thougit to be able to interact directly with specific target genes, with which the hybrid 

proteins may interfere. The fact that some genes are upregulated in these mixed lineage 

leukaemias has suggested that the function of wild-type ALLl/HRX is to repress them 

(Van Lohuizen, 1999). SETl is the S. cerevisiae gene most closely related to Trx and 

disrujtion of SETl results in loss of silencing at telomeric positions and at the mating- 

type bci. Mutant cells also display morphological abnormalities, and both growth and 

sporuation defects, indicating regulation of many targets (Nislow et al., 1997). 

Togetier the observations suggest pleiotropic functions for the Trithorax subgroup 

proteiis in both gene repression and activation.
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1.2.1.3 Subgroup III: Absent small or homeotic (ASHl)

This subgroup contains the Drosophila TrxG gene absent small or homeotic 

{ashl) (Tripoulas et al., 1996) and the S. cerevisiae SET2. These proteins differ from 

other SET domain proteins because in ASHl and SET2, the SET domain is not 

localized at the very C-terminus. Additionally, ASHl contains a PHD finger, and the 

modular structure of SET2 resembles that of E(Z) (Tripoulas et al., 1996).

Mutations in the Ashl gene cause a wide variety of homeotic transformations 

;hat are similar to the transformations caused by mutations in the Trx gene. Homeotic 

;ransformations of imaginal disc-derived tissues in ashl loss of function mutants 

■esemble phenotypes caused by partial loss or gain of function mutations in genes of the 

intennapedia Complex and Bithorax Complex (Sheam, 1989, Tripoulas et al., 1994). In 

iddition, ASHl co-localizes with TRX at many sites on polytene chromosomes. The 

Tiutant phenotype and the chromosomal localization of ASHl imply that it functions at 

he transcriptional level to maintain the expression pattern of homeotic selector genes 

Tripoulas et al., 1996). In contrast to ASHl, a mutation in the cysteine rich cluster of 

>ET2 relieves basal repression of the GAL4 promoter, but SET2 mutants display no 

ipparent defect in telomeric or mating type silencing. Thus, SET2 appears to be 

ipecialized for gene repression at euchromatic positions (Jenuwein et al., 1998).

L2.1.4 Subgroup IV: SUV(VAR)3-9

This subgroup comprises the Drosophila PEV suppressor gene Su(var)3-9, the 

luman homologues SUV39H1 (Aagaard et al., 1999) and SUV39H2 (O’carroll et al., 

JOOO), the S. pombe Clr4 (Ivanova et al., 1998) homologues; the gene encoding human 

j9a protein, (Milner and Campbell, 1993); SETDBl (Schultz et al., 2002) and the 

nouse homolog ESET (Yang et al., 2002); and 14 Arabidopsis genes (Baumbusch et al., 

!001). Although most SU(VAR)3-9 homologs contain an N-terminal chromodomain, 

he plant homologs do not. Members of this subgroup may also contain additional 

lomains. The human G9a protein contains several ankyrin repeats at the N-terminus 

Milner and Campbell, 1993) and SETDBl/ESET contains a DNA methyl-binding 

MBD) domain (Schultz et al., 2002; Yang et al., 2002). The Arabidopsis SET domain 

;enes known as SUVAR-Homologues (SUVH), which include the KRYPTONITE gene, 

contain a conserved domain called SRA (SET, RING-finger associated) while the 

Irabidopsis SUVAR-Related (SUVR) genes contain only the SET domain and the pre- 

5ET and post-SET domains (Baumbusch et al., 2001).
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Su(var)3-9 is the strongest Su(var) gene described and displays dose-dependent 

effects in modulating expression of heterochromatin-associated marker genes, thus 

categorizing Su(var)3-9 as a key regulator in the organization of repressive chromatin 

(Reuter and Spierer, 1992). Consistent with this, SU(VAR)3-9 and SUV39H1 proteins 

are enriched in heterochromatin and accumulate transiently at centromeric positions 

during mitosis (Aagaard et al., 2000). Overexpression of the SUV39H1 gene in 

mammalian cells has been shown to cause severe defects in mitotic progression and 

chromosome segregation resulting in aberrant nuclear morphologies like micronuclei 

and polynuclei (Melcher et al., 2000). SUV39H1 protein associates with HPl proteins 

(a family o f heterochromatic adaptor molecules implicated in epigenetic gene regulation 

and supra-nucleosomal chromatin structure). Heterochromatin association o f HPl is lost 

in the absence of SUV39H, which corroborated similar studies on the SUV39H1 and 

HPl homologues o f S. pombe, CLR4 and SWI6, respectively (Ekwall et al., 1996; 

Aagaard et al., 1999; Melcher et al, 2000). The Clr4 gene is important for centromeric 

integrity, for gene repression and for heterochromatin formation. Disruption of Clr4 in 

S. pombe has been shown to induce chromosome segregation defects (Ivanova et al., 

1998).

The G9a protein (Milner and Campbell, 1993) is essential for early embryonic 

development that may be involved in transcriptional repression of developmentally- 

regulated genes. In agreement with this proposed function, G9a shows repressor activity 

in vitro that is dependent on its SET domain (Tachibana et al., 2002). Localization 

analyses show that G9a, in contrast to SUV39H1, appears to target transcriptionally 

active euchromatin rather than repressive pericentric heterochromatin (Tachibana et al., 

2001, Tachibana et al, 2002).

Suv(var)3-9 and SUV39H1 genes were the first SET domain genes shown to 

encode novel histone lysine methyltransferases which selectively methylate histone H3 

at lysine 9 (H3-K9) (Rea et al., 2000). Methylation at lysine 9 generates a binding site 

for heterochromatin-associated proteins. The implications o f this in the organization and 

function of chromatin will be discussed in the next section.

The presence o f the SET domain in both repressing and activating chromatin 

regulators and the dual role of e.g. E(Z), ALLl/HRX and SETl in the control of gene 

regulation, are reminiscent of the bi-functional activities displayed by other proteins 

such as the repressor activator protein RAPI or the chromodomain present in repressing 

and activating proteins. Thus, it is proposed that the SET domain represents an ancient
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protein module, which is intrinsically connected to different networks governing 

chromosome architecture and transcriptional regulation. Distinct target specificities may 

be conferred on individual SET domain proteins by combining the SET domain with a 

cysteine rich region as in the E(Z) subgroup, or with DNA binding motifs and PHD 

fingers as in the TRX and ASHl subgroups, or with the chromodomain as in the 

SU(VAR)3-9 subgroup (Jenuwein et al., 1998).

1.2.2 Histone lysine methyltransferase activity of SET domain 

containing proteins

By looking at distant similarity with other proteins Rea and colleagues (2000) 

found homology between the SET domain of SUV39H1 and plant methyltransferases 

like the Rubisco large subunit (LS) N-methyltransferase (Rubisco LSMT, EC 2.1.1.43) 

which catalyzes methylation of the e-amino group of Lys-14 in the LS o f Rubisco 

(Klein and Houtz, 1995). Although Rubisco LSMT was found to lack HKMTase 

activity, some of the plant enzymes had been classified as potential histone lysine 

methyltransferases (HKMTases). This lead to the discovery that SUV39H1 possessed 

an intrinsic HKMTase activity (Rea et al., 2000), as did the S. pombe CLR4 (Nakayama 

et al., 2001) and Drosophila Su(var)3-9 homologs (Czermin et al., 2001). SUV39H1 

was further shown to specifically methylate histone H3 on lysine 9 (H3-K9). The 

HKMTase catalytic activity was shown to be dependent on the SET domain and two 

adjacent cysteine-rich regions (the Pre-SET and Post-SET domains).

The G9a (Tachibana et al., 2001) and SETDBl (Schultz et al., 2002; Yang et al.,

2002) proteins have also been shown to be HKMTases. Like SUV39H1, G9a is able to 

specifically methylate H3-K9, but also histone H3 at lysine 27 (H3-K27) and histone 

HI, with a specific activity 10 to 20 fold higher than that o f SUV39H1 (Tachibana et 

al., 2001). In addition, the SET domain of DIM-5 from Neurospora (Tamaru and 

Selker, 2001) and KRYPT0NITE/SUVH4 from Arabidopsis (Jackson et al., 2002), two 

SU(VAR)3-9 homologues, were shown to be able to methylate H3-K9. Subsequently, 

several additional SET domain-dependent HKMTases, belonging to other subgroups, 

were identified that established the importance of histone lysine methylation in 

heterochromatin formation and in epigenetic regulation of gene expression (Sims et al.,

2003). The SET domains of the Drosophila E(Z) and its animal counterparts were 

shown to be able to methylate H3-K27, H3-K9, or both (Czermin et al., 2002;
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Kuzmichev et al., 2002; Muller et al., 2002). Moreover, the Drosophila TRX, its S. 

cerevisiae homolog, SETl, and its human holmolog, M LLl, involved in maintaining 

gene activation, are histone H3 lysine 4 (II3-K4) methyltransferases (Briggs et al., 

2001; Milne et al., 2002; Roguev et al., 2001). Finally, the ASHl protein from 

Drosophila was shown to be a multi-catalytic HKMTase that methylates H3-K4, H3-K9 

and histone H4 lysine 20 (H4-K20). Since methylation of H3-K9, H3-K27, and H3-K36 

is correlated with gene repression and H3-K4 methylation is associated with gene 

activation (Sims et al., 2003), specific HKMTase activity o f SET domain proteins 

provided a mechanism by which different SET domain proteins can have a role in 

promoting or inhibiting gene expression and provide a link between regulation of 

higher-order chromatin structure and histone modifications.

1.3 Histone modifications and the “Histone code hypothesis”
Histones are small basic proteins consisting of a globular domain and a more 

flexible and charged amino-terminus (histone tail) that protrudes from the nucleosome. 

Histone tails are highly conserved across eukaryotes and are susceptible to a variety of 

covalent modifications including acetylation, phosphorylation, methylation and 

ubiquitination (Zhang and Reinberg, 2001). These covalent modifications serve as 

signals, which are interpreted by regulatory factors that determine distinct chromatin 

states. The proteins transducing these histone tail modifications are highly specific for 

particular amino acid positions, thereby extending the information content of the genetic 

(DNA) code (Jenuwein and Allis, 2001). Position-specific modifications in the histone 

N-terminus correlate with distinct chromatin-based outputs. For example, histone 

acetylation of specific lysine residues (lysine 9, 14, 18 and 23) plays a fundamental role 

in transcriptional regulation and deposition-related acetylation of H4 (lysine 15 and 

lysine 12) and H3 in chromatin assembly during DNA replication (Sobel et al., 1995; 

Struhl, 1998). Phosphorylation, particularly in histones HI and H3 (Serine 10) has been 

implicated in chromosome condensation and H3 phosphorylation (specifically on serine 

10) is also involved in transcriptional activation (Strahl and Allis, 2000).

The observation that a complex system of histone modifications is important in 

controlling chromatin states gave rise to the “Histone code hypothesis” (Strahl and 

Allis, 2000; Jenuwein and Allis, 2001) which proposes that distinct histone
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modifications, on one or more histone tails, act sequentially or in combination to form a 

“histone code” that is read by other proteins to bring about distinct downstream 

regulatory events. This hypothesis predicts that (i) distinct modifications of the histone 

tails would influence interaction affinities for various chromatin-associated proteins that 

regulate diverse chromatin functions, such as gene expression, DNA replication, DNA 

repair, and chromosome segregation, and (ii) modifications on the same or different 

histone tails may be interdependent and generate various combinations on any one 

nucleosome.

Evidence that histone tail modifications provide binding sites for effector 

proteins was first reported for bromodomain-containing proteins. The bromodomain 

was shown to interact specifically with acetylated lysine in the tails of histone H3 and 

H4 (Dhalluin et al., 1999). Bromodomains represents an extensive family of 

evolutionarily conserved protein modules found in many chromatin-associated proteins 

and in nearly all known nuclear histone acetyltransferases (HATs). Thus, as predicted 

by the histone code hypothesis, bromodomains can direct highly specific histone 

acetylation by tethering HATs to specific chromosomal sites thereby contributing to the 

assembly and activity of chromatin remodelling complexes such as SAGA and NuA4 

and to transcriptional activation (Zeng and Zhou, 2002). Similar to bromodomains, 

chromodomains have been identified as very specific targeting modules that recognize 

histone methylation marks. The chromodomain of HPl is highly selective for 

methylated H3-K9 (Bannister et al., 2001) whereas the chromodomain of the Polycomb 

(PC) protein has affinity for methylated H3-K27 (Cao et al., 2002). Both 

chromodomains are specific for their respective methyl marks because the 

chromodomain of PC failed to recognize H3-K9 and vice versa (Bannister et al., 2001; 

Cao et al., 2002). Thus, H3-K9 methylation is a mark for constitutive heterochromafin 

recognized by H Pl, whereas H3-K27 methylation serves as a signal for the recruitment 

of the Polycomb repressive complex 1 (PRCl) through binding with PC (Cao et al., 

2002).

The second postulate of the histone code hypothesis predicts interdependence 

between various histone modifications. It has been shown for example that histone H3 

tail modifications particularly K4, K9 and K14 as well as serine 10 appear to contribute 

to control of the chromatin environment and the interplay between these modifications 

determine the status o f gene expression (Jenuwein and Allis, 2001). Active 

transcriptional states are associated with phosphorylation of serine 10 which precedes
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and facilitates the acetylation of lysine 9 and 14 as well as the methylation of lysine 4. 

In addition, acetylation o f lysine 14 blocks the methylation of lysine 9. Alternatively, a 

repressive transcriptional state is associated with deacetylation o f lysine 9 and 14, 

dephosphorylation of serine 10, and methylation of lysine 9 (Rea et al., 2000). Thus, 

H3-K9 methylation is influenced by pre-existing serine 10 phosphorylation and lysine 9 

acetylation (Rea et al., 2000). In addition, ectopic expression of SUV39H1 disperses the 

pericentric localization of H3-phosphorylated on serine 10, delays mitotic progression 

and induces lagging chromosomes at anaphase (Melcher et al., 2000).

1.4 Roles of histone lysine methylation
A unique feature of histone lysine methylation is that functional differences exist 

between modifications present at extremely short distance from each other within the 

same histone tail. H3-K4 methylation is associated with transcriptionally active genes, 

whereas H3-K9 methylation a mere four amino acids away is associated with repressed 

or silenced loci. This observation is striking and lends credence to the histone code 

hypothesis (Sims et al., 2003). In addition, unlike reversible modifications such as 

acetylation and phosphorylation, methylation on histone tails is an extremely stable 

modification that might never be removed, and so is an attractive candidate for 

perpetuating silent chromatin states through multiple cell divisions (Vermaak et al., 

2003).

1.4.1 H3-K9 methylation and heterochromatin

Heterochromatic regions are characterized by high levels of H3-K9 methylation 

(Noma et al., 2001) that is conferred by the SET domain of SU(VAR)3-9 class proteins 

which posses a HKMTase activity (see section 1.2.2). This methyl mark is recognized 

by chromodomain of the heterochromatic HP1/SWI6 protein (Bannister et al., 2001; 

Lachner et al., 2001) which in turn forms complexes with SUV39H1 HKMTases 

(Aagaard et al., 1999) generating a positive feedback loop that allows SUV39H1-HP1 

complexes and H3-K9 methylation to spread along chromatin, creating repressive 

heterochromatin in the process (Schneider et al., 2002). Nakayama and colleagues 

(2001) were the first to describe the molecular events leading to the formation of 

heterochromatin at yeast centromeres and at mating-type loci. After histone
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deacetylases remove the acetyl groups from H4-K9 and H3-K14, Suv39hl/Clr4 

methylates H3-K9. Methylated H3-K9 then serves as a binding site for the recruitment 

of HP1/SWI6. HP1/SWI6, through a chromo-shadow domain located at its C terminus, 

can then oligomerize to form heterochromatin. Similar results were observed with the 

vertebrate-derived enzymes (Bannister et al., 2001; Jacobs et al., 2001; Lachner et al., 

2001). How HPl then generates a highly compact chromatin structure is not known. It 

may link up several nucleosomes and /or may recruit other enzymatic activities, such as 

DNA methyltransferases, necessary for chromatin condensation (Kouzarides, 2002). 

Thus, the establishment of a heterochromatic domain depends on the coordinated and 

sequential activity o f histone deacetylases, HKMTases, HPl and probably other as yet 

unknown enzymatic activities.

A recent study in S. pombe established that the formation of heterochromatin 

requires components of the RNAi machinery. RNAi is the process by which double 

stranded RNA (dsRNA) inhibits the accumulation of homologous transcripts from 

cognate genes (Montgomery et al., 1998). Deletion of genes encoding components of 

the RNAi machinery; Argonaute, Dicer and RNA-dependent RNA polymerase resulted 

in impairment o f centromere function, de-repression of transgenes integrated at the 

centromere, loss o f H3-K9 methylation and aberrant accumulation of transcripts derived 

from centromeric repeated sequences (Volpe et al., 2002). Furthermore, it was observed 

that a centromere-homologous repeat (cenH) and the RNAi machinery cooperated to 

nucleate heterochromatin assembly at the silent mating-type locus (Hall et al., 2002). 

These observations suggest that the presence o f tandem repeats, such as centromeric 

repeats, at heterochromatic loci, allows the generation of dsRNA transcripts that are 

processed by the RNAi machinery, and the resulting RNA intermediates directly recruit 

histone deacetylase (HDAC) and H3-K9 methyltransferase activities to the region 

homologous to the dsRNA. This initial recruitment is proposed to nucleate 

heterochromatin by creating H3-K9 methylated binding sites for SWI6. Once bound to 

chromatin, HP1/SWI6 serves as a platform for the recruitment of histone-modifying 

activities that create additional HP1/SWI6 binding sites on adjacent nucleosomes, thus 

enabling spreading to occur in a stepwise manner. The presence of chromatin “boundary 

elements” ensures that heterochromatin does not spread to neighboring euchromatic 

regions (Hall et al., 2002).

H3-K9 methylation also occurs at regions of facultative heterochromatin on the 

inactive X chromosome in female mammals. The inactive X chromosome is methylated
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at H3-K9 after coating with Xist RNA and before transcriptional inactivation of X- 

linked genes (Heard et al., 2001; Mermoud et al., 2002). Together with H3-K9 

methylation, hypoacetylation at lysine 9 and 4 of H3 can be detected. This suggests that 

deacetylases and HKMTases may also work in concert in the formation of facultative 

heterochromatin. H3-K9 methylation is retained through mitosis indicating that it could 

provide an epigenetic imprint for the maintenance of the inactive state (Mermoud et al., 

2002). However, although disruption of the mouse Suv39hl and Suv39h2 HKMTases 

abolishes H3-K9 methylation of constitutive heterochromatin it does not abolish H3-K9 

methylation on the inactivated X. Additionally, HPl proteins do not accumulate on the 

inactivated X suggesting that the SUV39H-HP1 methylating system does not regulate 

H3-K9 methylation in facultative heterochromatin (Peters et al., 2002).

1.4.2 H3-K9 methylation and euchromatic silencing

The first example of transcriptional repression at euchromatic loci comes from 

the finding that the SUV39H1-HP1 complex can be targeted to specific cell cycle genes 

through the tumour suppressor Retinoblastoma protein (Rb) (Nielsen et al., 2001, 

Vandel et al., 2001). Rb is crucial for the proper control of cell proliferation. It prevents 

the G1 to S phase transition by repressing S-phase-specific genes controlled by the E2F 

transcription factor (Harbour and Dean, 2000). Rb associates with SUV39H1 and HPl 

in vivo by means of its pocket domain and more important this association is required 

for repression of the cyclin E  and cyclin A2 genes. Rb is also necessary for directing H3- 

K9 methylation and for binding of HPl to the cyclin E promoter. In contrast to 

heterochromatic silencing, the recruitment of HPl occurs within one nucleosome 

surrounding the promoter region of cyclin E, and does not result in the spreading of HPl 

as at heterochromatic sites (Nielsen et al., 2001).

Rb also recruits histone deacetylases as part of the mechanism of transcriptional 

repression (Brehm and Kouzarides, 1999) suggesting that Rb can coordinate the 

necessary deacetylation step before repressive lysine methylation can take place. 

However it is not known whether the deacetylase and methyltransferase complexes are 

recruited sequentially or bind as a single complex possessing both enzymatic activities.

Another member of the Su(var)3-9 subgroup involved in silencing of 

euchromatin is the human G9a protein. G9a is a euchromatic HKMTase involved in the 

transcriptional silencing of developmentally regulated genes (Tachibana et al., 2002).
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Consistent with this function, G9a null mice embryos die at the E8.0 stage of 

development implicating G9a in the regulation of gene expression during this stage of 

embryogenesis. Unlike SUV39H1, which is enriched at heterochromatic foci in 

mammalian cells and co-localizes with HPl protein, G9a protein localizes at 

euchromatic regions and is excluded from pericentric heterochromatic regions 

(Tachibana et al., 2001; Tachibana et al., 2002). In G9a-deficient cells the broad H3-K9 

methylation pattern in the nucleus is abolished indicating that G9a is responsible for 

H3-K9 methylation at euchromatin (Tachibana et al., 2002). Besides H3-K9, G9a is also 

able to methylate H3-K27 (Tachibana et al., 2001) creating two possible fianctions for 

G9a-mediated histone methylation. First, G9a may create a local heterochromatic 

architecture in euchromatic regions via interactions with methylated H3-K9 and 

subpopulations of HPl proteins. Indeed it has been shown recently that G9a and another 

SET domain-containing ankyrin repeat protein, EuHMTasel, might form complexes 

with HPly and the E2F-6 transcription factor. Recruitment of these chromatin modifiers 

to E2F-6 target promoters probably contributes to their silencing in GO cells (Ogawa et 

al., 2002). Second, histones doubly methylated at H3-K27 and H3-K9 may recruit 

distinct factors that further influence chromatin structure and gene regulation 

(Tachibana et al., 2002).

The human protein SET Domain Bifurcated 1 (SETDBl), another Su(var)3-9 

protein, is also involved in transcriptional repression of euchromatic genes mediated by 

the KRAB-KAP-1 repression system. SETDBl is a specific H3-K9 methyltransferase 

that co-localizes with HPl at euchromatic regions in non-pericentromeric regions of 

chromatin. SETDBl and HPl can interact physically with KAP-1 and they are enriched 

at promoter sequences of euchromatic genes silenced by KAP-1 (Schultz et al., 2002). 

KAP-1 is an obligatory co-repressor of the approximately 220 KRAB domain zinc- 

finger proteins encoded by the human genome (Friedman et al., 1996). Taken together 

these studies indicate that KAP-1 acts as a molecular scaffold that coordinates activities 

necessary for gene-specific silencing; these include targeting to specific promoters (via 

the KRAB zinc finger proteins), histone deacetylation via the NuRD/HDAC complex 

(Schultz et al., 2001), H3-K9 methylation via SETDBl and deposition of HPl proteins 

which collectively facilitate the nucleation of facultative heterochromatin to silence 

gene expression.

Interestingly, the mouse ESET, a homolog of SETDBl, was found to interact 

with ERG, a transcription factor implicated in the control o f cell grow1;h and
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differentiation, suggesting that the methyltransferase activity of ESET might be targeted 

to specific genes regulated by ERG (Yang et al., 2002). In conclusion, the basic 

epigenetic mechanisms governing chromosome and gene level silencing appear to be 

similar in that H3-K9 methylation can serve as a binding site for a repressor protein that 

can assemble a core repressor complex. However, in contrast to constitutive 

heterochromatin, DNA sequence-specific repression requires an additional agent of 

specificity, perhaps contributed by a sequence-specific DNA binding protein (Sims et 

al., 2003).

1.4.3 Role of H3-K27 methylation in Polycomb group silencing
PcG proteins play important roles in maintaining the silent state of HOX  genes 

and other developmental control genes. The recent discovery that polycomb complexes 

catalyze the methylation of H3-K27 has implicated this modification in long-term gene 

silencing. Two biochemically distinct types of PcG complexes have been characterized 

in Drosophila'. Polycomb repressive complex (PRCl) and the ESC-E(Z) complex. 

PRCl contains the PcG proteins Polycomb, Polyhomeotic, posterior sex combs, and 

RING! as well as additional polypeptides (Francis et al., 2001; Shao et al., 1999). The 

ESC-E(Z) complex contains the PcG proteins Extra sex combs (ESC) and Enhancer of 

zeste [E(Z)] as well as NURF-55, a protein implicated in histone binding (Tie et al., 

2001).

E(Z) is a SET domain protein (see section 1.2.1.1), which suggests that histone 

methyltransferase activity might be required for the silencing activity of the ESC-E(Z) 

complex. Recombinant E(Z) protein did not show any HKMTase activity. However, 

recently several groups have demonstrated that the Drosophila ESC-E(Z) complex and 

its human counterpart EED-EZH2, contains both H3-K27, and to a lower extent H3-K9, 

methyltransferase activity (Cao et al, 2002; Czermin et al., 2002; Kuzmichev et al., 

2002; Muller et al., 2002). H3-K27 methylation correlates with repression of the 

Drosophila HOX  gene Ultrabithorax and is dependent on the E(Z) gene (Cao et al., 

2002). Furthermore, H3-K27 may serve as a binding site for the PC protein (Cao et al., 

2002; Kusmichev et al., 2002). These data supports a model in which ESC-E(Z)- 

mediated H3-K27 methylation serves as a signal for the recruitment of the PRCl 

complex by facilitating PC binding. Recruitment of PRCl in turn blocks access to 

nucleosome remodelling factors, such as SWI/SNF (Francis et al., 2001), leading to the

14



formation of repressive chromatin (Cao et al., 2002). Methylation of H3-K27 seems to 

be conserved in several organisms including human, chicken. Drosophila and plants, 

but it is absent in the yeast S. cerevisiae (Cao et al., 2002; Bastow et al., 2004).

In addition to its role in PcG silencing, H3-K27 methylation may play a role in 

X chromosome inactivation in mammals. Genetic analyses have shown that imprinted 

inactivation o f the X chromosome in females is lost in eed (the mammalian homologue 

of ESC) mutant mice. In addition, the mammalian EED-EZH2 complex is localized to 

the inactive X chromosome in a mitotically stable manner (Wang et al., 2001; Mak et 

al., 2002). Because the EED-EZH2 complex can achieve gene silencing through H3- 

K27 methylation it was suggested that H3-K27 might have a role in imprinted X 

inactivation (Xi). Indeed Plath and colleagues (2003) showed that during initiation of Xi 

the Xist RNA transiently recruits the mammalian EED-EZH2 complex to the inactive X 

chromosome (Xi), which methylates H3-K27. Because methylation o f H3-K27 by the 

EED-EZH2 was not sufficient for the maintenance Xi (Plath et al., 2003), it is possible 

that H3-K27 and H3-K9 methylation mediates different aspects of Xi, such as 

establishment and maintenance (Sims et al., 2003). Since EED-EZH2 is capable of H3- 

K9 methylation, it is possible that EZH2 specificity changes to methylate H3-K9 

depending on the presence of accessory factors or pre-existing histone modifications. 

However, the HKMTase responsible for H3-K9 methylation has not yet been identified 

and the significance of H3-K9 methylation in Xi remains undetermined.

1.4.4 H3-K4 methylation and transcriptional activation

In addition to its role in transcriptional repression, histone lysine methylation, 

specifically H3-K4 methylation, also functions as a signal for transcriptional activation. 

A role for H3-K4 methylation as a facilitator of transcription was first recognized in 

Tetrahymena in which H3-K4 methylation was shown to be associated with 

transcriptionally active macronuclei, but not with the transcriptionally inert micronuclei 

(Strahl et al., 1999). Chromatin immunoprecipitation (ChIP) experiments performed at 

the mating-type locus of S. pombe fiirther revealed that methylated H3-K9, and its 

interacting SWI6 protein, are strictly localized to a 20 kb silent heterochromatic region, 

whereas methylated H3-K4 is found exclusively in surrounding euchromatic regions 

(Noma et al., 2001). Similar results were obtained in a study performed across 53 kb of 

the chicken P-globin locus during erythropoiesis. Similar to yeast mating type loci, H3-
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K9 methylation is present in the constitutive heterochromatin and developmentally 

inactive globin genes, whereas H3-K4 methylation correlates with active globin genes, 

but also with H3-K9 acetylation (Litt et al., 2001). These results indicate that the 

function o f H3-K4 methylation in transcriptional activation is conserved bewteen 

Tetrahymena, yeast and vertebrates.

H3 lysine residues, in vivo, may be mono-, di- or tri-methylated at K4 and K9. It 

has been shown recently that the different status of lysine methylation provides a further 

level o f regulation for transcription. By using antibodies that discriminate between the 

di- and trimethylated state of H3-K4, Santos-Rosa and colleagues (2002) demonstrated 

that only tri-methylated H3-K4 correlates with transcriptionally active genes in yeast 

whereas di-methylated H3-K4 is detected on euchromatic regions encompassing both 

active and inactive genes. Thus, di-methyl H3-K4 correlates with a permissive state of 

chromatin in which genes are inactive or active, whereas tri-methylation only appears 

when genes are active (Santos-Rosa et al., 2002). A similar correlation is found in genes 

of higher eukaryotes, where the transcribed regions o f active globin genes are 

characterized by a marked enrichment of H3-K4 tri-methylation compared to the 

inactive genes (Schneider et al., 2004). However in contrast to yeast, chicken globin 

genes contain significant levels of H3-K4 di- and tri-methylation on inactive genes 

within the P-globin locus, implicating this modification in maintaining an open 

chromatin state (Schneider et al., 2004).

Consistent with its function as a signal for transcriptional activation, H3-K4 

methylation activity has been found in several SET domain proteins involved in 

maintaining transcriptional activation. Members of the TrxG of epigenetic activators 

were found to have H3-K4 methylating activity that correlates with their ability to 

confer transcriptional activation. The Drosophila TRX and a related SET domain 

protein TRR are H3-K4 methyltransferases. TRR together with the nuclear receptor EcR 

are involved in ecdysone-dependent development and both are found linked to 

ecdysone-inducible promoters. Furthermore, H3-K4 tri-methylation at these promoters 

is decreased in trr mutant embryos suggesting that TRR functions as a co-activator of 

EcR by establishing H3-K4 tri-methylation at ecdysone-inducible genes upon induction 

with ecdysone (Sedkov et al., 2003). MLLl, the human homolog of the Drosophila Trx 

gene was also shown to posses H3-K4 methyl transferase activity. H3-K4 methylation is 

associated with H O X gene activation and is dependent on MLLl (Milne et al., 2002).
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Another Drosophila  TrxG protein, A SH l, a protein involved in maintaining the 

active transcriptional state o f many genes, was shown to be a multi-catalytic HKMTase 

that methylates K4 and K9 in H3 and K20 in H4 (Beisel et al., 2002). More importantly, 

all detectable H3-K4 di-methylation is essentially eliminated by strong ash l mutations 

suggesting that A SH l is required for essentially all H3-K4 methylation that occurs in 

vivo (Byrd and Sheam, 2003). The S. cerevisiae SETl protein, a protein related to TRX, 

is also a H3-K4 methyltransferase. Mutations in Setl result in the complete abolition o f 

H3-K4 methylation in vivo, indicating that this protein is the major H3-K4 HKMTase in 

yeast. In contrast to all the other H3-K4 HKMTases, SETl seems to be involved in 

transcriptional repression. S etl mutants have growth defects and are impaired in 

silencing at telomeres, ribosomal DNA (rDNA), and at the mating-type region (Nislow 

et al., 1997; Briggs et al., 2001; Krogan et al., 2002). Interestingly, S. cerevisiae does 

not have Su(var)3-9 homologues and H3-K9 methylation is not detected in histones 

suggesting that H3-K4 methylation is required for transcriptional repression and 

heterochromatin formation in this yeast (Briggs et al., 2001). The S. pom be homologue 

o f  se tl, also called se tl, is not required for heterochromatin assembly at the silent 

mating-type region and centromeres. The S. pom be SETl is also a H3-K4 

methyltransferase but in contrast to S. cerevisiae, H3-K4 methylation is specific to 

euchromatic regions and important for the maintenance o f transcriptionally permissive 

domains in euchromatic regions (Noma and Grewal, 2002). Furthermore, in mammals 

the SET7/SET9 H3-K4 methyltransferases, a SETl related protein, are also involved in 

epigenetic transcriptional activation (Wang et al., 2001; Nishioka et al., 2002a). Thus, 

H3-K4 methylation is a universal mark for transcriptional activation and appears to have 

evolved for transcriptional repression functions only in S. cerevisiae.

The mechanisms by which H3-K4 methylation results in transcriptional 

activation are currently unknown. There are two potentially important functional effects 

o f H3-K4 methylation. First, H3-K4 methylation marks a gene for the recruitment o f 

complexes involved in transcription activation and/or displaces complexes involved in 

transcription repression, such as histone deacetylases (Nishoka et al., 2002). Support for 

this idea comes from the observation that preferential association o f the histone 

deacetylase NuRD complex with H3 is inhibited by H3-K4, but not H3-K9, methylation 

(Nishioka et al., 2002a; Zegerman et al., 2002). It has also been shown that A SH l- 

dependent H3-K4 methylation at the Ultrabithorax gene may serve as a binding surface 

for a chromatin remodelling complex containing the epigenetic activator Brahma
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(Brm)6, an ATPase, and may inhibit the interaction o f epigenetic repressors with 

chromatin (Beisel et al., 2002). Secondly, H3-K4 methylation by the SET9 protein 

precludes methylation by SUV39H1 at H3-K9. Thus, H3-K4 has the ability to block 

chromatin remodelling/deacetylation and methylation by SUV39H1, thereby preventing 

the placement of an epigenetic mark and recruitment of HPl (Nishioka et al., 2002a).

1.4.5 PR-Set7 and the role of H4-K20 methylation
Human PR-Set7 is an HKMTase that specifically methylates H4-K20 

exclusively within a nucleosomal context. It was originally thought that methyl H4-K20 

is associated with transcriptionally active rather than repressed genes. However, it was 

subsequently established that methylated H4-K20 is associated with silent chromatin 

and that methylation at H4-K20 inhibits acetylation o f H4-K16 and vice versa. 

Acetylated H4-K16 is enriched in transcriptionally active chromatin (Johnson et al., 

1998) making H4-K20 a methyl mark for repression. Larvae of Drosophila pr-Set? 

mutants lacked methylation on H4-K20 and die as late as the second larval instar 

indicating that PR-Set7 and H4-K20 methylation are essential for development and 

viability. These results suggest that H4-K20 methylation may alter patterns of gene 

expression, by perturbing a generally repressive, higher-order chromatin structure that 

critically depends upon H4-K20 methylation (Nishioka et al., 2002b).

Acetylated H4-K16 and methylated H4-K20 are coordinately regulated during 

the cell cycle. Histone H4 is temporally hyperacetylated during (or shortly after) DNA 

replication and is deacetylated after nucleosome deposition, although some 

chromosomal regions remain hyperacetylated during mitosis (Jeppesen, 1997; 

Jasencakova et al., 2000). PR-Set7 marks H4-K20 residues on mitotic chromosomes 

with methyl groups according to the map of non-acetylated H4-K16 residues. In this 

way, methyl H4-K20 can counteract acetylation of H4-K16 during the next cell cycle. 

Thus, methylated H4-K20 could represent an epigenetic mark o f silent chromatin that is 

propagated during cell division (Rice et al., 2002).

1.4.6 Partitioning of different methylation states in chromatin
Because lysine residues can accept multiple methyl groups (mono-, di-, or tri- 

methylation), each lysine residue is ideally suited to imparting additional layers of 

combinatorial control, which may facilitate both short and long-term chromatin imprints
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(Lachner et al., 2003). By using a panel of antibodies that specifically detected either 

mono-, di- or tri-methylated form of H3-K9 and H3-K27, two groups have recently 

shown that discrete chromosomal subdomains can be distinguished on the basis o f the 

methylation status of chromatin. Transcriptionally permissive euchromatin is broadly 

decorated by H3-K9 and H3-K27 mono- and di-methylated, whereas constitutive 

heterochromatin is enriched in tri-methylated H3-K9 and H3-K27 mono-methylation 

(Peters et al., 2003; Rice et al., 2003).

The euchromatic HKMTase G9a seems to be the responsible for mono- and di- 

methylation o f H3-K9 in vivo. Consistent with this function, cells null for G9a lack both 

H3-K9 mono- and di-methylation at euchromatin, but are not affected in H3-K9 tri- 

methylation at constitutive heterochromatin (Peters et al., 2003; Rice et al., 2003). 

However, despite having H3-K27 methylating activity in vitro, G9a is not involved in 

regulating H3-K27 methylation in vivo\ this activit)' is probably carried out by another 

euchromatic HKMTase (Peters et al., 2003).

The Suv39h HKMTases are the major H3-K9 tri-methylating enzymes, which 

appear to use an H3-K9 mono-methylated residue as their in vivo substrate (Peters et al., 

2003). Consistent with this, cells that are doubly null for Suv39hl/suv39h2 show a 

complete loss of H3-K9 tri-methylation at heterochromatin and little if  any change in 

H3-K9 mono- or di-methylation. At pericentromeric heterochromatin H3-K9 tri- 

methylation is replaced by mono-methylation and there is a conversion of the H3-K27 

mono-methyl state into H3-K27 tri-methylation. The change to H3-K27 tri-methylation, 

a prominent mark o f the inactive X chromosome, in double null cells suggests a 

possible cross-talk between constitutive and facultative heterochromatin in rescuing the 

repressed status of an otherwise compromised chromatin structure (Peters et al., 2003). 

This observation reveals a surprising plasticity in propagating methylation patterns in 

chromatin.

19



1.5 Plant SET domain genes
Following the completion of the Arabidopsis genome sequence, Baumbusch and 

colleagues (2001) identified 37 genes encoding SET domain proteins of which at least 

29 are expressed. A similar number of SET domain genes have been reported in other 

plant species; recent studies have identified at least 25 SET domain genes in maize 

(Springer et al., 2003). In addition, the Plant Chromatin database reports the presence of 

at least 28 SET domains genes in rice.

A phylogenetic analysis of the Arabidopsis SET domain genes based on protein 

architecture and the amino acid sequence of the SET domain identified four conserved 

clusters (Figure 1.2) (Jenuwein et al., 1998): Enhancer of zeste [E(Z)], Trithorax (TRX), 

Absent small or homeotic (ASHl) and SUV(VAR)3-9 (see section 1.2.1). These classes 

are well supported by high bootstrap values. The first subgroup contains three 

Arabidopsis homologs of the animal E(Z) proteins: MEDEA (MEA), CURLY LEAF 

(CLF) and EZAl. The second contains five ARABIDOPSIS TRITORAX \ \ o m o \o g u Q S \  

ATX1-ATX5 and a single gene, ARABIDOPSIS TRIT0RAX-RELATED7 (ATR7). The 

third cluster contains four Arabidopsis ASHl HOMOLOGS (homologs of the 

Drosophila ASHl protein): ASHH1-ASHH4. The fourth cluster contains 14 genes that 

are most closely related to Drosophila SU(VAR)3-9 and its human homolog SUV39H1. 

Because nine o f these contain a SET domain with high similarity to SU(VAR)3-9 they 

were called SU(VAR)3-9 HOMOLOGS (SUVHI-SUVH9). The remaining proteins are 

more diverse and were called SU(VAR)3-9 RELATED (SUVRI-SUVR5). The SET 

domains of the SUVR proteins are more similar to the SET domain found in the human 

G9a protein. Proteins with truncated or highly divergent SET domains were also 

identified in Arabidopsis, six of which (ATX1-ATXR6) shared similarities with the 

SET domain of the TRX proteins. Two other proteins contained a truncated domain 

most similar to the ASHl group and were called ASHl RELATED 1 (ASHRl) and 

ASHR2 (Baumbusch et al., 2003).

A similar phylogenetic analysis was performed with SET domain proteins from 

both maize and Arabidopsis (Springer et al., 2003). This analysis showed the presence 

of maize homologs in the four evolutionarily conserved subgroups of SET domain 

genes and revealed the presence of an additional subgroup. This new subgroup of SET 

domain proteins has representatives only in yeast and plants. It includes two proteins 

from Arabidopsis, ATXR5 and ATXR6, and two from the yeast S. cerevisiae, SET3 and
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Figure 1.2 Structure o f Arabidopsis SET domain proteins. Protein sequences obtained from 
Baumbusch and colleagues (2001). Lengths o f  proteins and position o f  domains are shown to 
scale except when indicated by W . SET, SET domain; EDII, E(Z) domain II; Cys (E(Z)), 
cysteine-rich region found in E(Z) class proteins; Cys (ASH), cysteine-rich region found in 
ASHl class proteins; PHD, PHD finger; ePHD, extended PHD finger; N-SAC, N-terminal part 
o f SET-associated cysteine-rich region (Pre-SET); PWWP, PWWP domain; YDG, YDG/SRA  
domain; NLS, bipartite nuclear localization signal; ZiFi, zinc finger; AT, AT-hook; one, two or 
three horizontal lines indicate the number o f cysteines in the C-terminal SAC. The Cys-rich 
domain o f ASHH3 is not significant according to the domain searches, but aligns well with the 
Cys-rich domains o f the other ASHH proteins. (Taken from Baumbusch et al., 2001)



SET4. These cluster together with a protein from maize, SDG129, o f which only a 

partial sequence was obtained (Springer et al., 2003). The presence of different 

conserved subgroups o f SET domain proteins in plants and animals likely reveals 

conservation of function between SET domain proteins in these kingdoms. However, 

differences in domain architecture and the presence of an increased number of SET 

domain genes in plants suggest that some of the genes may have acquired new plant- 

specific functions.

1.5.1 Duplication of SET domain genes in plants

Plant SET domain genes show an increased degree o f duplication relative to 

other organisms. Arabidopsis contains 37 SET domain proteins, whereas Drosophila 

contains 14, mouse 17, and yeast 4. Furthermore, plant SET domain proteins can be 

classified into 19 orthologous groups whereas only 9 such groups have been identified 

in animals {Drosophila to mouse) (Springer et al., 2003). Maize alone contains at least 

one gene representative of 15 of the 19 orthologous groups so far defined in plants, and 

monocot homologs for two of the remaining four orthologous groups can be found as 

ESTs. This indicates significant duplication and divergence o f SET domain proteins 

before the divergence of monocots and dicots (Springer et al., 2003). Two different 

mechanisms may have contributed to the high number of SET domain genes in plants: 

polyploidization or partial duplications in the genome and occasional retrotransposition 

events (Baumbusch et al., 2001; Springer et al., 2003). In fact, consistent with ancient 

polyploidization events, pairs of duplicated SET domain genes can be found in different 

large genome duplications in Arabidopsis and maize. Pairs o f SET domain genes are 

also found in non-collinear regions in Arabidopsis and maize; these duplications may 

have arisen by the same mechanism that gave rise to the duplications found in the 

collinear regions, followed by successive reorganizations. Alternatively the duplications 

may have occurred via small-scale transposition or illegitimate recombination (Springer 

et al., 2003). Evidence for gene duplication by retrotransposition is suggested by the 

intron-less SUVH  genes. The present of introns in the open reading frame of only one of 

nine related Arabidopsis SUVH  genes supports the idea that the other intron-less genes 

may have originated by a retro transposition-like event (Baumbusch et al., 2001).
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1.5.2 Expression of plant SET domain genes
An RT-PCR analysis of 20 representative Arabidopsis SET domain genes 

showed that all were expressed in more than one tissue; indeed all were expressed in 

floral buds and the majority in flowers and seeds. Confirmation of this general 

expression pattern is suggested by the presence of many SET domain ESTs in the public 

databases, derived from cDNAs libraries made from inflorescences, developing seeds 

and aerial organs (Baumbusch et al., 2001). Most o f the 18 maize SET domain genes 

were also analyzed by RT-PCR and were shown to be expressed in all maize organs and 

tissues tested (Springer et al., 2003). However, the RT-PCR technique cannot detect 

subtle differences in temporal and spatial expression patterns and consequently 

differences in SET domain gene expression, which might account for the conservation 

of duplicated genes having related functions, need to be investigated using alternative 

approaches. Expression of plant SET domain genes in buds, flowers and seeds, organs 

where important developmental processes take place, suggest that SET domain proteins 

may play crucial roles in the epigenetic control o f gene expression programs during 

different stages of development and regulate developmental transitions in response to 

genetic programs and environmental influences (Baumbusch et al., 2001).

1.5.3 Role of Enhancer of zeste [E(Z)] homologs in plants
The first plant SET domain gene described was CURLY LEAF (CLF), which is 

required for repression of transcription of the floral homeotic gene AGAMOUS (AG) in 

Arabidopsis hypocotyls, cotyledons, leaves, inflorescence stems and petals (Goodrich et 

al., 1997). Consistent with this function, mutations in the CLF  gene cause certain 

phenotypes reminiscent of plants overexpressing AG. CLF, which belongs to the first 

subgroup of the SET domain protein family, shows homology with E(Z) especially in a 

cysteine-rich regions, CXC, and in the SET domain.

A second E(Z) homologue identified by mutant screens in Arabidopsis is that 

encoded by MEDEA/FERTILIZATION INDEPENDENT SEED 1(MEA/FIS1), an 

imprinted gene whose maternal-derived allele together with FERTILIZATION 

INDEPENDENT ENDOSPERM (FIE) and FERTILIZATION INDEPENDENT SEED 2 

(FIST) are required for repression of endosperm development in the absence of 

fertilization (Chaudhury et al., 1997; Grossniklaus et al., 1998; Kiyosue et al., 1999; 

Luo et al., 1999). Mutations in any of these three genes (collectively referred to as the
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FlS-class of genes) when inherited as a maternal allele, cause endosperm over

proliferation, arrested embryo development and seed abortion. In the absence of 

fertilization, the central cells proliferate to form a diploid instead of triploid endosperm. 

FIS genes have been proposed to function as epigenetic transcriptional repressors. 

Consistent with this, the MADS-box gene PHERESl (PHEl), one of the downstream 

targets of FIS, is normally deregulated in fis-c\ass mutants (Kohler et al., 2003). During 

seed development, PHEl is expressed transiently after fertilization in both the embryo 

and the endosperm; however, in fis  mutants PHEl remains upregulated. This suggests 

that FIS genes are required to maintain the repressed state of PHEl expression during 

subsequent development. Additionally, PHEl expression is induced in fie  mutant ovules 

when fertilization is prevented. MEDEA and FIE associate with the promoter region of 

PH El, suggesting that PHEl expression is directly regulated by FIS proteins.

Like CLF, MEA encodes a SET domain protein similar to the Drosophila PcG 

protein E(Z). FIE encodes a WD40 protein with high similarity to the Drosophila 

EXTRA SEX COMB (ESC) (Ohad et al., 1999). FIS2 encodes a protein with a C2H2 

zinc-fmger motif similar to the Drosophila Suppressor of Zeste 12 [Su(z)12] (Luo et al., 

1999). Similar to their animal counterparts, the products of MEA and FIE (respectively 

Arabidopsis homologues of E(Z) and ESC) have been shown to act together as part of a 

multimeric complex that probably also includes FIS2. This accounts for their 

similarities in mutant phenotype and the overlap in their expression patterns (Spillane et 

al., 2000). Apparently, the E(Z)-ESC=MEDA-FIE complex is an ancient mechanism for 

chromatin modification that has been independently recruited to different 

developmental processes in the animal and plant kingdoms (Spillane et al., 2000).

Silencing of the endogenous FIE gene derepresses AG  expression and induces 

clf-VikQ phenotypes (Hsieh et al., 2003). Moreover, AG  is derepressed in homozygous fie  

mutant seedlings (Kinoshita et al., 2001). In addition, mutations in EMBRYONIC 

FLOWER 1 (EMFI)  and EMF2 genes cause ectopic expression o f AG (Chen et al., 

1997); EMF2 encodes a zinc finger protein similar to FIS2 and VERNALIZATI0N2 of 

Arabidopsis. These observations suggest that both EMF2 and FIE might be components 

of a PcG complex with CLF, similar to the one formed by the FIS class proteins. In fact, 

in has been demonstrated recently in yeast two-hybrid and pull-down assays that FIE 

interacts with CLF (Katz et al., 2004).

The mammalian homolog of the ESC-E(Z) complex (EED-EZH2/EZH1), has 

been shown to mediate repression via histone deacetylation: EED binds specifically to
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HDACl and HDAC2 and deacetylates histone H4 (Van der Vlag and Otte, 1999). In a 

similar way physical interactions between ESC, E(Z), NURP-55 (a protein implicated in 

histone binding), and Drosophila HDACl have led to the suggestion that the 

Drosophila ESC-E(Z) complex might also have histone deacetylase activity (Tie et al., 

2001). In addition, the PcG complex E(Z)-ESC in both humans and Drosophila 

possesses H3-K27 and H3-K9 methyltransferase activities which are dependent on the 

SET domain of E(Z) and its human counterpart (Czermin et al., 2002; Kuzmichev et al., 

2002; Muller et al., 2002). These observations connect transcriptional memory during 

development directly with histone modifications. The role of plant PcG proteins in 

histone modification and the formation of repressive chromatin is not known because a 

HKMTase activity has not yet been reported for plant E(Z) homologs.

1.5.4 A plant homolog of the Drosophila Trithorax gene
A plant SET domain homolog of the Drosophila Trithorax gene has recently 

been described. Arabidopsis TRITHORAXI {ATX-1) contains a SET domain and other 

architectural motifs characteristic of the TRX family such as TUDOR, PWWP and 

DUST domains (Alvarez-Venegas and Avramova, 2001; Alvarez-Venegas and 

Avramova, 2002). Like the animal TrxG proteins, ATX-1 functions as an activator of 

homeotic genes. Loss-of-function mutations in ATX-1 caused growth defects, flower 

abnormalities and sterility. Defects in flowers included stamenoid petals, carpeloid 

stamens and compromised organ numbers, size and positioning. Analysis of the 

morphological defects indicated that ATX-1 is not involved in defining whorls, but that 

is important for the correct initiation and arrangement of all organ types. The loss of 

organ identity in atxl mutant flowers correlated with downregulation of several 

homeotic genes, APETALAl (API), APETALA2 (AP2) and AG. These results suggest 

that like their animal counterparts ATX-1 is required not for initiation, but for 

maintenance of the normal expression levels of homeotic genes. The activating effect of 

ATX is gene specific, and even closely related homeotic genes might be regulated 

differently (Alvarez-Venegas et al., 2003).

Like the Drosophila TRX, its yeast homologue SETl and its human homolog 

MLLl, ATX-1 was shown to be able to methylate H3-K4 (Alvarez-Venegas et al., 

2003), an epigenetic mark associated with gene activation (see section 1.4.4). The H3- 

K4 methylating activity of ATX-1 suggests that the same molecular mechanism
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mediating the activating role of the TrxG proteins is conserved between the animal and 

plant kingdoms despite the different structural nature of their targets.

1.5.5 SU(VAR)3-9 homologs in plants
The study o f SET domain proteins in Arabidopsis carried out by Baumbusch and 

colleagues (2001) identified 9 genes shown to be Su(var3-9) homologues (SUVH), 

based on the extent o f homology between their SET domains and those o f other non

plant Su(var)3-9 proteins. SUVH  genes have been also identified in tobacco (Shen, 

2001), maize (Springer et al., 2003) and rice (The Plant Chromatin Database); all of 

them form a cluster that together with the SUVR proteins comprise the class V plant 

SET domain genes as defined by Springer and colleagues (2003). Similar to other SET 

domain genes in plants, SUVH  genes show an increased level of duplication relative to 

other organisms and represent the most numerous subgroup of plant SET domain genes 

(Springer et al., 2003). The increase in SUVH  gene number may have been driven 

principally by retrotransposition, polyploidization and chromosomal duplication events 

(Baumbusch et al., 2001; Springer et al., 2003). Many of the duplicated SUVH  genes 

have been conserved during evolution suggesting that the products o f gene duplication 

may have diverged functionally from their ancestral gene copies (Springer et al., 2003).

SUVH proteins possess similar domain architecture: an optional AT-hook 

domain near the N-terminus and a C-terminal SET domain flanked by two accessory 

domains, the pre-SET and post-SET domains. The SET, pre-SET and post-SET 

domains of SUVH proteins are similar to those found in Su(var)3-9 proteins. Most 

strikingly, the plant SUVH proteins lack the chromatin-targeting “chromodomain” 

found in Drosophila, yeast and mammalian Su(var)3-9 proteins but contain instead a 

SET and RING finger associated (SRA) domain (Baumbusch et at. 2001; Alvarez- 

Venegas and Avramova, 2002). The SRA domain, also known as the YDG domain 

(Baumbusch et al., 2001), is a 150-170 amino acids long region that contains a 

characteristic YDG and VRV(W )RG motif and several evenly-spaced glycine residues. 

Although it is uniquely associated with the SET domain in plant SUVH  genes, SRA 

domains are also found in at least 39 proteins from bacteria, fungi, plants and 

vertebrates (http://smart.embl-heidelberg.de), many o f which lack a SET domain but 

contain instead either a RING finger motif (in mammals and Arabidopsis) or an HNH 

nuclease motif (in the bacteria Deinococcus radiodurans) (Baumbusch et al., 2001).
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So far, only two plant SUVH  genes have been studied in detail; the tobacco 

NtSETl (Shen, 2001) and the Arabidopsis KRYPTONITE (KYP) or SUVH4 (Jackson et 

al., 2002; Malagnac et al., 2002). The tobacco NtSETl gene is constitutively expressed 

in tobacco plants and NtSETl-GFP fusions suggest the protein is localized in 

heterochromatic regions and that it is associated with chromosomes during mitosis. 

Over-expression o f NtSETl in tobacco plants shows a growth inhibition likely due to a 

repression o f growth regulatory genes (Shen, 2001). Growth inhibition and defects in 

mitotic progression and chromosome segregation were also observed during 

overexpression of SUV39H1 in mammalian cells (Melcher et al., 2000). However, no 

defects in chromosome condensation/decondensation or chromosome segregation were 

seen in plants overexpressing NtSETl indicating that it may not be functionally similar 

to SUV39H1 (Shen, 2001).

KYP was originally identified as a suppressor o f the epigenetic silencing of 

SUPERMAN (SUP). This gene like other Su(var)3-9 homologs encodes a specific H3- 

K9 methyl transferase. The kyp mutant does not show morphological defects suggesting 

that KYP is not directly involved in developmental control. Interestingly, mutations in 

KYP result in reductions of CpNpG methylation patterns in heterochromatic regions and 

reactivation o f endogenous retrotransposons sequences (Jackson et al., 2002). The effect 

of KYP on CpNpG methylation provides a link between histone methylation and DNA 

methylation and links histone methylation to heterochromatin in plants.

In plants, heterochromatin in interphase nuclei appears as discrete regions that 

stain intensely and are consequently known as chromocenters (Fransz et al., 2002). H3- 

K9 di-methylation is strongly reduced in chromocenters o f kyp mutant nuclei 

(Jasencakova et al., 2003), indicating that like the animal SU(VAR)3-9 proteins, KYP is 

responsible for the H3-K9 methylation patterns in constitutive heterochromatin in 

Arabidopsis.

HPl proteins forms complexes with SUV39H HKMTases (Aagaard et al., 1999) 

generating a positive feedback loop that allows SUV39H1-HP1 complexes and H3-K9 

methylation to spread along chromatin (Schneider et al., 2002). Arabidopsis possess a 

homologue o f H Pl, LHPl or TERMINAL FLOWER 2, that like HPl from other 

organisms contain a chromodomain and a chromo-shadow domain that allows LHPl to 

homodimerize (Gaudin et al., 2001). Mutations in LHPl release silencing of a subset of 

critical genes controlling flowering time, leaf development and general plant 

architecture. Consistent with the early flowering phenotype, up-regulation of the
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flowering control gene CONSTANS (CO) was observed in the Ihpl mutant, although it 

is unknown if CO is a direct target of LHPl. In addition, floral homeotic genes, 

APETALA3, PISTILLATA, AG  and SEPALLATA3, are also upregulated in the Ihpl 

mutant (Kotake et al., 2003). The pleiotropic phenotype observed in the Ihpl mutant 

and the localization of LHPl to discrete sub-nuclear foci indicate that LHPl may 

repress the expression of multiple genes in Arabidopsis (Gaudin et al., 2001). However, 

LHPl seems to be involved in the repression of specific euchromatin genes and not 

genes located in heterochromatin (Kotake et al., 2003).

Similar to the human HPl and its yeast homologue SW16, the chromodomain of 

LHPl is able to recognize the methyl H3-K9 mark (Jackson et al., 2002). Moreover, 

LHPl has been shown to interact with CHR0M0METHYLASE3, a CpNpG specific 

DNA methyltransferase (see section 1.6.2) suggesting that LHPl may be involved in 

silencing of methylated loci. Although, these observations connect methylation of H3- 

K9 by KYP to CpNpG methylation through the interaction with LHPl (Jackson et al., 

2002), the different phenotypes of cmt3 and Ihpl plants also indicates that LHPl can 

function independently of CMT3 (Reyes et al., 2002). Whether LHPl can form a 

complex with KYP, like the complexes formed between HPl and SUV39H1 or SWI6 

and CLR4, has not yet been reported.

1.6 DNA methylation and H3-K9 methylation in Arabidopsis
Gene expression in higher eukaryotes is influenced by the methylation state of 

cytosine residues in the encoding DNA. Methylation has been implicated in gene 

regulation, genomic imprinting, the timing of DNA replication, determination of 

chromatin structure, controlling the spread of parasitic elements, maintaining genome 

stability in the face of vast amounts of repetitive DNA, and in X chromosome 

inactivation (Finnegan et al., 1996; Robertson, 2002). In mammals, the DNA 

methylation process involves the covalent addition of a methyl group to the 5’ position 

of the cytosine base predominantly in the context of CpG. DNA methylation occurs 

non-randomly in the genome, with certain regions such as repetitive and transposable 

elements being hypermethylated and transcriptionally inactive, while other regions such 

as CpG islands in the promoters of house-keeping genes are hypomethylated and 

transcriptionally competent (Geiman and Robertson, 2002). Methylation generally
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represses transcription either directly by blocking the binding of transcription factors to 

their cognate cis-elements (Inamdar et al., 1991) or indirectly through the recruitment of 

enzymatic machinery capable of locally altering histone modification, resulting in a 

transcriptionally repressive chromatin structure (Hashimshony et al., 2003).

1.6.1 DNA methylation in plants

DNA methylation plays multiple roles in plants including the regulation of 

development (Finnegan et al., 2000), defense against invading DNA and transposable 

elements and in transcriptional (Wolffe and Matzke, 1999) and post-transcriptional 

(Fagard and Vaucheret, 2000) gene silencing.

In Arabidopsis the majority of methylated DNA is found in centromere- 

associated tandem repeats, ribosomal DNA arrays and transposons or retrotransposons 

(Finnegan et al., 1998). In plants, cytosine methylation is found predominantly at 

symmetric CpG and CpNpG sequences and at a lower frequency at asymmetric CpNpN 

sites (where N = A, T, or C) (Gruenbaum et al., 1981). The CpNpG site methylated in 

plants is also symmetric which suggests a maintenance mechanism similar to that of 

CpG methylation. There is no obvious mechanism for the inheritance of methylation at 

asymmetric sites; these cytosines must be methylated de novo on the daughter strand 

after each cycle of DNA replication, because there is no complementary sequence to 

serve as a guide for re-methylation of particular cytosines (Finnegan et al., 2000).

1.6.2 Plant DNA methyltransferases

The Arabidopsis thaliana genome encodes at least 10 putative DNA 

methyltransferases genes {Arabidopsis Genome Initiative, 2000) which can be classified 

into three different families, the M ETl class, the CMT3 {CHROMOMETHYLASE 3) 

class, and the DOMAINS REARRANGED METHYLASE (DRM) class (Finnegan and 

Kovac, 2000). This is considered typical for plants in general, as all these gene families 

are represented in maize (Finnegan et al., 2000).

The M ETl class of genes are orthologs o f the mammalian DNA 

methyltransferase DNMTl and encode a CpG maintenance methyltransferase (Firmegan 

et al., 1996; Finnegan and Kovac, 2000). Arabidopsis M ETl is necessary for 

maintaining genomic cytosine methylation at CpG sites. Loss-of-function m etl mutants, 

ddm2 mutants (Vongs et al., 1993), and antisense-M£T7 transgenic plants lack up to
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90% of CpG methylation (Finnegan et al., 1996). Although, antisense-AffiH or metl 

mutant plants are viable, reduction of methylation resulted in dramatic changes in plant 

morphology, including homeotic transformation of floral organs, female sterility and 

prolonged phases o f both vegetative and reproductive development. Developmental 

abnormalities become progressively more extreme as the mutants are inbred (Finnegan 

et al., 1998; Ronemus et al., 1996). Surprisingly, some of these abnormalities are caused 

by ectopic hypermethylation, associated with transcriptional repression, of SUPERMAN 

(SUP) and AG  genes (Jacobsen and Meyerowitz, 1997; Jacobsen et al., 2000). This 

resembles a phenomenon seen in mammalian tumour cells, which can simultaneously 

show genome-wide hypomethylation and hypermethylation o f specific genes (Baylin 

and Herman, 2000).

M ETl is also required for maintenance CpG methylation during the 

gametophytic phase o f plant development (Saze et al., 2003). Mutations in the METl 

gene were considered to be recessive. Flowever, in met 1-3 and met 1-4 mutants (null 

alleles of M ETl), hypomethylation was observed in heterozygous plants in the T2 

generation. The behavior o f these metl mutants was explained by a deficiency of MET! 

during postmeiotic DNA replication in gametophyte development. DNA replication 

leads to a passive postmeiotic demethylation which generates fully demethylated and 

hemimethylated gametes. Hemimethylated templates are remethylated once METl is 

supplied again in the zygote, but the genes supplied by fully demethylated gametes 

remain demethylated even when METl is present in the zygote (Saze et al., 2003) 

because remethylation is extremely slow despite the presence of wild-type alleles 

(Vongs et al., 1993; Finnegan et al., 1996).

The CMT3 class of genes are specific to the plant kingdom and encode 

methyltransferase proteins containing a chromo domain between motifs II and V of the 

methyltransferase domain (Henikoff and Comai, 1998). Loss-of-function mutants of the 

Arabidopsis CMT3 and the maize ortholog, ZMET2, show a genome-wide loss of 

CpNpG methylation and a reduction of asymmetric methylation at some loci (Bartee et 

al., 2001; Lindroth et al., 2001; Papa et al., 2001). CMT3 is responsible for CpNpG 

methylation not only in constitutive heterochromatin, but also in retrotransposons even 

when they are present as single copies within the genome (Tompa et al., 2002). CpNpG 

methylation is also affected by histone methylation, because loss-of-function mutations 

in the KRYPTONITE  H3-K9 methyltransferase gene show a loss o f DNA methylation in 

CpNpG contexts (Jackson et al., 2002).
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The third class of methyltransferases is structurally similar to the mammalian de 

novo methyltransferase DNMT3 (Okano et al., 1999). As they have novel arrangements 

of motifs required for the methyltransferase catalytic activity, they are called “domain 

rearranged methyltransferases” or DRMl and DRM2 (Cao et al., 2000). Loss-of- 

function mutations in either DRMl or DRM2 did not affect pre-existing methylation at 

the SUP locus, but blocked de novo methylation o f this locus triggered by a SUP 

transgene with inverted repeats. De novo methylation o f the direct repeats o f the FWA 

locus which normally occurs when FWA is transformed into wild-type plants was also 

blocked in drml dr m2 double mutants. These observations suggested that DRM  genes 

are required for the establishment but not the maintenance of DNA methylation in these 

genes (Cao and Jacobsen, 2002a).

Besides their de novo methyltransferase activity, DRMl and DRM2 appear to 

act partially redundantly with CMT3 in the maintenance o f overall patterns of non-CpG 

methylation (Cao and Jacobsen, 2002b). At some loci both DRMl and DRM2 are 

required for asymmetric methylation; however at loci such as SUP, DRMl and DRM2 

act redundantly with CMT3 in the maintenance of asymmetric methylation. 

Furthermore, DRMl and DRM2 are more important for the maintenance of CpNpG 

methylation than CMT3 at some loci, but not at others. In contrast, CpG methylation is 

not affected either by DRMl DRM2 or by CMT3 or by the triple mutant (Cao and 

Jacobsen, 2002b).

drml drm2 and cmt3-7 single mutants do not shown any morphological 

differences from the wild-type (Lindroth et al., 2001; Cao and Jacobsen, 2002a). 

However, drml dr m2 cmt3-7 triple mutant plants show a pleiotropic phenotype 

including developmental retardation, reduced plant size and partial sterility indicating 

that DRM and CMT3 act redundantly in the control o f plant development. 

Developmental pathways controlled by DRM and CMT3 might be different from those 

affected in m etl and ddml mutants since common defects observed in the latter mutants 

are not shown by drml drm2 cmt2-7 triple mutants (Cao and Jacobsen, 2002b).

1.6.3 Interplay between DNA methylation, histone methylation
The overall regulation of transcriptionally silent heterochromatin involves both 

DNA methylation and histone H3-K9 methylation. Both modifications seem to 

represent different levels of regulation of chromatin structure that are intimately
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interconnected with each other. The connection between DNA and H3-K9 methylation 

was suggested first from a study of the D IM S  gene o f the filamentous fungus 

Neurospora crassa. DIM-5 is a specific H3-K9 methyltransferase that is required for 

DNA methylation in Neurospora. Replacement of lysine 9 with either a leucine or an 

arginine on histone H3 also causes loss of genomic DNA methylation in vivo (Tamaru 

and Selker, 2001). Moreover, the Neurospora H Pl homolog (HPO) is also essential for 

DNA methylation (Freitag et al., 2004). HPO is localized at multiple heterochromatic 

foci and its localization is dependent on the catalytic activity o f DIM-5 (Freitag et al., 

2004). The current model proposes that DIM-5 marks chromatin with tri-methyl H3-K9 

(Tarnaru et al., 2003) which is recognized by HPl and that this in turn directly or 

indirectly recruits the DNA methyltransferase DIM-2 (Freitag et al., 2004).

In plants the first connection between both DNA and histone methylation was 

found with the cloning of the Arabidopsis histone methyltransferase KYP (see section 

1.5.5). In kyp mutants H3-K9 di-methylation is lost and DNA methylation is reduced at 

CpNpG sites, but not at CpG, at heterochromatic loci implying that CpNpG DNA 

methylation in plants is dependent on H3-K9 methylation (Jackson et al., 2002). Further 

experiments addressing the question whether CpG methylation could direct H3-K9 

methylation yielded contradictory results. Chromatin immunoprecipitation (ChIP) 

analysis of methylation defective mutants {metl, cmt3 and ddm l) suggested that DNA 

methylation does not directly control H3-K9 methylation, and the reduction of H3-K9 

methylation observed at some loci in DNA hypo-methylation mutants is the product of 

transcriptional de-repression (Johnson et al., 2002). On the other hand, cytological 

analysis showed that H3-K9 methylation is lost at heterochromatic chromosomal 

regions of methylation-defective mutants indicating that DNA methylation might 

control H3-K9 methylation (Soppe et al., 2002). The discrepancies observed in both 

studies were thought to be a consequence of the incomplete erasure o f the CpG 

methylation (up to 50% methylation was retained) in the partial loss-of-function 

mutants (Vongs et al., 1993) used for the analyses (Tariq et al., 2003). In fact, in metl 

null allele mutant plants, in which CpG methylation is completely eliminated, a drastic 

reduction of methyl H3-K9 levels at chromocenters was observed in ChIP and 

cytological analyses. Cytological data imply that complete loss of DNA methylation 

causes a redistribution of methyl H3-K9 away from chromocenters rather than a general 

reduction in the level of H3-K9 methylation (Tariq et al., 2003). Indeed, ChIP analysis 

showed loss of H3-K9 methylation at heterochromatic loci, but no changes in the global
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levels of H3-K9 methylation between the wild-type and m etl null plants. Furthermore, 

an increase in abundance of H3-K4 methylation was observed in the m etl mutant, 

which may counteract the effects of the redistribution of methyl H3-K9 (Tariq et al., 

2303).

The effect of total loss o f CpG methylation over H3-K9 methylation patterns 

strongly suggest that histone methylation is controlled by CpG methylation and that in 

turn, histone methylation controls non-CpG methylation. A similar observation was 

reported in mammals were replication-coupled propagation o f CpG methylation was 

sliown to be independent of H3-K9 methylation, whereas DNMT3B-mediated DNA 

rrethylation was dependent on H3-K9 methylation (Lehnertz et al., 2003). According to 

this model changes in CpNpG and CpNpN methylation and ectopic hypermethylation 

observed in m etl and ddml can be explained as secondary effects o f these mutations 

o^er H3-K9 methylation.

16.4 A role for DNA methylation and H3-K9 methylation in 

determining heterochromatin structure in Arabidopsis?

The Arabidopsis genome is highly enriched in coding sequences with an average 

gme density o f one gene every 4.8 kb (Bevan et al., 1998). Repetitive sequence is 

m)stly found forming heterochromatic regions, as a consequence of the small amount of 

re')etitive sequence the Arabidopsis genome have low content of heterochromatin in 

niclei. Heterochromatin in Arabidopsis is largely confined to pericentromeric regions of 

al chromosomes and the nucleolus organising region (NORs) of chromosomes 2 and 4. 

In addition, interstitial heterochromatic knobs are present in some ecotypes (Koomnef et 

al. 2003).

The effect of genome-wide DNA hypo-methylation on chromatin structure has 

bein studied using the Decrease in DNA methylation (ddm) mutants, ddml and ddm2 

(o metl). DDMl encodes a SWI/SNF-like chromatin remodelling factor and METl is 

thf maintenance methyltransferase (see section 1.6.2). Cytological analyses of 

chomatin structure within the nucleus indicate that these two functionally different 

hy)o-methylation mutants display the same nuclear phenotype. Nuclei of ddml and 

m^l mutants are characterized by size-reduced chromocenters with decreased levels of 

DTA methylation and H3-K9 methylation and relocation o f low-copy pericentromeric 

DTA sequences away from the chromocenters. The major tandem centromeric repeats
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(180-bp, 45S and 5S rDNA) and high-copy transposons located at pericentromeric 

regions remain within the heterochromatic chromocenters (Soppe et al., 2002) 

indicating that the residual low-level DNA methylation is sufficient for heterochromatin 

formation. In accordance with this the ddml metl double mutant, which shows less 

DNA methylation than the single mutants, has smaller chromocenters (Sopper et al.,

2002). Furthermore, in the ddml-5 mutant, a null allele of DDMl, the chromocenters 

are significantly smaller than in the ddml mutant and the 180 bp centromeric repeats 

may be excluded from chromocenters, indicating a decondensation of the centromeric 

core (Mittelsten Scheid et al., 2002). These data support a strong correlation between 

the level of DNA methylation and the organization of heterochromatin (Fransz et al.,

2003).

In contrast to these observations, in the metl null mutant plants, in which CpG 

methylation is completely eliminated, no drastic change in chromocenter size was 

observed and more importantly the 180 bp repeats were observed to co-localize within 

chromocenters (Tariq et al., 2003). The differences observed in both null mutants, 

indicates that CpG methylation is not essential for constitutive heterochromatin 

structure and suggested that the structural alterations in heterochromatin observed in the 

ddml null mutant are not linked directly to the depletion of CpG methylation but to 

another unknown mechanism (Tariq et al., 2003). However, the relocation of low-copy 

pericentromeric repeats into euchromatin within the nucleus of both hypo-methylated 

mutants suggest that DNA methylation is at least required for spreading of 

heterochromatin into pericentromeric regions (Soppe et al., 2002).

Consistent with their specific role in maintaining pre-existing DNA methylation 

patterns, DDMl and METl are unable to re-establish DNA methylation within 

chromocenters once it has been lost. When homozygous ddml and metl mutants are 

crossed with wild-type plants, restoring the activity of DDMl and METl, DNA 

methylation levels in the FI generation appear to be intermediate between the mutant 

and the wild-type parents (Vongs et al., 1993; Finnegan et al., 1998). An analysis of 

nuclei in either ddml or metl heterozygotes revealed two groups of chromocenters that 

differed strikingly in methylation level. Wild-type-derived chromocenters were heavily 

methylated and of normal size, whereas mutant-derived chromocenters were reduced in 

size and lacked clear methylation signals. The wild-type and mutant-derived 

chromocenters also differed in respect of the presence of pericentric non-transposon 

repeats (Soppe et al., 2002). The methylation levels in the heterozygotes increased
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slowly at tandem repeats in successive generations of backcrossing indicating that de 

novo DNA methylation activity at these sites is rather slow or non-existent (Kakutani et 

al., 1999). This observation indicates that DNA methylation in constitutive 

heterochromatin is self-perpetuating and requires a pre-existing DNA methylation 

imprint (Fransz et al., 2003).

The effect of H3-K9 methylation on chromatin structure in Arabidopsis nuclei 

was studied using the kyp mutant. KYP is a major H3-K9 specific HKMTase in 

Arabidopsis (Jackson et al., 2002; Johnson et al., 2002). In kyp mutants H3-K9 

methylation is severely decreased, uniformly distributed and no longer clustered at 

chromocenters as in the wild-type, kyp nuclei are however wild-type in appearance and 

in the size and shape o f their chromocenters. In addition, the distribution of DNA 

methylation, acetylated histone H3 and H4 and of the methylated H3-K4 are similar to 

wild-type (Jasenkakova et al., 2003). The cmt3 mutant which lacks CpNpG methylation 

also contains wild-type levels of heterochromatin (Fransz et al., 2003). Similar 

observations were made in animals, where nuclei with mutations in the Drosophila 

Su(var)3-9 and the mammalian SUV39H1 and SUV39H2 genes were found to contain 

heterochromatic chromocenters of wild-type appearance despite the lack o f H3-K9 

methylation (Fetters et al., 2001; Schotta et al., 2002). This suggests that in Arabidopsis 

as in Drosophila and mouse, a high level of H3-K9 methylation is apparently 

dispensable for the structure o f constitutive heterochromatin (Jasencakova et al., 2003).

Repeats arranged in tandem and regions with multi-copy transposons co-localize 

with heterochromatin, irrespective of the levels of methylayed DNA or H3-K9 

methylation levels. Thus, DNA methylation and H3-K9 methylation might not be 

required for heterochromatin formation, which may instead depend on a critical level of 

high-copy repeats (Fransz et al., 2002).

1.6.5 Maintenance of heterochromatic domains in Arabidopsis

Based on the observation made with DNA methylation mutants and the studies 

of histone modifications, Soppe and colleagues (2002) proposed a model for 

heterochromatin maintenance in Arabidopsis. According to this model, immediately 

after replication, acetylated histones (H3-K4) and DDMl allow access o f METl to 

DNA resulting in methylation of CpG sites in hemi-methylated DNA. During or after 

maintenance methylation of DNA, a H3-K9-specific methyl transferase (e.g. KYP) re-
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establishes the H3-K9 methylation patterns directed by the methylated DNA sequences. 

Methylation of H3-K9 may facilitate completion of heterochromatin assembly, 

including binding of HPl-like proteins to H3-K9 (Bannister et al., 2001; Gaudin et al., 

2001; Lachner et al., 2001). DDMl could then mediate deacetylation of H4-K16 by 

recruiting a histone deacetylase to heterochromatic regions. This model explains why 

mutations in DDMl or METl cause a reduction in DNA methylation, which in turn 

reduces H3-K9 methylation. At pericentromeric regions with low copy sequences, DNA 

methylation and H3-K9 methylation can fall bellow a critical threshold. As a 

consequence, these regions acquire euchromatic features and disperse from 

chromocenters. If DDMl is lacking, then deacetylation of H4-K16 is also prevented.
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1.7 Aims of the thesis
The main objective of this project was to investigate the evolution and function 

of members of the plant SUVH  sub-family of SET domain proteins. The initial part of 

this work involved a study of the architecture and characteristics o f 19 SUVH proteins 

from Arabidopsis, tobacco, maize and rice and the analysis of the phylogenetic and 

evolutionary relationships between orthologous and paralogous members using 

sequences of the SRA and SET domains. The second and major part of the thesis 

focuses on the characterization of two SUVH  genes o f Arabidopsis'. SUVHl and 

SUVH3. The characterization of these genes in terms of sequence, expression, 

subcellullar localization of the encoded proteins and their function is described. 

Promoter-GUS reporter fusions and northern blot analyses were used to characterize the 

expression patterns of both genes. Subcellular localization of the encoded proteins was 

analysed by using translational fusions with GFP. And finally overexpression, 

knockdown and T-DNA insertions mutants were generated and/or characterized in order 

to obtain information about the function of these two genes.
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Chapter 2

Molecular evolution of plant SUVH genes 

2.1 Introduction
The Arabidopsis thaliana genome has undergone genome-wide and local gene 

duplication events during its evolution. About 65% of the genome was found to contain 

duplicated genes and chromosomal regions {Arabidopsis Genome Initiative, 2000). 

Gene duplication followed by the functional divergence of duplicated genes is one of 

the major mechanisms for the evolution of novel gene functions (Zhang et al., 1998). 

After gene duplication, one gene copy maintains the original function, while the other 

copy is free to accumulate amino acid changes as a result of functional redundancy. 

Unless this type of functional divergence results in some new functions, over time all 

but one gene copy will be silenced by deleterious mutations (Lynch and Conery, 2000). 

Duplicated genes may adopt new functions by acquiring new biochemical functions or 

by a partition of their expression patterns (Kellogg, 2003).

Nucleotide substitutions occurring in protein coding regions can be 

characterized by their effect on the product of translation, the protein. A substitution is 

said to be synonymous or silent if it causes no amino acid change. Otherwise, it is non- 

synonymous or amino acid altering change (Li, 1997). The estimation of synonymous 

{d^ and non-synonymous (Jyv) substitutions rates provides an important means for 

understanding the process of protein evolution (Yang, 1998, Yang and Nielsen, 1998). 

Mutation and selection are expected to have different effects on ds versus df .̂ Therefore, 

non-synonymous to synonymous rate ratio (co = d^lds) is an indicative of the selective 

constraints (positive selection, neutral selection and purifying/negative selection) acting 

over protein coding DNA sequences. In some cases, mutations leading or not to amino 

acid changes (i.e. synonymous and/or non-synonymous changes) have no detectable 

effect, are selectively neutral and are tolerated by neutral selection. A strictly neutral 

evolution would result in an equal rate of non-synonymous to synonymous substitutions 

{dN = ds', CO = 1). In most cases, mutations leading to amino acid changes (i.e. non-
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synonymous changes) are generally harmful, so the majority of non-synonymous 

substitutions are typically eliminated by the purifying selection, and the synonymous 

substitution predominate {d^ < ds\ co<l). However in rare cases mutations (i.e. non- 

synonymous substitutions) may confer a selective advantage on their carriers and will 

thus be favored and kept by positive selection (Jia et al., 2003). Positive or Darwinian 

selection accelerates the rate of non-synonymous substitution {dN > ds; co>l) (Jia et al., 

2003).

After gene duplication an early phase of relaxed selection or even accelerated 

evolution occurs, after which, duplicated genes gradually increase their selective 

constraints (Lynch and Conery, 2000). Thus, the comparison of non-synonymous and 

synonymous substitution rates, and its ratio, at various lineages in the phylogeny and 

along the protein coding DNA sequence of a gene family can be a powerful mean for 

studying functional divergence between gene clusters in gene families. Examples of the 

application of this approach have been shown in the study o f primate ribonuclease genes 

(Zhang et al., 1998) and Arahidopsis R2R3-MYB gene family (Jia et al., 2003).

Plant SET domain genes show an increased degree o f duplication relative to 

other organisms. The analysis of Arabidopsis and maize SET domain genes showed that 

there was significant duplication of SET domain genes in the plant lineage before the 

divergence of monocots and dicots (Springer et al., 2003). Many of the duplicated SET 

domain genes have been conserved during evolution suggesting that several of the 

products of gene duplication have diverged functionally from their ancestor gene copies 

(Springer et al., 2003).

In this Chapter we investigated the molecular mechanisms underlying the 

acquisition of new functions among paralogous genes during the evolution of the plant 

SUVH  sub-family of SET domain proteins. We first studied the domain architecture and 

characteristics of 19 SUVH proteins from Arabidopsis, tobacco, maize and rice and then 

analyzed the phylogenetic and evolutionary relationships between orthologous and 

paralogous SUVH proteins using sequences o f the SRA and SET domains. In addition, 

we investigated the evolution of the SRA and SET domains and their role in generating 

SUVH diversity. By analyzing selective constraints among SUVH  genes we 

demonstrate that following gene duplication, functional divergence o f the SRA domain 

occurred in different members of the sub-family, while the SET domain remained under 

a strong purifying selection. The relevance of these findings in respect of the proposed 

roles of the SRA and SET domains is discussed.
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2.2 Methods
2.2.1 Sequence data, domain and secondary structure predictions

The SET domain proteins used in this study with their accession numbers are 

shown in Table 2.1. The A. thaliana SUVH proteins (AtSUVHl-9) are those described 

by Baumbusch and colleagues (2001). Other plant SUVH proteins used in this study 

were identified by PBLAST using AtSUVHl-9 as queries. All protein and DNA 

sequences used in this study were retrieved from GeneBank and the Plant Chromatin 

Database (ChromDB: http://www.chromdb.org). Only reliable sequences spanning both 

the SET domain and the SRA domain were used in the analysis.

SET, SRA and other domains present in the protein sequences were identified by 

using the SMART (Simple Modular Architecture Research Tool) domain database 

(http://smart.embl-heidelberg.de; Schultz et al., 2000).

Secondary structure was predicted using a consensus secondary structure 

method based on the cumulative scores of the several predictive methods: homology 

based, hydrophobic moment, GOR (Gamier, Osguthorpe and Robson method), Chou- 

Fasman and motif-based. The residue-specific scores for each method are weighted 

according to the expected prediction accuracy. The homology-based technique has the 

strongest weighting and the Chou-Fasman technique has the weakest. This procedure is 

implemented in the PepTool Lite program version 1.1 (Wishart et al., 2000).

2.2.2 Sequence alignment and phylogenetic analysis
Sequences corresponding to the SET domain and SRA domain of all proteins 

analyzed were selected according to the SMART database alignment for each domain. 

The selected SET and SRA domain amino acid sequences were aligned using 

CLUSTAL X version 1.81, a Windows version of CLUSTAL W program (Thompson et 

al., 1997) and manually corrected with the GENEDOC program (Nicholas et al., 1997). 

Nucleotide sequences were aligned, concatenating triplets based on protein alignments.

Phylogenetic relationships between sequences were inferred by the Neighbor- 

Joining (NJ) method (Saitou and Nei, 1987). Phylogenetic reconstructions assuming 

Poisson and gamma distribution of amino acid substitutions gave the same tree 

topology, whereas bootstrap values were slightly higher using Poisson correction. We 

used the MEGA program version 2.1 (Kumar et al., 2001) to obtain NJ trees using
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Table 2.1 Accession numbers for the gene sequences encoding SUVH proteins.

Gene name DNA Protein ChromDB Organism

accession accession accession

SUVHl AF344444 AAK28966 SDG32 A. thaliana

SUVH2 AF344445 AAK28967 SDG3 A. thaliana

SUVH3 AF344446 AAK28968 SDG19 A. thaliana

SUVH4 AF344447 AAK28969 SDG33 A. thaliana

SUVH5 AF344448 AAK28970 SDG9 A. thaliana

SUVH6 AF344449 AAK28971 SDG23 A. thaliana

SUVH7 AF344450 AAK28972 SDG17 A. thaliana

SUVH8 AF344451 AAK28973 SDG21 A. thaliana

SUVH9 AF344452 AAK28974 SDG22 A. thaliana

NtSETl AJ294474 CAC67503 - N. tabacum

OsSDG703 AK066297 CAE04343 SDG703 O. sativa

OsSDG704 AF344453 AAK28975 SDG704 O. sativa

OsSDG709 AP003247 BAB85235 SDG709 O. sativa

OsSDG710 AP003904 - SDG710 0. sativa

OsSDG714 AP003262 BAB89674 SDG714 0. sativa

ZmSET104 AY122272 AAM89288 SDG104 Z. mays

ZmSETlOS AY093419 AAM28230 SDG105 Z. mays

Zm SETllS AF545813 AAN41253 SDG113 Z. mays

Zm SETlIS AY122271 AAM89287 SDG118 Z. mays

Clr4p AF061854 AAC18302 - S. pombe

DrCHP AE001997 AAF11096 - D. radiodurans

Included in this table are the GeneBank DNA and protein accession numbers, the Plant 
Chromatin Database (ChromDB) accession and the corresponding organisms.
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Poisson corrected amino acid distances and the bootstrap support values for 1,000 

pseudoreplicates.

The number of synonymous (Sd) and non-synonymous (Nd) differences between 

pairs o f homologues and orthologs were calculated using the MEGA program version 

2.1 (Kumar et al., 2001). We then used Sd  and Nd  to calculate the percentages of 

synonymous and non-synonymous substitutions (%S and %N respectively). 

Synonymous (ds) and non-synonymous (dN) nucleotide substitution rates between pairs 

were estimated using the method of Yang and Nielsen (2000) implemented in the YNOO 

program of the PAML phylogenetic analysis package version 3.0 (Yang, 1997).

2.2.3 Testing differences of evolutionary rates among sequences
The homogeneity of amino acid substitution rates among sequences was tested 

using the branch-length test implemented in the LINTREE program (Takezaki et al., 

1995). This test compares each root-to-tip distance in the tree with the average root-to- 

tip distances for the whole tree using one or more outgroup sequences. Accurate amino 

acid distances were obtained using the Poisson correction and phylogenetic trees were 

reconstructed using NJ (Saitou and Nei, 1987). We used the SET domain o f CLR4p and 

the SRA domain of DrCHP to root the SET and SRA trees, respectively.

2.2.4 Analysis of variable selective constraints among different lineages
We conducted two types of analyses in order to test for selective constraints in 

the SRA or SET domains. We first estimated synonymous (ds) and non-synonymous 

(cIn) nucleotide substitutions rates for each phylogenetic tree, comparing each terminal 

sequence with the ancestral sequences inferred by maximum-likelihood. Thereafter, we 

estimated the non-synonymous-to-synonymous rate ratio (co = d^/ds) to measure the 

strength o f selection acting in the different lineages. This is the most stringent way to 

measure the intensity of selection acting on protein-coding sequences (Sharp, 1997; 

Akashi, 1999; Crandall et al., 1999). To apply this method, we used several codon- 

based models (Yang et al., 2000) implemented in the program CODEML from the 

PAML package version 3.0 (Yang, 1997). The Goldman and Yang (1994) model (MO) 

assumes a unique co value for the whole tree averaged for the multiple codon-sequence 

alignment and hence performs the null hypothesis against which we should test our 

results. In contrast, the free-ratio model (FRM) allows co values to vary among the
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different lineages o f the phylogenetic tree. Both models are nested (MO is a particular 

case o f  the FRM since the parameters estimated in MO are included in the set of 

parameters estimated in the FRM) and hence their log-likelihood values are comparable 

by the likelihood ratio test (LRT). The LRT is a statistical way to compare both log- 

likelihood values because the difference between these values can be approximated to a 

chi-square distribution, such as:

= 2 ^ 'k = 2 \\  -XqI

Here X q and stand for the log-likelihood values under the MO and the free- 

ratio models, respectively. The degrees o f freedom are the number o f  estimated co 

values in the free-ratio model minus one.

2.2.5 Highlighting specific regions under selective constraints

Several studies have shown that maximum likelihood-based models are sensitive 

to the violation o f  assumptions made in models to detect adaptive evolution and that 

biased results could be obtained under certain conditions (Suzuki and Nei, 2002). Thus, 

to test the robustness o f  the results obtained using maximum-likelihood based models, 

we applied a m aximum parsimony-based method to test for adaptive evolution in the 

two sets o f data. We used the Kimura-based model o f Li (1993) by applying a sliding 

window-based procedure (Fares et al., 2002). The mathematical approach used in this 

procedure is based on the maximum parsimony method o f  Suzuki and Gojobori (1999). 

Briefly, the method infers a statistically optimum codon-window size and slides it along 

the alignment. We then test in each sliding step the significance o f the non-synonymous 

nucleotide substitutions {(In), synonymous substitutions {ds) and non-synonymous-to- 

synonymous rates ratio (co). The main difference with Suzuki and Gojobori’s method is 

that in our method the window size is selected using a statistical procedure (Fares et al., 

2002). Another advantage o f using this procedure is the ability to detect saturation o f 

synonymous sites, if  any, because the number o f synonymous substitution is also tested 

for significance in each window region.
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2.3 Results
2.3.1 Domain Architecture of plant SUVH proteins

Plant SUVH proteins are very similar to each other, they possess the same basic 

domain architecture consisting of a C-terminal SET domain with flanking pre- and post- 

SET domains and an SRA domain of unknown function (Figure 2.1).

Similar to the SET domain of other SU(VAR)3-9 proteins, an alignment of the 

SET domains of plant SUVH proteins reveals two regions of high sequence identity 

(Figure 2.2) both of which coincide with ordered structures predicted by secondary 

structure algorithms (Jenuwein et al., 1998). In SU(VAR)3-9, HsSUV39H, CLR4p and 

G9a proteins, these two sub domains are found directly adjacent to each other, but the 

SET domain of DIMS and all SUVH proteins appear to have an expanded SET domain 

as a result of an insertion of 18-20 amino acids between the two conserved regions.

The SET domains of SUVH proteins contain conserved amino acids considered 

important for SET domain function. The motifs GWG and ELXXDY present in all SET 

domains and the catalytic motif R/HOONHSC (where O are hydrophobic residues) 

considered important for HKMT activity are conserved in the SET domain of all SUVH 

proteins (Figure 2.2). Replacement of histidine 320 with arginine in the human protein 

SUV39H1 (to give the mutant suvH320R) resulted in a 20-fold increase in enzymatic 

activity (Rea et al., 2000). Yeast CLR4 and human G9a, which possess an arginine in 

position 1 of the putative catalytic core motif, exhibit higher enzymatic activities similar 

to suvH320R, supporting the importance of this residue in determination of the level of 

HKMT activity (Rea et al., 2000; Tachibana et al., 2001). The SET domains of most of 

the SUVH proteins also possess a catalytic core motif similar to that found in yeast 

CLR4 and G9a, with arginine rather than histidine in the first position o f the catalytic 

motif

The pre-SET domain is a cysteine-rich putative zinc finger domain that is 

present in all SUVH proteins studied; an alignment o f pre-SET domains indicates that 

several cysteine-residues are conserved between plant SUVH proteins and other 

SU(VAR)3-9 proteins (Figure 2.3A). The post-SET cysteine-rich domain of SUVH 

proteins contains the same three conserved cysteine residues found in SU(VAR) 

proteins except for SUVH2 and SUVH9 which have a truncated post-SET domain with 

only one cysteine (Figure 2.3B). The similarity of the SET domain of SUVH proteins to
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Figure 2.1 Domain architecture o f  plant SUVH proteins. Accession numbers o f  plant SUVH 
proteins are shown in Table 2.1. Lengths o f proteins and position o f domain are shown to scale. 
The four SUVH orthologous (I-IV) groups are indicated on the right o f  the tree. SET, SET 
domain; N-SET, cysteine-rich pre-SET domain; AT, AT-hook domain; SRA, SET-Ring 
Associated domain; C-SET, cysteine-rich post-SET domain; FD, FDXXRRR m otif
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Figure 2.2 Alignment o f the SET domain o f plant SUVH proteins and five characterized 
HKMT proteins. Red lines indicate region 1 and 2 forming the core. Amino acids important for 
SET domain activity are indicated by blue asterisks (*). Histidine (H) and Arginine (R) residues 
highlighted in light blue and blue indicates a change that increases SET domain activity in vitro. 
Sequence alignments were performed using ClustalX program. The degree o f  conservation is 
distinguished at four levels (100, 80, 60% and not conserved), where 100% has the darkest 
shade o f  the grey. Accession numbers o f  plant SUVH proteins are shown in Table 2.1. Other 
proteins used in the alignment are SU(VAR)3-9, Drosophila melanogaster SU(VAR)3-9 
protein, CAA56376; SUV39H1, Homo sapiens SU(VAR)3-9 homologue 1, AAB92224; 
CLR4p, Schizosaccharomyces pom be Cryptic loci regulator 4 protein, T43745; DIMS, 
Neurospora crassa histone H3 methyltransferase DIM-5, AAL35215; HsG9a Homo sapiens 
G9a protein, CAA49491.
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Figure 2.3 Alignment o f  pre-SET and post-SET domains in plant SUVH proteins and other 
representative proteins. A) Alignment o f the pre-SET domain, including the five characterized 
HKMT proteins. B) Alignments o f the post-SET domain. Conserved cysteine residues are 
indicated by red asterisks (*). Sequence alignments were performed using ClustalX program. 
The degree o f  conservation is distinguished at four levels (100, 80, 60% and not conserved), 
where 100% has the darkest shade o f the grey. The line below each alignment corresponds to 
the consensus line indicating a 100 and 80% o f conservation. Accession numbers o f  plant 
SUVH proteins are shovm in Table 2.1. Other proteins used in the alignment are SU(VAR)3-9, 
Drosophila melanogaster SU(VAR)3-9 protein, CAA56376; SUV39H1, Homo sapiens 
SU(VAR)3-9 homologue 1, AAB92224; CLR4p, Schizosaccharomyces pom be  Cryptic loci 
regulator 4 protein, T43745; HsG9a Homo sapiens G9a protein, CAA49491.



aher SU(VAR)3-9 proteins and the presence of conserved pre-SET and post-SET 

comains suggests that these proteins may possess a similar HKMT activity.

The SRA domain (Baumbusch et al. 2001 or See Chapter 01) that comprises a 

onserved 150-170 amino acid conserved region (Baumbusch et al., 2001) is present in 

al plant SUVH proteins studied (Figure 2.1). The characteristic (W )R V (W )R G  and 

■^DGLY motifs and several glycine residues are conserved in the SRA domain of all 

SJVH proteins studied (Figure 2.4). A phylogenetic tree based on SRA domain 

s(quences identifies four distinct protein groups (Figure 2.5). The first group is the SET 

d»main group, in which the SRA domain is associated with a SET domain, this 

asociation is observed only in plant SUVH  genes indicating that this domain 

achitecture has evolved as a specific feature in plants. The second group is the 

N'urospora group formed by only one predicted protein without any homologue in 

oher organisms. The third group is the Ring finger group, which groups SRA domain 

pnteins containing a RING finger and ubiquitin domain. This group has orthologs in 

phnt, fish and mammals. Two hypothetical proteins from the bacteria Deinococcus 

rcdiodurans and Streptomyces coelicolor form the fourth sub-group. In these proteins 

th; SRA domain is associated with a HNH nuclease m otif

In addition to the basic structure (SRA, pre-SET, SET and post-SET domains) 

sone SUVH proteins are further characterized by the presence of an AT-hook domain 

anl the newly-found motif FDXXRRR (Figure 2.1). A putative AT-hook, which 

mtdiates protein binding to the minor groove of A/T-rich tracts in DNA (Chuang and 

Kdly, 1999), was identified in 4 of the SUVH proteins: SUVH3 and SUVH7 have a 

siigle AT-hook domain whereas SUVH8 and OsSDG704 contain two and five AT- 

ho)k domains, respectively. AT-hooks in SUVH proteins are located N-terminal to the 

SFA domain (Figure 2.1). An alignment of all the AT-hooks in SUVH proteins shows a 

characteristic GRP core and other amino acids conserved in the AT-hooks o f HMGY 

proteins (Figure 2.6A).

An alignment o f the N-terminal amino acids of SUVH proteins reveals the 

preience o f a conserved motif in at least nine SUVH proteins (Figure 2.6B). We named 

thi, motif after the consensus FDXXRRR. The amino acid stretch containing the 

FD<XRRR motif is predicted to form an asymmetry helix of hydrophobic, 

aronatic/hydrophilic amino acid side chains (Figure 2.7).
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Figure 2.4 Alignment o f  the SRA domain o f plant SUVH proteins and four SRA domain- 
containing proteins. Sequence alignments were performed using ClustalX program. Conserved 
glycine residues and motifs are indicated by red asterisks (*). The degree o f  conservation is 
distinguished at four levels (100, 80, 60% and not conserved), where 100% has the darkest 
shade o f  the grey. The line below each alignment corresponds to the consensus line indicating a 
100 and 80% o f conservation. Accession numbers o f  plant SUVH proteins are shown in Table 
2.1. Other proteins used in the alignment are MmNp95, Mus musculus Nuclear binding protein 
95, AAK55743; HsICBP90, Homo sapiens in vitro CCAAT-binding protein 90, AAF28469; 
DrCHP, Deinococcus radiodurans Conserved hypothetical protein, A A F11096; ScCHP2, 
Streptomyces coelicolor Conserved hypothetical protein, CAC33897.
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F igure 2.5 Neighbor-Joining tree showing the phylogenetic relationship among different SRA 
domain containing proteins. SRA domains were aligned using the ClustalX program and the 
tree was drawn using MEGA 2.1 program. Numbers on the nodes correspond to bootstrap 
values based on 1000 pseudoreplicates. Values bigger than 75% are shown. The four SRA 
domain subgroups are indicated on the right o f the tree. Accession numbers o f plant SUVH 
proteins are shown in Table 2.1. Other proteins used to draw this tree are HsICBP90, Homo 
sapiens in vitro CCAAT-binding protein 90, AAF28469; M mNp95, M us musculus Nuclear 
binding protein 95, AAK55743; DrCHP, Deinococcus radiodurans Conserved hypothetical 
protein, A A FI1096; ScCHP2, Streptomyces coelicolor Conserved hypothetical protein, 
CAC33897; NcPP, Neurospora crassa Predicted protein, EAA30430; DreRFP, Danio rerio 
Ring finger protein, AAH58055; FrRFP, Fugu rubripes Ring finger protein Ensembl FUGU 
database: SINFRUP00000152015; OsRFP, Oryza sativa  Ring finger protein, AAG03103 and 
Arabidopsis thaliana  Ring finger proteins: A thRFPl (AAC28190); AthRFP2 (AAG29230); 
AthRFP3 (AAL38879); AthRFP4 (BAB08886) and AthRFPS (AAG51305).
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F igure  2.6 Sequence alignments o f  the AT-hook and FDXXRRR m otif o f plant SUVH proteins. 
(A) Sequence alignment o f  the AT-hook domains present in SUVH proteins belonging to 
orthologous group 4. The three AT-hooks o f the mouse HM GY proteins (AAH08125) are 
included as a reference. Numbers in parenthesis indicates the AT-hook number. (B) Sequence 
alignment o f  the FDXXRRR m otif present in SUVH proteins. All amino acids present in the 
predicted a-helix are shown in the alignment. Numbers in each aligrunent refer to amino acid 
positions in the corresponding proteins. Alignments were performed using ClustalX. The degree 
o f conservation is distinguished at four levels (100, 80, 60% and no conserved), where 100% 
has the darkest shade o f  the grey. The line below each alignment corresponds to the consensus 
indicating 100% and 80% conservation. The accession numbers for the plant SUVH proteins are 
shown in Table 2.1.



F igu re  2.7 Helical wheel plot displaying the disposition o f amino acid side chains in the 
predicted alpha helix o f  the amino acid stretch corresponding to the FDXXRRR m otif o f four 
plant SUVH proteins. (A) Helical wheel plot o f the amino acid stretch 
RELVLSVLM RFDALRRRFAQL corresponding to the FDXXRRR m otif o f  SU V H l. (B) 
Helical wheel plot o f  the amino acid stretch AYLVSSVLM RFDAVRRRLSQV o f SUVH3. (C) 
Helical wheel plot o f  the amino acid stretch KELAGRVLLVFDLFRRRM TQI o f N tSE T l. (D) 
Helical wheel plot o f  the ammo acid stretch RESVDNVLM M FDALRRRLM QL of OsSDG704. 
The helical wheel was drawn with the helical wheel viewer o f  PepTool Lite 1.1 program. The 
view  is along the central axis o f the helix, from N- to C- terminus. It assumes a periodicity of 
3.6 residues per helical turn. Individual residues, represented as coloured circles are placed, 
successively at each node o f the helix.



2.3.2 Phylogenetic relationship between SUVH  genes

Phylogenetic analysis of plant SUVH proteins, inferred using concatenated 

SRA-SET domain amino acid sequences, identified four major orthologous groups (1-4) 

that are well supported by bootstrap values (Figure 2.8). Each group consists of closely 

related SUVH proteins that most likely arose as a result of gene duplication events. All 

groups, with the exception of group 1, contain at least one member from Arabidopsis, 

maize and rice indicating that duplications giving rise to founder genes occurred before 

the split between the monocot and dicot lineages. Later duplications appear to have 

taken place independently in Arabidopsis, rice and maize, indicating that the duplication 

of SUVH  genes is an ongoing process.

Ten orthologous pairs and ten paralogous pairs of SUVH  genes were randomly 

selected for analysis of nucleotide substitutions in their SRA domains (Table 2.2). As 

expected for pairs of orthologous genes, the fraction o f pairwise synonymous 

substitutions (%S) in the SRA domain was significantly higher (t = 3.636; P < 0.001) 

than that of non-synonymous substitutions (%N). For pairs of paralogous genes, non- 

synonymous nucleotide substitutions were more common than synonymous 

substitutions (t = 19.877; P < 0.001). These differences may be due to the functional 

divergence of the SRA domains after gene duplication events.

The numbers of nucleotide substitutions per non-synonymous {ds) and 

synonymous {ds) sites were also calculated for the same gene pair, and the ratio o f non- 

synonymous to synonymous substitutions was determined (Table 2.2). According to 

these results, SRA domains of orthologous genes are well conserved, whereas SRA 

domains o f paralogous genes are less conserved. The co value is indeed significantly 

higher in paralogous genes compared with orthologous genes (t = 2.117; P = 0.026). 

Fhe difference in the ro values seems to be due to the differences in nucleotide 

substitutions at non-synonymous sites. In fact, d^ is significantly smaller in orthologous 

genes than in paralogous genes (t = 9.529; P < 0.001), whereas there are no significant 

differences in ds between orthologs and paralogs (t = 1.565; P = 0.073).

We obtained similar results from the analysis of SET domains o f the same pairs 

3f orthologs (Table 2.3). As observed for the SRA domain of orthologous genes, the 

Taction of pairwise synonymous substitutions (%S) in the SET domain was 

iignificantly higher (t = 2.581; P = 0.009) than that of non-synonymous substitutions 

%N). For pairs of paralogous genes, non-synonymous nucleotide substitutions were



Table 2.2 Nucleotide substitution estimates of the SRA domain of orthologous (A) 
and paralogous (B) SUVH  genes from Arabidopsis, Tobacco, Maize and Rice

Genes Group % N %S ds df/ds

Orthologous Genes (A)

SUVH4 versus OsSDG714 2 47 53 0.278 3.519 0.079

SUVH4 versus ZmSETl 18 2 49 51 0.292 4.237 0.069

OsSDG? 14 versus ZmSETl 18 2 20 80 0.036 1.221 0.029

NtSETl versus OsSDG?04 4 44 56 0.257 3.635 0.071

NtSETl versus SUVHl 4 43 57 0.253 1.504 0.168

NtSETl versus ZmSETl 13 4 46 54 0.316 3.545 0.089

SUVH3 versus OsSDG704 4 48 52 0.296 3.411 0.087

SUVH9 versus SUVH2 1 39 61 0.200 3.410 0.059

ZmSET104 versus OsSDG703 3 46 54 0.173 0.692 0.250

SUVH5 versus SUVH6 3 48 52 0.228 0.839 0.272

Average 43 57 0.233 2.601 0.117

Paralogous Genes (B)

SUVH4 versus SUVHl 2..4 61 39 0.568 3.506 0.162

SUVH4 versus SUVH2 2..1 60 40 0.628 3.513 0.179

SUVH4 versus SUVH5 2..3 58 42 0.591 3.455 0.171

SUVH5 versus SUVHl 3..4 58 42 0.412 3.437 0.120

SUVH2 versus SUVH7 1..4 62 38 0.650 2.150 0.302

OsSDG714 versus OsSDG704 2..4 57 43 0.464 3.333 0.139

OsSDG714 versus OsSDG703 2..3 64 36 0.664 3.368 0.197

OsSDG704 versus OsSDG? 10 4..3 63 37 0.627 3.418 0.184

ZmSETl 18 versus ZmSETl 13 2..4 62 38 0.619 3.451 0.179

ZmSETl 04 versus ZmSETl 05 3..4 64 36 0.634 3.413 0.186

Average 61 39 0.586 3.304 0.182

The percentage of synonymous (%S) and non-synonymous (%N) nucleotide substitutions, 
substitutions per synonymous {ds) and non-synonymous {dfi) site and the non-synonymous- 
to-synonymous rates ratio (co = d^lds) are compared between the different groups of the tree 
(Highlighted in Figure 1) for orthologous (A) as well as paralogous (B) genes.
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Table 2.3 Nucleotide substitution estimates between the SET domain o f orthologous 
(A) and paralogous (B) SUVH genes from Arabidopsis, Tobacco, Maize and Rice.

Genes Group %N % S dN ds di/ds

Orthologous Genes (A)

SUVH4 versus OsSUVH4 2 38 62 0.295 3.416 0.086

SUVH4 versus Zm SETllS 2 44 56 0.354 3.431 0.103

OsSUVH4 versus Zm SETllS 2 19 81 0.066 1.113 0.059

NtSETl versus OsSETl 4 52 48 0.364 3.325 0.109

NtSETl versus SUVHl 4 55 45 0.381 2.268 0.168

NtSETl versus ZmSETl 13 4 56 44 0.373 3.234 0.115

SUVH3 versus OsSETl 4 54 46 0.366 3.391 0.108

SUVH9 versus SUVH2 1 38 62 0.188 3.464 0.054

Zm SETl04 versus OsSDG703 3 34 66 0.069 0.891 0.078

SUVH5 versus SUVH6 3 43 57 0.151 1.051 0.144

Average 43 57 0.261 2.558 0.103

Paralogous Genes (B)

SUVH4 versus SUVHl 2..4 65 35 0.714 3.433 0.208

SUVH4 versus SUVH2 2..1 62 38 0.664 3.443 0.193

SUVH4 versus SUVH5 2..3 57 43 0.499 3.332 0.150

SUVH5 versus SUVHl 3..4 62 38 0.575 3.244 0.177

SUVH2 versus SUVH7 1..4 67 33 0.772 2.268 0.341

OsSUVH4 versus OsSETl 2..4 64 36 0.614 3.363 0.183

OsSUVH4 versus OsSDG703 2..3 60 40 0.565 2.311 0.244

OsSETl versus OsSDGllO 4..3 60 40 0.670 1.761 0.380

Zm SE TllS  versus ZmSETl 13 2..4 64 36 0.707 3.302 0.214

ZmSETl 04 versus ZmSETl 05 3..4 66 34 0.709 3.308 0.214

Average 63 37 0.649 2.976 0.230

The percentage o f  synonymous (%S) and non-synonymous (% N) nucleotide substitutions, 
substitutions per synonymous (ds)  and non-synonymous (dM) site and the non-synonym ous- 
to-synonym ous rates ratio (co = dfj /ds)  are compared between the different groups o f  the tree 
(H ighlighted in Figure 1) for orthologous (A) as well as paralogous (B ) genes.
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more common than synonymous substitutions (t = 19.288; P <0.001). The analysis o f <4' 

and ds and its ratio (oo = d^lds) in the SET domain gave results similar to those obtained 

with the SRA domain for the same pairs of orthologs and paralogs. According to these 

results, SET domains of orthologous genes are well conserved, whereas SET domains 

of paralogous genes are less conserved. The co value is indeed significantly higher in 

paralogous genes compared with orthologous genes (t = 4.945; P < 0.001). The 

difference in the co values also seems to be due to the differences in nucleotide 

substitutions at non-synonymous sites. In fact, df,' is significantly smaller in orthologous 

genes than in paralogous genes (t = 7.960; P < 0.001), whereas there are no significant 

differences in ds between orthologs and paralogs (t = 1.035; P = 0.159).

The analysis of the SRA and SET domains of some putative orthologous pairs 

belonging to group 3 and 4 (e.g. SUVH5 versus OsSDGVlO; SUVHl versus SUVH7) 

revealed more non-synonymous than synonymous nucleotide substitutions (Table 2.4). 

On average, the values of djM and ds of these pairs seem to be intermediate between 

paralogous and orthologous genes. These results suggest that new paralogous genes are 

still evolving from later duplication events.

2.3.3 Differential evolution of the SRA and SET domains
The application of the brancla length test to the amino acid sequence alignment 

of plant SUVH proteins, using DrCHP as the outgroup, showed that the SRA domain of 

four sequences is evolving at significantly different rates compared with the average 

rate for all sequences (Table 2.5). Arahidopsis thaliana SUVH5 and tobacco NtSETl 

showed slow amino acid substitution rates. However, rice OsSDG703 and maize 

ZmSET104 showed accelerated amino acid substitution rates compared to the average. 

However, the same sequences did not show any differences from the average when their 

SET domains were analyzed (Table 2.5).

2.3.4 Evolutionary constraints in the SET domain of SUVH  genes
Two models implemented in the PAML program package (Yang, 1997) were 

applied to the SET domain sequences. The FRM assumes a different co for each branch 

in the tree while the one ratio model (MO) assumes the same co parameter for the entire 

tree. The log likelihood under the FRM is = -7496.89, whereas under MO. X,q = - 

7538.549. The difference in the likelihood values was strongly significant
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Table 2.4 Nucleotide substitution estimates in the SRA (A) and SET domain (B) of 
some orthologous SUVH  genes from Arabidopsis, Maize and Rice.

Genes Group %N %S <//V ds dj^ds

SRA domain (A)

SUVH5 versus OsSDG710 3 53 47 0.572 3.487 0.164

SUVH5 versus ZmSET104 3 59 41 0.594 3.474 0.171

SUVH6 versus OsSDG703 3 64 36 0.595 2.578 0.231

SUVH6 versus OsSDG? 10 3 57 43 0.510 2.539 0.201

OsSDG710 versus ZmSET104 3 63 37 0.526 2.250 0.234

SUVHl versus SUVH7 4 58 42 0.527 1.815 0.290

SUVH3 versus SUVH8 4 54 46 0.357 1.932 0.185

OsSETl versus SUVH7 4 58 42 0.513 3.502 0.146

OsSETl versus SUVH8 4 59 41 0.462 2.250 0.205

OsLSETl versus SUVH8 4 56 44 0.444 3.447 0.129

Average 58 42 0.503 2.643 0.199

SET domain (B)

SUVH5 versus OsSDG710 3 40 60 0.244 3.369 0.073

SUVH5 versus ZmSET104 3 43 57 0.255 3.297 0.077

SUVH6 versus OsSDG703 3 49 51 0.324 3.368 0.096

SUVH6 versus OsSDG710 3 46 54 0.368 3.444 0.107

OsSDG710 versus ZmSET104 3 55 45 0.355 3.359 0.106

SUVHl versus SUVH7 4 55 45 0.344 2.949 0.117

SUVH3 versus SUVH8 4 59 41 0.316 1.397 0.226

OsSETl versus SUVH7 4 56 44 0.383 3.299 0.116

OsSETl versus SUVH8 4 56 44 0.414 2.126 0.195

OsLSETl versus SUVH8 4 55 45 0.390 3.407 0.114

Average 52 48 0.339 3.001 0.123

Percentage of synonymous (%S) and non-synonymous (%N) nucleotide substitutions, 
substitutions per synonymous (ds) and non-synonymous (dî ) site and the non-synonymous- 
to-synonymous rates ratio (co = dfj/ds) between some pairs of orthologues in the SRA and 
SET domain are shown here.
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Table 2.5 Test of the constancy of substitution rates among different lineages of 
SUVH proteins.

SRA domain (A) b = 0.404

Sequences bi d SE Z P

SUVH5 0.311 -0.093 0.032 2.924 0.004

NtSETl 0.326 -0.079 0.026 3.089 0.002

OsSDG703 0.578 0.174 0.066 2.637 0.009

ZmSET104 0.585 0.181 0.065 2.797 0.005

SET domain (B) h = 0.426

Sequences bi d SE Z P

SUVH5 0.359 -0.067 0.045 1.473 0.142

NtSETl 0.393 -0.033 0.050 0.658 0.516

OsSDG703 0.449 0.023 0.059 0.397 0.697

ZmSET104 0.516 0.090 0.064 1.407 0.162

The distances for the different branches o f the tree were com pared to the average tip-to- 
root distance ) in both SRA (A) and SET (B) domains o f  the SUVH proteins. The 
difference between the average tip-to-root distance for the tree and the distance o f each 
sequence to the root o f  the tree (bi) is indicated by 5. The significance o f  the 5 value 
was tested under a normal distribution (Z), estimating the probability o f  the difference 
(P) given the standard error (SE) associated to 5.
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[̂ ■3̂  = 2AA.= 83.300;/’ < 0.001 J ,  indicating that heterogeneous selective constraints 

exist between the different lineages of the SET domain gene tree.

To test for co values different than 1 in specific branches of the tree using the 

FRM analysis, we only considered those branches showing a sufficient number of 

synonymous and non-synonymous nucleotide substitutions. Branches showing ds -  Q 

and values that were significantly smaller than the average dN were not employed to 

detect adaptive evolution because these branches do not possess enough evolutionary 

signal (very short branches). Examination of the different branches o f the tree under the 

FRM showed co values significantly smaller than 1 indicating a strong purifying 

selection against amino acid substitutions.

Sliding-window analyses estimated a window size of 1 codon as the statistically 

appropriate window to avoid false positive results. The average co value for the SET 

domain using the sliding-window method was estimated to be 0.3071 with Var(co) = 

0.0544. No branches or codon regions were detected to be under positive selection using 

the sliding-window method. These results, together with the estimated co values under 

the maximum-likelihood FRM, indicate that the SET domain is under strong purifying 

selection probably to preserve its catalytic function in all the lineages of the tree.

2.3.5 Evolutionary constraints in the SRA domain of SUVH  genes

A comparison between the maximum-likelihood models to explain the evolution 

of the SRA domain gave significantly higher likelihood values for the FRM compared 

with the MO \xh  = 2A?^= 132.85;/’ < 0 .00 ij, indicating heterogeneous distribution of co 

values between the branches of the SRA phylogenetic tree. We detected several 

branches to be under positive selection. The estimated values for the different co ranged 

between 2.704 and 99. Although some of the branches showed ds values close to 0, ds  

values in these branches were not significantly different from the average d^ for the 

whole tree.

The sliding of a two-codon-sized window (the statistically optimal window size 

for SRA) along the SRA domain alignment gave an average co = 0.3046; with a variance 

of Var(o)) = 0.0346. This indicates that most of the time the SRA domain evolved under 

purifying selection. Sliding-window analysis identified several branches subjected to 

positive selection (Figure 2.9). Several internal branches leading to orthologous groups
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Figure 2.9 The phylogenetic distribution of non-synonym ous-to-synonym ous nucleotide 
substitutions rates ratio (co). The phylogenetic tree was inferred from SRA domain alignments 
by the Neighbor-Joining method using Poisson-corrected amino acid distances. Bootstrap values 
(calculated from 1000 pseudo-replicates) greater than 70% are shown in the corresponding 
nodes. Italic numbers are used to identify branches under positive selection shown in Table 2.6. 
Average values o f  co estimated by the sliding-window procedure are shown on the branches o f 
the tree.



1, 2 and 4 as well as several branches leading to specific sequences within these groups 

seem to have been fixing amino acid substitutions by positive selection. These results 

indicate that, in contrast to the SET domain, the SRA domain has been subjected to 

positive selection after several duplication events during its evolution. Amino acid 

replacements in the branches detected to be under positive selection are indicated in 

Table 2.6. A plot of the distribution of amino acid substitutions along the SRA domain 

(Figure 2.10) identifies several regions under positive selection, with most o f the amino 

acid changes occurring in the amino acid intervals: 85-95, 110-120, 125-130, 135-145 

and 155-165. These regions are located close to the most conserved motifs in the SRA 

domain; Y(T/S)G (78-80), (I/V)RV (120-122), and Y(D/G)GLYN(YA^) (147-153).

Since the vast majority of the codons analyzed (98.57%) showed values not 

significantly different than expected under neutrality, we conclude that the SRA domain 

evolved under purifying selection most of the time. Among the codons analyzed, a 

small fraction of them (1.43%) showed o) values significantly higher than 1 (average co 

value for these regions was 2.512) and higher than the average to values estimated from 

the alignment by the sliding-window method.

Analysis of the distribution of synonymous nucleotide substitutions along the 

alignment did not give any significant ds values (either smaller or greater than would be 

expected under a Poisson distribution of substitutions), indicating the absence of 

saturation at synonymous sites and the absence of nucleotide or codon compositional 

bias.
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Figure 2.10 Distribution o f  amino acid changes under positive selection along the SRA domain. 
Amino acids substitutions under positive selection were detected using the sliding windows 
method and plotted against its position along the SRA domain.
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Table 2.6 Amino acid substitutions under positive selection in the SRA domain o f 
plant SUVH proteins.

Branch Amino acid substitutions di\! ds (0 P

SUVHl G""-Y 0.866 0.347 2.500 <0.001

SUVH3 P‘37.k 0.687 0.231 2.972 <0.001

SUVH8 k 1 0 2 _ v  ̂ D'^^-Y 0.751 0.347 2.167 <0.001

OsSDG703 T138_q 0.687 0.231 2.972 <0.001

OsSDG710 jSSp 0.866 0.347 2.500 < 0.001

SUVH5 H 1 3 6 g l 3 7 _ Q 0.604 0.231 2.615 <0.001

SUVH6 q '^ '-g 0.751 0.347 2.167 <0.001

SUVH4 d 155_k ^H‘5^F 0.751 0.347 2.167 <0.001

Z m SE T llS 0.677 0.289 2.342 <0.001

SUVH2 a49_r^ p 8 6 _ H ^  L^’-Q, Q'^'’-S 0.687 0.231 2.974 <0.001

SUVH9 E^'-S, P*̂ -̂R,

q ' '̂^-r

0.678 0.276 2.456 <0.001

1 ^ 160- r^N' 61_t 0.751 0.347 2.167 <0.001

2 T"*-N , P ” ^-E, K'^^-E, Y'-^^S 0.809 0.347 2.331 <0.001

3 q87_a^ r 8 8 _ d 0.604 0.231 2.615 <0.001

4 h "^-a , p '^’-n , t '^*-n 0.735 0.289 2.543 <0.001

5 0.604 0.231 2.615 < 0.001

6 p l 3 7 _ Y 0.866 0.347 2.500 <0.001

7 G^^-1, V"*-N, V'^^-N 0.866 0.347 2.500 <0.001

8 K ‘"-E , H"^-R, C '‘̂ -M ,V '“ -K 0.740 0.308 2.405 <0.001

The amino acid substitutions detected to be under positive selection using the sliding- 
window procedure, are shown. Terminal branches are labeled with the name of the 
corresponding sequence and internal branches are labeled with numbers according to Figure 
2A. The one-letter code is used to denote amino acids and the position o f the substitution is 
indicated as a superscript. Non-synonymous nucleotide substitutions averaged for the codon 
region under positive selection are indicated by di~i, whereas synonymous substitutions are 
indicated by ds. The non-synonymous-to-synonymous rates ratio (co) was tested for 
significance under a Poisson distribution of changes. The probability (P) o f co being greater 
than 1 is also indicated.
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2.3.6 Effect of amino acid substitutions on the secondary structure of 

SRA domain
Using the sUding-window method we found several amino acid substitutions in 

the branches leading to orthologous group 1 (branch 8) and orthologous group 4 (branch 

2) to be under positive selection (Figure 2.9, Table 2.6). In order to identify the likely 

effect o f  these substitutions on the SRA domain we analyzed the secondary structure o f 

the sequences inferred by maximum parsimony corresponding to the newly mutated 

SRA domain and its corresponding ancestor in each branch (Figure 2.11). When we 

compared the predicted secondary structures o f two SRA sequences in branch 8: Seq 

8.1 and Seq 8.2 (i.e. before and after positive selection, respectively) we found that 

three o f the four amino acid substitutions shown to be under positive selection, K " * ^ E , 

>̂R and (Table 2.6), led to changes in the predicted secondar>' structure o f

the domain (Figure 2.11 A). These mutations increase the length o f a predicted a-helix in 

the middle o f the SRA domain, A similar comparison was done with SRA domain 

sequences in branch 2. Secondary structure analysis between SRA domains before (Seq 

2.1) and after positive selection (Seq 2.2) detected two o f four_substitutions under 

positive selection, T"**-^N, P ''^—>E (I’able 2.6) that also altered a secondary structure 

parameter (Figure 2.1 IB). In this case the substitutions generate a more drastic change, 

by transforming an a-helix:p-strand structure into a long a-helix. Interestingly, these 

changes are located in the same region o f the SIM. domain alignment. Several amino 

acid substitutions under positive selection in other lineages have also been localized to 

this region (Figure 2.10), suggesting that it might be an important regulatory or 

structural region o f the SRA domain.
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Figure 2.11 Secondary structure of SRA domains before and after positive selection in branches 
8 and 2. (A) Sequences inferred by maximum parsimony and its secondary structure 
corresponding to the SRA domain, before (Seq 8.1) and after positive selection (Seq 8.2), in 
branch 8 (Figure 2.9). (B) Sequences inferred by maximum parsimony corresponding to the 
SRA domain, before (Seq 2.1) and after (Seq 2.2) positive selection in branch 2 (Figure 2.9). P: 
indicates a beta-strand secondary structure, a: indicates an alpha-helical secondary structure. 
Amino acid changes under positive selection, detected by the sliding-window method, are 
underlined and in bold. Open boxes identify regions in the SRA domain in which significant 
alterations in secondary structure have occurred. The secondary structure shown is a consensus 
secondary structure based on the cumulative scores.



2.4 Discussion

All plant SUVH proteins studied in here share the same basic domain 

architecture. The C-terminal region containing the SET, pre-SET and post-SET domains 

share high levels o f similarity with other SU(VAR)3-9 proteins. M embers o f the 

SUV(VAR)3-9 class o f SET domain proteins show specific H3-K9 methylating activity 

(see Chapter 1). The conservation of specific amino acids required for HKM T activity 

in SUVH proteins suggests that they may all carry similar enzymatic activities. The 

SET domain o f most SUVH proteins possesses the CLR4/G9a-type catalytic core motif, 

with arginine in the first position (Section 2.3.1). This position is considered important 

in determining the level o f HKMT activity (Rea et al., 2000). Thus, for most o f  the 

SUVH proteins a catalytic activity similar to that o f CLR4 and G9a would be expected, 

whereas for SUVH proteins lacking arginine in the catalytic m otif the enzymatic 

activity might be more similar to (or lower than) that found in SUV39H1. This idea is 

supported by the observation that the HKMT activity o f  SUVH4 is simileir to the 

SUV39H1 protein (Jackson et al., 2002). The SUVH4 catalytic m otif (TOONHSC) 

starts with a threonine (T) instead of an arginine (R) (Jackson et al., 2002).

In addition to the SET domain, non-plant SU(VAR)3-9 proteins contain an N- 

terminal chromodomain that directs their association with heterochromatin (M elcher et 

al., 2000). Since the SET domain itsell'does not display affinity for chromatin and plant 

SET domain proteins do not contain chromodomains, other types o f protein-protein 

interaction domains might be responsible lor targeting these proteins to their higher- 

order chromatic complexes. This is true for other SU(VAR) proteins that lack a 

chromodomain e.g. G9a contains ankyrin repeats that are thought to form a protein- 

protein interaction surface (Tachibana et al., 2001) and the SETD B l/ESET proteins that 

contains a MBD domain, a structure that is potentially capable o f  recognizing 

methylated DNA (Yang et al., 2002). In plant SUVH proteins a recently described 

domain named SRA (Baumbusch et al., 2001), present in all the SET proteins studied 

here, may be responsible for chromatin targeting.

Having analyzed the domain structure o f plant SUVH proteins we investigated 

the phylogenetic and evolutionary relationship between orthologous and paralogous 

plant SU VH  genes from Arabidopsis, tobacco, maize and rice in order to better 

understand how functional divergence might have arisen among subfamily members. 

Phylogenetic analyses show that the SRA domain is always associated with one or more
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domains that function either in DNA binding or in the nucleus; it is associated with the 

SET domain in SUVH proteins; with DNA binding domains like the RING finger and 

AT-hook domains and a HNH nuclease domain in bacteria. This suggests that the SRA 

domain might be a domain that has evolved specifically for DNA-related functions.

Other minor domains present in only in a subset of SUVH proteins include an 

AT-hook domain and a newly identified motif that we call FDXXRRR with an 

unknown function. The FDXXRRR motif shows conservation not only at the amino 

acid sequence level but also in the secondary structure of the stretch that contains the 

motif Searches using this motif as a query do not reveal any other protein in the 

database containing it, suggesting that it is probably a specific motif that evolved from 

SUVH gems.

From a phylogenetic reconstruction of the relationships between SUVH genes, 

using the SRA and SET domains, we defined four putative orthologous groups that are 

in agreement with the groups originally defined by Springer and colleagues (2003) and 

in The Plant Chromatin database. These orthologous groups evolved from at least four 

founder genes that existed before the split between monocotyledonous and 

dicotyledonous plants. This conclusion is supported by the presence of Arabidopsis, rice 

and maize genes in three of the four orthologous groups defined here and by the 

presence in the EST databases (PlantCiDB and GeneBank) of SUVH homologues from 

additional monocotyledonous (Hordeum vulgare, Triticum aestivum. Sorghum bicolour) 

and dicotyledonous {Lotus japonicus, Medicago truncatula. Solarium tuberosum, 

Glycine max, Gossypium arboreum) species which also grouped in the same four 

orthologous groups defined here (data not shown). The estimated number of 

synonymous and non-synonymous nucleotide substitutions within and between 

orthologous groups shows that some genes within a given group are likely true 

orthologs, whereas genes in different orthologous groups possess the characteristics of 

paralogs. This indicates the presence of at least four functional classes of SUVH 

proteins. The analysis of nucleotide substitutions between some pairs of putative 

orthologs shows, however, values different than expected for pairs of orthologous 

genes, indicating that functional diversification of SUVH genes is still an ongoing 

process.

The phylogenetic analysis indicates that plant SUVH genes seem to have 

increased in number before the split between monocotyledoneous and dicotyledoneous 

plants giving rise to four SUVH founder genes. In addition, these genes appear to have

56



been additionally duplicated, lost and subjected to independent selection in each 

orthologous group since the divergence of monocotyledonous and dicotyledonous 

plants. The absence of introns in the open reading frames (ORF) of Arabidopsis SUVH  

genes belonging to three of the four orthologous groups, led to the proposal that these 

genes may have been duplicated by a retrotransposition-like event (Baumbusch et al., 

2001). SUVH  genes, belonging to the same orthologous groups and lacking introns in 

their ORPs were also found in maize (Springer et al., 2003) and rice (The Plant 

Chromatin Database). By contrast, the three genes in orthologous group 2 are 

characterized by the presence of introns in their ORFs. This suggests that intron-less 

SUVH  genes may have arisen via reverse transcription of mRNA derived from a gene 

belonging to orthologous group 2 (Baumbusch et al., 2001, Springer et al., 2003). We 

tested this hypothesis by comparing the likelihood of two phylogenetic trees in which (i) 

all orthologous groups have the same ancestor and (ii) orthologous group 2 was 

assumed to be the ancestor of the other groups. The result of this test showed no 

significant differences between these trees [ x \  -  0.205; P = 0.903]. Thus, the 

hypothesis supporting a star-like tree could not be rejected. The lack of a phylogenetic 

signal supporting the proposed origin of the intron-less SUVH  founder genes may 

simply be due to an origin via retrotransposition that pre-dates the split between 

monocots and dicots. Whether some retrotransposed genes were lost or whether 

additional retrotransposition events took place after the split between monocots and 

dicots is not known. It is more likely that other types of duplication events like 

polyploidization, chromosomal or single gene duplications are responsible for 

additional duplications in SUVH genes. In fact, it has been shown that some pairs of 

SUVH  genes from Arabidopsis and maize are found in co-linear duplicated genomic 

regions (Baumbusch et al., 2001, Springer et al., 2003).

The conservation of at least four classes of SUVH  genes over long periods of 

time indicates that after duplication, these genes might have adopted different functions. 

After duplication, one copy may simply have been lost or may have acquired a novel, or 

partially non-overlapping function and thus been preserved by natural selection (Lynch 

and Conery, 2000). Gene duplicates often experience relaxed evolutionary constraints. 

This promotes functional diversification of duplicates and biochemical irmovation 

through mutation and recombination (Wagner, 2001). Novel mutations might then be 

subjected to different evolutionary constraints such as positive selection, neutral fixation
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and purifying selection. Our analysis of evolutionary constraints indicates functional 

divergence among the SRA domains of SUVH genes. On the contrary, we found that the 

SET domain of plant SUVH  genes has always been subjected to strong purifying 

selection in all lineages and across the whole domain. This indicates strong selection 

over evolutionary time against mutations that might change the biochemical function of 

the SET domain in these genes.

The SET domain of Su(var)3-9 proteins such as the Drosophila SU(VAR)3-9, 

the mammalian SUV39H1, SUV39H2 and the Schizosaccharomyces pombe homologue 

CLR4p, show specific H3-K9 methylating activity (Rea et al., 2000; Czermin et al., 

2001, Nakayama et al., 2001). The SET domain o f KRYPT0NITE/SUVH4, also 

methylates H3-K9 (Jackson et al., 2002). Thus, there seems to be a strong selection in 

favor of maintaining the specific methylating activity o f the SUVH SET domain not 

only in plants but also in other organisms. Based on our analyses, it is very likely that 

all plant SUVH proteins are able to methylate H3-K9.

Compared with the SET domain, the analysis o f evolutionary constraints in the 

SRA domain gave very different results. Positive selection was detected in several 

lineages in specific regions of the SRA domain, with several regions apparently having 

been subjected to positive selection several times during the evolutionary history of the 

SUVH  genes. So far, despite its exclusive association with the SET domain in plant 

SUVH proteins, a function has not yet been established for the SRA domain. The SRA 

domain is also found in several nuclear proteins that lack SET domains including the 

mammalian proteins ICBP90 and Np95 and their plant homologues (Bambusch et al., 

2001). ICBP90 has been shown to be a CCAAT-binding protein that may be involved in 

the regulation of gene expression (Hopfner et al., 2000). Its homologue Np95 localizes 

in discrete nuclear foci during the cell division cycle (Miura et al., 2001) and is thought 

to play a role in cell-cycle progression and/or DNA replication (Fujimori et al., 1998, 

Uemura et al., 2000). These observations support a role for the SRA domain in 

chromatin-targeting (Shen, 2001). Thus, it is possible that the SRA domain in SUVH 

proteins targets the H3-K9 methylase activity of the SET domain to different regions of 

the genome through protein-protein interactions or even by binding directly to DNA, as 

may be inferred by the presence of AT-hook domains in several members of 

orthologous group 4. AT-hook motifs are known from biochemical and structural 

studies to mediate binding to the minor groove of AT-rich tracts in DNA (Chuang and 

Kelly, 1999).
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The sliding-window method identified several amino acid substitutions in the 

SRA domain in the branches leading to orthologous groups 1 and 4, which are under 

positive selection. Some of these substitutions resulted in alterations to the secondary 

structure o f the domain that may influence its three-dimensional structure. Based on 

these observations, we propose that after SUVH gene duplication, new functions arose 

due to positive selection of mutations in the SRA domain, while the SET domain 

remained under purifying selection. These mutations may have altered the interaction 

between SUVH and other proteins or may have enabled the recruitment of new 

interaction partners thereby targeting the SET domain to different chromatin complexes. 

The resulting changes in gene expression patterns may, in turn, have provided a 

selective advantage.
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Chapter 3

Structure and expression of SUVHl and SUVH3 

3.1 Introduction
The accurate prediction of higher eukaryotic gene structures and regulatory 

elements from genomic sequence data is an important early step in understanding gene 

function. Once genomic sequence becomes available, genes can be identified by 

comparative and compositional analyses. Comparative sequence analysis methods 

include identification o f sequence similarity by database searching and pairwise or 

multiple alignments o f candidate homologues in order to identify conserved elements. 

Compositional methods include gene modelling based on exon prediction and splice site 

prediction algorithms (Rhee and Flanders, 2000). These kinds o f  analyses facilitate both 

identification o f novel genes and prediction o f open reading frames (ORFs). The 

translated ORF can also used in homology searches and domain structure/function 

analyses as a first step towards assigning a putative gene function. Once the features o f 

the DNA sequence, including the ORF and putative gene function are assigned, the 

sequence can be annotated in a database.

The gene models obtained after analysis o f genomic sequences can be placed in five 

categories (Rhee and Flanders, 2000):

• An exact match to a previously sequenced gene o f known function

•  Similarity of the predicted encoded protein to a protein o f  known function; these 

entries are usually described as “similar to” or “putative” .

•  Similarity between the predicted encoded protein and proteins o f unknovm 

function.

•  No similarity to defined protein classes, but having EST matches.

•  Predicted genes, but with no known similarity. The predicted proteins are 

described as “hypothetical proteins” .
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Gene models obtained by computational identification o f  a gene must be manually 

inspected for uncertainties, e.g. for a typical Arabidopsis gene with five exons, at least 

one o f  the exons is expected to have at least one o f its borders predicted incorrectly by 

gene-finding programs (Brendel and Zhu, 2002). Gene models can also be verified by 

using cDNA information or Expressed Sequence Tags (EST) collections, which 

together help to identify real ORFs and splice sites. cDNA information also help to 

identify other regulatory elements in a gene such as transcriptional start sites, minimal 

promoter regions, introns and exons located outside the ORF and polyadenylation 

signals. Recent studies have concentrated on sequencing fiall-length cDNAs to improve 

Arabidopsis genome annotation (Haas et al., 2002; Seki et al., 2002).

The efforts o f an international collaboration to obtain the complete genome 

sequence o f the flowering plant Arabidopsis resulted in the release and annotation o f 

115.4 Mb o f the genome (estimated at 125 Mb) in December o f 2000 {Arabidopsis 

Genome Initiative, 2000). At that time, 25,498 protein-coding genes were identified but 

only 9% o f these genes had been characterized experimentally, and only 69% could be 

functionally classified by similarity to proteins o f known functions. In the interim, 

sequencing and annotation has progressed. The most recent release o f the Arabidopsis 

genome available at GenBank provides 117.3 Mb and 27,288 annotated protein-coding 

genes (Zhu et al., 2003). Annotation of the Arabidopsis genome and functional 

characterization o f all the genes is an ongoing effort.

3.1.1 Studying gene expression

The investigation o f temporal and spatial patterns o f gene expression and the 

sub-cellular location o f the encoded proteins is a key element in achieving a full 

functional description o f each gene (Lescot et al., 2002). The most direct method for 

investigating expression is to measure transcript levels e.g. by using the putative gene 

sequence as a probe in a northern blot analysis o f RNA prepared from various tissues or 

following various biotic or abiotic treatments. M odifications o f  this approach that may 

enhance sensitivity include ribonuclease (RNase) protection assays and detection o f 

transcripts by reverse transcriptase PCR (RT-PCR). This can be complemented by in 

situ hybridization experiments to determine the exact location o f gene transcripts in 

tissues and organs. These methods are quite straightforward for most genes with normal
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expression levels, but become more complicated for multigene families. In addition, 

most direct gene expression descriptions are not complete, as all conditions that might 

induce transcription are generally not considered (Stiekema and Pereira, 1998). These 

problems can be overcome by using promoter fusions to a reporter gene whose activity 

is easy to visualize and quantify. With the use o f  promoter-reporter fusions, one can 

study the expression o f individual genes separated from the background o f other 

members o f the same gene family (Jefferson et al., 1987).

3.1.2 Promoter-reporter gene systems
The study o f plant gene expression has been greatly advanced by the 

development o f various reporter gene systems. These include genes encoding for |3- 

galactosidase (LacZ) (Helmer et al., 1984), cloramphenicol acetyltransferase (CAT) 

(Seed and Sheen, 1988), (3-glucuronidase (GUS) (Jefferson et al., 1987) luciferase 

(LUC) (M illar et al., 1992) and the jellyfish green fluorescent protein (GFP) (Hasselof 

and Amos, 1995).

Among the reporter genes described so far, the GUS system (the uidA gene from 

E. coli) is the most widely used in plant molecular research. GUS is a hydrolase that 

catalyzes the cleavage o f a wide variety of P'glucuronides. The major advantages o f  the 

GUS reporter system lie in its sensitivity, :simplicity and flexibility due to the wide 

range o f substrates available (Guivarc’h et al., 1996). Crucially, the availability o f 

histochemical substrates permits the visualization o f reporter gene activity in cells and 

tissues. The GUS histochemical assay (Jefferson et al., 1987) uses the substrate 5- 

bromo-4-chloro-3-indol glucuronide (X-gluc) which is hydrolyzed in the presence o f 

GUS to yield a transient colourless soluble intermediate that undergoes oxidative 

dimerization to a final product that results in an indigo blue precipitate (Jefferson et al., 

1987; Jefferson, 1987).

The absence o f endogenous GUS activity in many organisms including lower 

and higher plants has made the GUS reporter gene a powerful tool for the assessment o f 

gene activity in transgenic plants. Although warnings about potential artifacts (e.g. due 

to diffusion o f the soluble short-lived cleavage product) were expressed very early 

(Jefferson et al., 1987; Jefferson, 1987), the problem could be alleviated to some extent 

by increasing the concentration of oxidative catalysts that accelerate the cleavage
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product dimerization reaction, such as K-ferricyanide from 0.3 mM, as originally 

proposed to 0.5 mM (DeBlock and Debrouwer, 1992). Other advantages o f  the GUS 

reporter is the ability o f (3-glucuronidase to tolerate large C-terminal and N-terminal 

fusions, with normally no significant reduction in activity (Jefferson, 1988).

Recently, the utility o f the GUS reporter system was extended with the 

developing o f a new reporter gene (NAN) with similar properties to those o f  GUS. The 

NAN reporter gene is a synthetic derivative of the nanH  gene, which encodes a sialidase 

o f Clostridium perfringens (Kirby and Kavanagh, 2002). NAN can be assayed as easily 

as GUS, using a similar range of substrates thereby allowing the use o f NAN as an 

internal standard in transient assays or as a second reporter in plants already 

transformed with the GUS  gene (dual reporter gene assays).

3.1.3 Promoter c/s-acting regulatory elements (CAREs)

Control o f gene expression in nuclear genes is primarily regulated at the level o f 

transcription. Transcriptional regulation is mediated by the interaction between 

transcription factors and various combinations o f a limited number o f  c/5-acting 

regulatory elements (CAREs), short conserved motifs o f 5-20 nucleotides, located 

upstream of the minimal promoter region. Promoters can be described in terms o f the 

hierarchical organization of CAREs, in which the individual CAREs constitute the 

lowest level, their organization as islands (groups) o f composite elements constitutes the 

next, and the modular organization o f these islands ultimately controls the specific 

expression patterns o f a given gene. The consequence o f  this modularity is that each 

promoter is unique and controls the level of transcription o f  the downstream gene with 

exquisite specificity (Rombauts et al., 2003). The widespread use o f  prom oter-reporter 

gene fusions over the past decade has greatly facilitated the identification o f many 

CARE classes in plant genes. There is now a plethora o f CAREs in the literature many 

o f which have been shown to confer various levels o f specific regulation in terms o f 

where, when and in response to what stimulus a gene is expressed.

After having defined a gene’s upstream promoter region, putative CAREs can be 

identified by searching the DNA sequence for previously described CARE motifs, 

which can be found in specialized databases including the following;
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(i) TRANSFAC (http://www.gene-regulation.com/) is the first database on eukaryotic 

transcriptional regulation, comprising data on transcription factors, their target genes 

and regulatory binding sites (Matys et al., 2003). TRANSFAC 6.0 is accompanied by 

the new public version o f MatchTM (Kel et al., 2003). This tool performs searches for 

putative transcription factor binding sites in DNA sequences based on weight matrices. 

MatchTM uses the library o f weight matrices collected in the MATRIX table o f the 

TRANSFAC database.

(ii) PLACE database (http://www.dna.affrc.go.jp/htdocs/PLACE) is a compilation o f 

motifs found in plant cw-acting regulatory DNA elements, extracted from previously 

published reports on the regulatory regions o f various plant genes. The PLACE database 

also includes some motifs in non-plant c/5-elements to assist in the finding plant 

homologues. The PLACE database contains a brief description o f each m otif and 

relevant literature with PubMed ID numbers (Higo et al., 1999). A query sequence can 

be searched for the presence of motifs identical with or similar to the previously 

reported c/5-element motifs in the PLACI-’ database by Signal Scan Search or by 

Homology Search programs.

(iii) PlantCARE (http://sphinx.rug.ac.be:8080/PlantCARE/index.htm) is a database of 

plant cw-acting regulatory elements, enhancers and repressors. It comprises 417 e x 

acting regulatory elements, of which 150 are from monocotyledonous species, 263 from 

dicotyledonous species and four from conifers, describing approximately 160 individual 

promoters from higher plant genes. The database can be queried on names o f 

transcription factor (TF) sites, motif sequence, function, species, cell type, gene, TF and 

literature references (Lescot et al., 2002).

3.1.4 Effect of introns on gene expression

Regulatory elements are commonly lo'cated in the upstream promoter region o f a 

gene. However, sequences present in transcribed regions can also have quantitative and 

qualitative effects over gene expression. C/s-acting elements have been found within 

specific introns (Rippe et al., 1989; Deyholos and Sieburth, 2000) and introns have been 

also shown to be required for abundant expression o f many plant genes, a phenomenon
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called intron-mediated enhancement (Mascarenhas et al., 1990). Plant introns that 

enhance gene expression have been documented for several genes like the maize 

Alcohol dehydrogenase-1 (ADH l) (Callis et al., 1987), Arabidopsis P A T l (Rose and 

Last, 1997), rice a-tubulin (OsTubAl) (Jeon et al., 2000), petunia actin-depolymerizing 

factor {PhADF) (Mun et al., 2002), among others. Usually the magnitude o f 

enhancement is 2-10 fold, but can be significantly more in the case o f introns o f 

monocots genes and is dependent on the promoter, the coding sequences and the tissue 

o f expression (Callis et al., 1987; Rethnieier et al., 1997; Chaubet-Gigot et al., 2001).

The mechanism by which introns cause gene expression enhancement are not 

well understood and it is possible that different introns might affect expression by 

different mechanisms (Clancy and Hannah, 2002; Rose, 2002). However it is known 

that introns increase the steady state level o f mRNA without affecting transcriptional 

initiation (Rose and Last, 1997; Rose and Beliakoff, 2000). Introns might stimulate 

mRNA accumulation by increasing the processivity o f mRNA polymerase, promoting 

transcript elongation without significantly affecting transcript initiation (Rose, 2002).

3.1.5 Analysis of  SUVHI  and SUVH3

In this Chapter the structure and expression o f two Arabidopsis SU VH  genes, 

SUVHI and SUVH3 belonging to orthologo us group 4, was investigated. Both genes 

were chosen for a detailed functional analysis because orthologous group 4 represents 

the most diverse and most numerous group o f  SU VH  genes (see Chapter 2). In addition 

to both genes being very similar to each other, they share individual characteristics that 

make them ideal candidates to study the function o f SU VH  genes and the specialized 

sub-functions that each SUVH  gene might ha\'e acquired during its evolution.

cDNA clones corresponding to both genes were isolated and sequenced. In order 

to identify structural and regulatory elements in the genomic sequences we undertook a 

detailed comparative analysis of the genomic, cDNA sequences and the amino acid 

sequences o f the predicted translational products.

Functional characterization of SUVHI and SUVH3 was initiated by studying the 

expression pattern o f both genes during the p lant life cycle and how regulatory regions 

present in each gene control their expression pattern. This was done in transgenic 

Arabidopsis plants that had been engineered to express a translational gene fusion
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comprising promoter sequences of either SUVHl or SUVH3 and a part of the adjacent 

downstream ORF, fused in-frame with the P-glucuronidase (GUS) reporter gene. We 

also performed the more direct approach of northern blotting to assess the expression 

pattern of the endogenous SUVHl and SUVH3 gene in wild-type Arabidopsis.

The promoter of SUVH3 was additionally studied by deletion analysis. Different 

deletions of the SUVH3 full promoter were transcriptionally or translationally fused 

with the GUS gene and introduced into Arabidopsis. The functional implications o f the 

expression patterns observed and the similarities and differences in gene expression of 

both genes are discussed in this Chapter.
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3.2 Methods
3.2.1 DNA and protein sequence analysis

Databases searches were performed using BLASTN and BLASTP 

(http://www.ncbi.nlm.nih.gov/BLAST). DNA restriction analysis and primer design 

were carried out using the Vector NTI v. 5.2.1.3 (InforMax Inc. 1999). ATG context, 

splicing and polyadenylation signals were identified using AUG-evaluator, SpliceView 

and HCpolyA tools o f the online WebGene program: Tools for prediction and analysis 

of protein-coding gene structure (http://www.itba.mi.cnr.it/webgene). Cw-acting 

elements in the 5’ flanking region of SUVHl and SUVH3 promoters were identified 

using the PLACE (Plant c/5-acting regulatory DNA Elements) database 

(http ://www.dna.affrc. go .j p/htdocs/PLACE).

Amino acid sequences were aligned using CLUSTAL X version 1.81 a 

Windows interface for the CLUSTAL W program (Thompson et al., 1997) and 

manually corrected with the GeneDoc program (Nicholas et al., 1997). Protein domains 

were identified using SMART: Simple Modular Architecture Research Tool 

(http://smart.embl-heidelberg.de), MOTIF: Sequence motif search program

(http://www.motif.genome.ad.jp) and PROSITE: Database of protein families and 

domains (http://www.expasy.ch/prosite). PSORT prediction

(http://psort.nibb.ac.jp/form.html) was used to predict the subcellular protein 

localization. Putative serine, threonine and tyrosine phosphorylation sites were 

identified using NetPhos 2.0 Prediction Server (http://www.cbs.dtu.dk 

/ services/NetPhos).

3.2.2 Full-length cDNA sequencing

DNA sequences corresponding to the ORF plus 1.5 kb upstream and 

downstream of the interest genes were used to search in the Arabidopsis EST database 

(http://www.arabidopsis.org/Blast). The corresponding cDNAs were obtained from the 

Arabidopsis Biological Resource Center (ABRC).

Bacteria containing cDNA clones were plated on LB-agar containing 

appropriate antibiotics. Single colonies were picked out from the plates and grown in 

liquid LB with antibiotics. Approximately 1.5 ml of this culture was used for plasmid 

DNA isolation by alkaline lysis method (Sambrook et al., 1989). Isolated plasmids were
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digested with restriction enzymes to release the cDNA fragments and electrophoresed in 

a 0.9% agarose gel.

For sequencing, plasmid DNA samples were also phenol extracted once, 

precipitated with ethanol and sodium acetate, and resuspended in distilled water. All the 

sequencing reactions were carry out using a PRISM ready reaction DyeDeoxy 

Terminator cycle sequencing Kit. Sequencing reactions were set up according to the 

manufacturer instructions in 10 |il of final volume containing 250 ng of plasmid DNA. 

Reactions were then analyzed on an automated sequencer Applied Biosistems Model 

373A. M l3 forward and reverse primers were used to sequencing both ends of the 

cDNAs and specific sequencing primers were designed to complete the sequencing of 

the cDNA.

3.2.3 Molecular cloning

General materials and DNA manipulations are described in Chapter 6. The 

cloning process was carried out according to standard methods (Sambrook et al., 1989). 

DNA sequencing to verify the constructs were performed by MWG Biotech AG 

(Germany)

3.2.4 Primers

Primers for PCR screenings, to generate probes, and for promoter-GUS fusion 

constructs of SUVHl and SUVH3 are described in Table 3.1 and 3.2, respectively.

3.2.5 Promoter-Gt/5' fusions

3.2.5.1 Construction of SUVHl and SUVH3 promoter-G'i75' fusions

SUVHl promoter, a 1960 kb region upstream of the 13th codon of SUVHl, was 

amplified using the primers MABS’F and MAB5’R. The SUVH3 full-promoter, a 2032 

bp fragment upstream of the fifth codon, was amplified using the primers MACS’?  and 

MACS’R. The resulting PCR products were digested Xba\ and BamWl and cloned 

into the Xba\ and BamWl site of the pGUSl vector (see Chapter 6). In both cases the 

Bam\{\ site was designed to put in frame the first codon of the gene with the start codon 

of the GUS gene. The resulfing vectors were called pGUSl-MAB and pGUSl-MAC for 

the SUVHl and SUVH3 promoter constructs, respectively. The correct frame was
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Table 3.1 Primers used in probe synthesis, GUS fusion constructions and PCR for 
SU VH l.

Name Primer sequence (5’ to 3 ’) Site

added

Location

Primers fo r  probe synthesis

M ABprolF gctctagATGGAAAGAAATGGTGGTC X bal +1"

MABpro 1R cgggatccTTCTTTTCACAGTTG Bam \{\ +376®

GUSproF cgggatccAGAGTGTGATATCTACCCG +779*’

GUSproR ggggtaccACCGAAGTTCATGCCAGTCC Kpn\ + 1779b

Primer pairs fo r  promoter constructs

MABS’F gctctagaCTACTCCAACTACCTCAAGC Xbal -1905"

M AB5’R cgggatccTCTCGTCTl'ATCAGTGTAG BamUl +39"

Construct specific PCR Primers

MABF ACCTCTTACGCAGGTTATCCAG - -537"

GUSR TTGCCCGGCTTTCTTGTAACGC - + 133”

Sequencing prim ers

MABspF GCCTTITGAGGA TCTCTGATTCG - -136"

GUSspR GCGAACTGATCGTTAAAACTGCC - +167”

MAB and GUS correspond to primers designed for SUVHl and GUS respectively. F and R 
designate forward and reverse orientations, respectively. + and -  represent nucleotide 
position upstream and downstream relative to the adenosine in the initiation codon of 
SUVHl(a) or GUS (b). The sequences in lower case letters were synthetic extensions or 
modified sites for restriction enzyme digestion. Restriction sites are indicated in bold letters.
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Table 3.2 Primers used in probe synthesis, GUS fusion constructions and PCR for 
SUVH3.

Nam e Prim er sequence (5’ to 3 ’) Site

added

Location

Primers fo r  probe synthesis

MACpro 1F cgggatccAAATGGTAATC AAGGTCC Xbal +104

MACpro 1R gctctagaATTTTTTCACTACCTG AAC Bam\{\ +424

Primer pairs fo r  promoter constructs

MACS ’F gctctagaCCGGTAGTTTC AACCCTTG Xbal -2001

MAC 5 ’ R cgggatcc AGG A ACTCCTTGC ATTGC Bam¥A +15

Primers fo r  promoter deletion constructs

del 1F ggctcgAGAATTATCACACAAGGTCACTG Xhol -220

del 1R ggctcgagGGATG ATGAAAGAGC AGAGAC Xhol -709

del2R ggggatccAGGAACTCCTTGCATTGCTAAACTC BamHl +15

CTCTATTTCAAGCTGTC

del 12R gcggatcc AG AGACGATTCCTGACGAGAG BamUl -724

del4F 1 * CCTTCCTCTA TA TAAGGAAGTTCA TTTCA TTTGG . -730

/lGy4GG.4CTCTCTCTCTCGTCAGGAATCGT

del4F2 * cctctaeaCCCy^ CTA TCCTTCGCAA GA CCCTTCCT Xbal -
CTATATAAGGAAG

Construct specific PCR Primer

MACF CATCCTCCGGTCTCTCTCTCCCTC -693

Sequencing primer

M ACspl CAGCTTGAAATAGAGGTACATGG -136

F and R designate forward and reverse orientation primers, respectively. + and -  represent 
nucleotide position upstream and downstream relative to the adenosine in the initiation 
codon of SUVH3. The sequences in lower case letters were synthetic extensions or modified 
sites for restriction enzyme digestion. Restriction sites are indicated in bold letters.
* The sequence corresponding to the -60 CaMV35S in del4Fl and del4F2 is indicated in 
italic and underlined letters
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verified by sequencing the junction between the promoter and the GUS gene. 

Sequencing primers MABspF and GUSspR, were used to sequence pGUSl-MAB and 

MACspF and GUSspR sequencing primers were used to sequence pGUSl-MAC.

A fragment containing the promoter region and the GUS gene was obtained by 

digestion with Xbal and Sa d  of pGUSl-MAB and pGUSl-MAC and sub cloned into 

the Xbal and S a d  sites of pTAKI (Jefferson et al., 1987). The resulting binary vectors 

were called pMAB-GUS (Figure 3.8A) and pMAC-GUS (Figure 3.SB) for SUVHl 

promoter-GL'5' fusion and SUVH3 promoter -GUS fusion, respectively.

3.2.S.2 Construction SUVH3 promoter deletion -GUS fusions

Six GUS fusions constructs; pDELl, pDEL2, pDEL12, pDEL4 and pDEL5 

(Figure 3.15); that contained different deletions of the SUVH3 promoter were made as 

follows:

pDELl; An inverse-PCR was performed using the plasmid template pGUSl-MAC and 

the primers del IF and dellR. These primers were designed to amplify the region 

flanking intron 1 and the vector itself The resulting PCR product was digested with 

Xhol and self-ligated to produce the plasmid called pG U Sl-D ELl, which contains the 

SUVH3 full-promoter without the intron 1 and two nucleotide changes in the junction 

between intron 1 and 2 that were created the produce the Xhol site.

A 1558 bp fragment, corresponding to the DELI insert, was obtained by 

digesting pGUSl-DELl WiihXbal and BamYll and subcloned into iho. Xbal and BamWl 

sites of pTAKI (Jefferson et al., 1987). The resulting binary vector was called pDELl.

pDEL2: A 1905 bp fragment was amplified from pGUSl-M AC vector using the 

primers MAC5’F and del2R. The latter primer was designed to skip the sequence o f the 

intron 2 and leave only the junction between exon 1 and 2. The resulting PCR product 

was digested with Xbal and BamHl and cloned into the Xbal and BamYll site of the 

pGUSl vector. The BamWl site in deI2R was designed to put in frame the first codon of 

SUVH3 with the GUS translational start codon.

A fragment containing the DEL2 insert and the GUS gene was obtained by 

digesting pGUSl-DEL2 with Xbal and S ad  and subcloned into the Xbal and S a d  sites 

of pTAKI (Jefferson et al., 1987). The resulting binary vector was called pDEL2.
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pDEL12: A 1299 bp region from +44 to -1255 bp (from the transcriptional start site) of 

the SUVH3 promoter was amplified using the primers M AC5T and dell2R l. The 

resulting PCR product was digested with Xbal and BamHl and cloned into the Xba\ and 

Bamlil site of the pGUSl vector. The sequence of the DEL 12 insert was verified by 

DNA sequencing.

A fragment containing the DEL 12 insert and GUS gene was obtained by 

digesting pGUSl-DEL12 with Xbal and Sa d  and subcloned into the Xbal and S a d  sites 

of pTAKI (Jefferson et al., 1987). The resulting binary vectors were called pDEL12.

pDEL4: The -60 CaMV35S minimal promoter was added upstream to a 745 bp region, 

from the first exon (+ 6 from the transcriptional star site) to the fifth codon, of SUVH2 

by using two forward primers; del4F2 and del4Fl and the reverse primer MAC5’R. 

del4F2 and del4Fl are two overlapping primers that together creates a 5’ extension 

corresponding to the -60 CaMV35S minimal promoter. The resulting PCR product was 

digested with Xbal and Bamlil and cloned into the Xbal and BamWl site of the pGUSl 

vector. The BamYll site was designed to put in frame the first codon of the gene with the 

start codon of the GUS gene.

A fragment containing the DIiL4 insert fused to the GUS gene was obtained by 

digesting pGUSl-DEL4 with Xbal and Sad  and sub cloned into the Xbal and Sa d  sites 

of pTAKI (Jefferson et al., 1987). The resulting binary vector was called pDEL4.

pDELS: A 1194 bp fragment was obtained by digesting the pGUSl-MAC vector with 

Spel and S a d  and subcloned into the Xbal and S a d  site of the pTAKl vector (Jefferson 

et al., 1987). The resulting binary vector was called pDEL5.

The junction between the different promoter deletions and the GUS gene was 

verified by sequencing the resulting binary vectors with either MACspF or GUSspR 

sequencing primers.

3.2.6 Northern blot analysis

Organ expression patterns of SUVHl and SUVH3 were examined in Arabidopsis 

thaliana ecotype Columbia. Total RNA was extracted from leaves, flowers, 

inflorescence stems and green siliques of plants growing in greenhouse conditions and 

in vitro grown roots (see Chapter 6). Specific probes for each gene were designed in the
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region corresponding to the first 500 bp of the ORP o f each gene (Figure 3.5). In this 

region both genes share less than 50% homology at the nucleotide level. SUVHl and 

SUVH3 single-stranded probes were generated by PCR using the DIG probe synthesis 

kit (Roche Molecular Biochemicals). The SUVHl specific probe was generated using 

the primer pairs MABprolF (0.01 |aM) and M ABprolR (1 |iM), and the plasmid 

AV530264 as a template, whereas SUVH3 specific probe was amplified from the 

plasmid T04123 using the primer pair MACprolF (0.01 |o.M) and M ACprolR (1 |-iM). 

Northern blot was carried out as described in Chapter 6.

3.2.7 Plant transformation

The pMAB-GUS and pMAC-GUS binary vectors were electroporated into 

Agrobacterium tumefaciens strain AGLl (Lazo et al., 1991) using the standard 

procedure recommended by Life Technologies in a GIBCO Cell-Porator device. After 

electroporation Agrobacterium cells were plated on YM media (see Chapter 6) 

containing ampicillin 100 mg/L and kanamycin 50 mg/L. Plates were incubated for two 

days at 28°C. After two days of incubation resistant colonies could be seen. Two 

colonies of each construct were plated on fresh medium. The presence of the vector in 

Agrobacterium was confirmed by binary plasmid isolation and restriction analysis.

The resulting strains were called AGLl/MAB-GUS and AGLl/MAC-GUS. 

These strains were used to transform Arabidopsis thaliana ecotype Columbia by the 

‘Floral Dip’ method (Clough and Bent, 1998). Seeds of transformed plants were 

selected in kanamycin and putative transgenic plants transferred to soil.

Putative transgenic plants were first analyzed using a quick GUS assay and 

PCR. Only plants showing strong GUS activity were selected for histochemical GUS 

assay in leaves, flowers and siliques. Once seeds of these plants were harvested the 

histochemical GUS assay was carried out on seedlings.

3.2.7.1 Quick GUS assay

Small pieces of leaves the size of the microcentrifuge tube lid were collected in 

tubes containing 50 |al of cold GUS reaction buffer containing 50 mM Sodium 

phosphate, 1 mM EDTA, 100 mM P-mercaptoethanol, 0.5 mM 4-methylumbelliferyl-P- 

D-glucuronide (MUG). Using plastic pestles the leaf pieces were homogenized and 

mixed with the buffer. Samples were centrifuged at 10,000 rpm for 5 minutes and the
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supernatant transferred to a new tube and incubated at 37°C. After 1 hour samples were 

observed under UV light on a transilluminator; if  no fluorescence was observed samples 

were incubated for up to 24 hours.

3.2.V.2 PCR screening

Total plant DNA for PCR was isolated from putative transgenic plants and a 

wild-type plant as a control as described in Chapter 6. Approximately 30 ng o f total 

DNA were used as a template in each PCR reaction using primer pairs specific for each 

construct; MAB-GUS transgenic plants were analyzed using the primers MABF and 

GUSR and MAC-GUS plants were analyzed using the primers MACF and GUSR.

3.2.V.3 Southern blot analysis

Total plant DNA was isolated from rosette leaves o f four-week old putative 

transgenic plants containing the GUS fusion constructs as described in Chapter 6. Total 

DNA was digested by Xba\ and then used for Southern blotting. Southern blot analysis 

was carried out as described in Chapter 6. A DIG-labelled doubled-stranded probe 

corresponding to the GUS gene was used for hybridization. The probe was generated 

using the primers RGl and RG2 and the pGUSl vector as a template.

3.2.8 Fluorometric and histochemical GUS Assays

GUS activity was quantified according to Jefferson et al. (1987). Approximately 

6-8 seven-day-old seedlings per transgenic lines were homogenized in 100 |al of 

extraction buffer (50 mM NaH2P0 4 , pH 7.0, 10 mM EDTA, 0.1% Triton X-100, 0.1% 

sodium lauryl sarcosine, lOmM P-mercaptoethanol). The fluorogenic reaction was 

carried out using 5 |il o f the plant extract in 100 |al o f extraction buffer containing 0.5 

mM MUG. The reaction was incubated at 37°C for one hour and stopped by adding 900 

|il o f 0.2 M Na2CaC0 3 . Fluorescence was measured using a luminescence spectrometer 

Perkin Elmer LS-50B with excitation at 365 nm, emission at 455 nm and slit widths set 

at 5 nM. GUS activity is expressed as pmol o f 4-MU (4-methylumbelliferone) produced 

per minute per milligram of soluble protein. Protein concentrations in plant extracts 

were determined by the dye-binding method o f Bradford (Bradford, 1976) with a kit 

supplied by Bio-Rad Laboratories and with bovine serum albumin as a standard.
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Whole seedlings, leaves, roots, flowers and siliques from greenhouse-grown 

transgenic plants were used for histochemical analysis o f  GUS activity as described 

previously (Jefferson et a l , 1987). Small organs (flower and siliques), tissue pieces 

(leaves, roots and stems) or whole seedlings were immersed in GUS staining buffer 

containing 50 mM NaH 2P0 4 , pH 6.8, 1 mM EDTA, 0.1% Triton X -100, 0.5 mM  

potassium ferrocyanide, 0.5 mM potassium ferricyanide and 1 mM 5-bromo-4-chloro-3- 

indolyl-glucuronide (X-Gluc) followed by vacuum-infiltration for 45 minutes. The 

reactions were incubated for 3 to 16 hours at room temperature or 37°C. Stained 

samples were bleached by incubation in 75% ethanol for several hours. Samples were 

observed in an Olympus SZX9 stereo microscope and a Olympus BX 40 compound 

microscope. Pictures were taken with an Olympus DP 10 digital camera.
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3.3 Results

3.3.1 SUVHl and SUVH3 structure

3.3.1.1 SUVHl structure

SUVHl (At5g04940) is predicted to contain an uninterrupted ORF in the PI 

clone: MUG13 (AB005245) located on chromosome V of the Arabidopsis genome. A 

search with the SUVHl ORF revealed several EST matches in the Arabidopsis database 

for this gene (AV22972, AV524356, AV530264, AI999184). cDNA clones 

corresponding to these EST were requested and both ends sequenced. The cDNA clone 

AV530264 was found to be full-length and was therefore fully sequenced.

The SUVHl cDNA sequence (Figure 3.1) contains an uninterrupted ORF of 

2010 bp flanked by a 347 bp 5’ and 386 bp 3’ UTR (untranslated region). Another 

SUVHl cDNA (AF344444) found later in the database extends the observed sequence 

of AV530264 by 15 bp at the 5’ UTR. A multiple alignment between the cDNAs 

AV530264 and AF344444, and the genomic sequence revealed no nucleotide 

differences in the homologous region.

The translation initiation codon was assumed to be the most 5’ ATG present in 

the ORF because no other in-frame ATG codons are located in the upstream regions in 

the cDNA or in the genomic DNA, and in addition the protein encoded by this ORF has 

overall homology to the protein encoded by the SUVH3 ORF (See below) indicating 

that this ATG is likely used for translation and not another downstream ATG. The 

putative ATG start codon is also flanked by sequences that conform to the consensus for 

initiation of translation (ttttAGCTATGGa, score 85% for ATG consensus) in 

Arabidopsis thaliana. A putative polyadenylation signal (GTGATAAAGG) was found 

in the 3’UTR at 424 bp downstream of the stop codon.

Alignment of the SUVHl cDNA with the corresponding genomic sequence 

revealed the presence of a single intron in the 3’ UTR (Figure 3.5). Donor and acceptor 

splice sites present in SUVHl adhere to the consensus (Rogozin and Milanesi, 1997) 

with a score higher than 75% as determined by SpliceView program. The intron/exon 

AT content is close to the average determined for Arabidopsis genes (Table 3.3). The 

ORF is located in the long first exon; the 84 bp intron was located 62 bp downstream of 

the stop codon.
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AF344444CDNA AV530264 cDNA s t a r t  
1 g a c t t t t c t a c a a c a a a a t c t c c c t g t t t g t t t c c c t c t c t t t c t c t c t g t c t c t c t c t t  

61 t t c g g a a a c c c t a t t t c g c g a g c a a g c a g c t t g a a a a g g g t g t g t g a a t g t g a t c t a t c c  
121 a a a a g c g t a t t t t c a g g t t t c t t c t t t c t g a a a g t t t t a a g c t t t t t g c t t t g t t a t t g t  
181 a a t c t c t g a a t c t g g a a t g a t g g t t g t t t c t c t g t g c a t g c a a t t g g c c t t t t g a g g a t c  
241 t c t g a t t c g t a g t t g t g t t t a g a a a a g g t g g a c t t t t t a c t t t a c c c a g a t c t t t g a t a g  
301 c t t a a g g g t t t c a t t a t c a a t t t g a a t t g a g g a t t a g a t t c a a a g g a a t t t g a t t t t t a g  

M E R N G G H Y T D K T R V L D I K P  
361 c t a t g g a a a g a a a t q q t q q t c a c t a c a c t g a t a a q a c g a q a q t g t t q q a t a t t a a a c c a t  

L R T L R P V F P S G N Q A P P F V C A  
421 t g c g t a c t c t a a g a c c t g t g t t t c c c a g t g g a a a t c a a g c t c c g c c t t t t g t g t g t g c t c  

P P F G P F P P G F S S F Y P F S S S Q  
481 c t c c t t t t g g a c c a t t t c c t c c t g g g t t c t c a t c g t t t t a t c c g t t t a g t t c g t c t c a a g  

A N Q H T P D L N Q A Q Y P P Q H Q Q P  
541 c g a a t c a g c a c a c a c c a g a t c t t a a c c a a g c t c a g t a t c c a c c g c a a c a t c a g c a g c c t c  

Q N P P P V Y Q Q Q P P Q H A S E P S L  
601 a g a a t c c a c c a c c g g t a t a t c a g c a g c a g c c t c c t c a g c a t g c a t c t g a g c c t t c g t t g g  

V T P L R S F R S P D V S N G N A E L E  
661 t t a c t c c t t t a a g g t c a t t t a g a t c t c c t g a t g t g t c t a a t g g c a a c g c g g a a c t t g a g g  

G S T V K R R I P K K R P I S R P E N M  
721 g g t c a a c t g t g a a a a g a a g g a t c c c t a a a a a g c g t c c c a t t t c t c g g c c t g a g a a t a t g a  

N F E S G I N V A D R E N G N R E L V L  
781 a t t t c g a g a g t g g g a t t a a t g t g g c t g a t a g a g a g a a t g g c a a t a g g g a g t t g g t g t t g a  

S V L M R F D A L R R R F A Q L E D A K  
841 g t g t t c t t a t g c g g t t t g a t g c g t t a a g a a g a a g g t t t g c a c a a c t t g a g g a t g c t a a g g  

E A V S G I I K R P D L K S G S T C M G  
901 a a g c a g t t a g t g g g a t t a t c a a a c g c c c t g a t t t g a a a t c a g g a t c t a c t t g t a t g g g c a  

R G V R T N T K K R P G I V P G V E I G  
961 g a g g g g t g c g g a c a a a c a c c a a a a a a a g a c c t g g t a t t g t t c c t g g t g t t g a g a t t g g g g  

D V F F F R F E M C L V G L H S P S M A  
1021 a c g t a t t c t t c t t c a g g t t t g a g a t g t g t t t g g t g g g g t t g c a t t c t c c a t c a a t g g c t g  

G I D Y L V V K G E T E E E P I A T S I  
1081 g g a t t g a c t a t c t g g t t g t c a a g g g a g a a a c g g a a g a a g a a c c t a t c g c c a c t a g c a t t g  

V S S G Y Y D N D E G N P D V L I Y T G  
1141 t c t c a t c t g g a t a t t a t g a t a a t g a c g a a g g t a a t c c t g a t g t t t t g a t t t a t a c t g g t c  

Q G G N A D K D K Q S S D Q K L E R G N  
12 01 a g g g t g g t a a t g c t g a t a a a g a t a a g c a a t c t t c t g a c c a a a a g c t c g a a a g g g g t a a t c  

L A L E K S L R R D S A V R V I R G L K  
12 61 t t g c c t t g g a g a a g a g c t t g c g t a g a g a t a g t g c a g t t a g g g t a a t a a g g g g c t t g a a a g  

E A S H N A K I Y I Y D G L Y E I K E S  
1321 a g g c t t c t c a t a a t g c t a a g a t c t a t a t t t a t g a t g g a c t c t a t g a g a t t a a a g a g t c a t  

W V E K G K S G H N T F K Y K L V R A P  
1381 g g g t a g a g a a a g g a a a a t c t g g a c a c a a c a c c t t c a a g t a t a a a c t a g t t a g a g c t c c t g  

G Q P P A F A S W T A I Q K W K T G V P  
1441 g t c a a c c g c c t g c a t t t g c t t c a t g g a c t g c a a t c c a g a a a t g g a a g a c g g g t g t g c c t t  

S R Q G L I L P D M T S G V E S I P V S  
1501 c a a g g c a a g g a c t c a t t c t t c c c g a t a t g a c t t c c g g g g t t g a a a g c a t a c c t g t t t c a c  

L V N E V D T D N G P A Y F T Y S T T V  
1561 t t g t t a a c g a a g t t g a t a c c g a c a a t g g g c c t g c t t a t t t c a c c t a c t c c a c a a c t g t g a  

K Y S E S F K L M Q P S F G C D C A N L  
1621 a a t a c t c a g a g t c g t t t a a g c t g a t g c a g c c t t c t t t t g g a t g t g a t t g t g c c a a c t t a t  

C K P G N L D C H C I R K N G G D F P Y  
1681 g c a a a c c a g g g a a c t t g g a t t g t c a c t g c a t a a g g a a a a a t g g a g g t g a c t t c c c c t a c a  

T G N G I L V S R K P M I Y E C S P S C  
1741 c c g g t a a t g g a a t t c t a g t t a g c c g a a a g c c t a t g a t a t a t g a a t g c a g t c c a t c t t g c c

C o n t i n u e  n e x t  p a g e .
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P C S T C K N K V T Q M G V K V R L E V  
1801 cgtgctcgacttgcaaaaacaaggtgactcaaatgggagtaaaagtgaggctggaagttt 

F K T A N R G W G L R S W D A I R A G S  
18 61 tcaagacagcgaatagaggatggggattgcggtcatgggatgctattcgtgctggttctt 

F I C I Y V G E A K D K S K V Q Q T M A  
1921 ttatatgtatctatgtaggtgaggccaaagacaaatcaaaggtgcagcaaactatggcta 

N D D Y T F D T T N V Y N P F K W N Y E  
1981 atgatgattatacttttgatacaaccaatgtgtataaccctttcaagtggaactacgaac 

P G L A D E D A C E E M S E E S E I P L  
2041 ctggcttagcagacgaagatgcttgtgaagagatgtctgaagaatctgaaatcccgctgc 

P L I I S A K N V G N V A R F M N H S C  
2101 cactgataatcagtgctaagaatgttgggaacgttgcccgattcatgaatcatagttgct 

S P N V F W Q P V S Y E N N S Q L F V H  
2161 cacctaatgttttctggcagccggttagttatgaaaataacagtcaactctttgtgcatg 

V A F F A I S H I P P M T E L T Y D Y G  
2221 tggccttctttgccatttctcacatccctccaatgactgagttaacttacgactatggag 

V S R P S G T Q N G N P L Y G K R K C F  
22 81 tatctagaccaagtgggactcaaaatggcaatcctttatatggcaaaaggaaatgcttct 

C G S A Y C R G S F G *
2341 gtggatcagcgtattgccgtggctcatttggatgatgatggagagaaaggcgatctctgg

Exon 1 Exon 2
24 01 tgaacaactggagtcggatgattttgqttqcaaaaagctgqaqtqttqaqtcctgatagq 
2 4 61 tggaaccgagtacttttggtagcaagtaaagtaagtctctttgatcttctcttcaagagc 
2521 ataagacgcaaagctgtgaaggatttttatactgcttctccagcaaaaaccttatctatt 
2581 tatcggattgtggaagatgtcctcatgcttttatcctgttggatatgtaatcttattagt 
2 641 cagtattcagatcgatttttaggacaaatctctggaaactctaagcctcttttgattaat 

Poly-A signal
2701 tattatqtqaatg-tg-ataaaqrgttacaaqtcaattttaacaqtttaqtttttatcaqaaa 
27 61 aaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

Figure 3.1 Nucleotide and deduced amino acid sequence o f  the SUVHl cDNA. The 2776 bp 
nucleotides o f  the AV530264 cDNA and the additional 15 bp in the 5’ end o f AF344444 cDNA  
are shown as small case letters. The 670 amino acids o f  SUVHl in one letter code are shown in 
capital letters. The ATG and stop codon are highlighted in blue. A bend arrow and red letters 
mark the first nucleotide o f each cDNA. Two convergent arrowheads show the junction between 
exon 1 and 2. A putative polyadenylation signal in the 3 ’ UTR is highlighted in bold, italic and 
underlined letters. Nucleotides corresponding to ATG context are underlined.



Table 3.3 Exon/intron analysis of SUVHl and SUVH3.

Gene Exon Length AT% Intron Length AT% 5 ’ splice site* 3 ’ splice site*

SUVHl 1 2437 57.1 1 84 69.0 AG: g t t t g g g c a g : CT

2 320 65.0

SUVH3 1 62 51.6 1 464 65.3 CG: g t c t c a g c a g :AG

2 99 62.6 2 111 67.6 AG: g t a c a g a c a g : GA

3 2222 57.5

Note. Length is given in base pairs . AT%: Percentage o f A-T nucleotides. (*) Nucleotides
corresponding to tiie exon are in upper case letters and intron sequences are shown in low case letters. 
(:) Indicates the splicing site.

SUVHl encodes a putative protein of 670 amino acids with a predicted 

molecular weigh of 74 kDa, an isolectric point 8.56 and a charge at pH 7.0 of 8.62. A 

domain database search reveals that this protein contains an SRA domain and a C- 

terminal SET domain flanked by a pre-SET and post-SET domain. Further analysis 

detected a putative nuclear localization signal (PKKRP) in the N-terminal portion and 

several putative serine and threonine phosphorylation signals (Figures 3.2). The domain 

structure is diagrammed in Figure 3.6.

3.3.1.2 structure

SUVH3 (Atlg73100) is located in BAC F3N23 (AC008017) from Arabidopsis 

chromosome I is also predicted to contain an uninterrupted ORF'. Using the sequence 

corresponding to the ORF, two EST matches were identified (T04123, AI998299). 

cDNA clones corresponding to these ESTs were requested from ABRC and both ends 

sequenced. The cDNA clone AV530264 was found to be fiall-length and was therefore 

fully sequenced.

The SUVH3 ORF (Figure 3.3) comprises 2007 bp flanked by a 149 bp 5’- and a 

146 bp 3’ UTR. Another SUVH3 cDNA (AY099620) found later in the database 

extended the observed sequence of T04123 by 22 bp in the 5’UTR and by 55 bp in the 

3’UTR region. A multiple alignment between the cDNAs T04123 and AY099620, and 

the genomic sequence revealed no nucleotide differences in the homologous region.
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1 MERNGGHYTDKTRVLDIKPLRTLRPVFPSGNQAPPFVCAPPFGPFPPGFS

51 SFYPFSSSQANQHTPDLNQAQYPPQHQQPQNPPPVYQQQPPQHASEPSLV
NLS

101 TPLRSFRSPDVSNGNAELEGSTVKRRIPKKRPISRPENMNFESGINVADR

151
★ ★ ★ ★ ★

ENGNRELVLSVLMRFDALRRRFAQLEDAKEAVSGIIKRPDLKSGSTCMGR

201
* * ★ * 7k-

GVRTNTKKRPGIVPGVEIGDVFFFRFEMCLVGLHSPSMAGIDYLWKGET
•k ★ SRA ★

251 EEEPIATS rVS SGYYDNDEGNPDVLIYTGQGGNADKDKQS SDQKLERGNL
301 ALEKSLRKDSAVRVTRGLKEASHNAKIYIYDGLYEIKESWVEKGKSGHNT
351

*
FKYKLVRAPGQPPAFASWTAIQKWKTGVPSRQGLILPDMTSGVESIPVSL

Pre-SET
401 VNEVDTDNGPAYFTYSTTVKYSESFKlMQPSFG^CANIiCKPGNLDCHCI
451 RKNGGDFPYTGNGILVSRKPMIYECSPSCPCSTCKNKVTQMGVKVRLEVF
501

★ ★ *
KTANRGWGLRSWDAIRAGSFICIYVGEAKDKSKVQQTMANDDYTFDTTNV

SET * * * *
551 YNPFKWNYEPGLADEDACEEMSEESEIPLPLIISAKNVGNVARFMNHSCS
601

~k -k -k

PNVFWQPVSYENNSQLFVHVAFFAISHIPPMTELTYDYGVSRPSGTQNGN
Post-SET

651 PLY

Figure 3.2 Deduced amino acid sequence of SUVHl protein. Amino acids corresponding to the 
SRA, pre-SET, SET and post-SET domains are indicated in red, green, blue and orange letters 
respectively. FDXXRRR motif is indicated in brown. Nuclear localization Signal (NLS) is 
indicated in bold, italic and underlined letters. Conserved amino acids in the SRA and SET 
domain are indicated with asterisks and conserved cysteine residues in the pre-SET and post- 
SET domain are underlined. S and t  indicate putative serine and threonine phosphorylation 
sites predicted by NetPhos 2.0.



r AY099620 cDNA f T04123 cDNA s t a r t
1 a c t t g c t t c t t t c a c t c t c t c t c t c t c g t c a g g a a t c g t c t c t g c t c t t t c a t c a t c c t c  

E l  ►-< E2
61 c g a g a a t t a t c a c a c a a g g t c a c t g c a a g g t g t g t a c g a g a g g g c t a a a g t a a a t g g t g t

E2 E3 M Q G
121 t g t t g t g a t a t t c a t c t t a t t t t t g a c a g c t t g a a a t a g a g g a g t t t a g c a a t g c a a g g a  

V P G F N T V P N P N H Y D K S  I V L D  
181 g t t c c t g g a t t t a a t a c t g t t c c a a a t c c t a a c c a t t a t g a c a a a t c a a t a g t g t t a g a t  

I K P L R S L K P V F P N G N Q G P P F  
24 1  a t t a a a c c g t t g c g a a g t t t g a a a c c t g t t t t t c c a a a t g g t a a t c a a g g t c c a c c t t t t  

V G C P P F G P S S S E Y S S F F P F G  
301 g t t g g t t g t c c a c c t t t t g g t c c t t c c t c a t c t g a g t a t t c t t c t t t c t t c c c a t t t g g a  

A Q Q P T H D T P D L N Q T Q N T P I P  
361  g c a c a a c a a c c a a c g c a t g a t a c t c c a g a t c t c a a c c a a a c t c a g a a c a c g c c t a t t c c a  

S F V P P L R S Y R T P T K T N G P S S  
421  t c a t t t g t t c c a c c t c t t c g a t c g t a t a g a a c a c c t a c t a a a a c a a a t g g c c c c a g c a g c  

S S G T K R G V G R P K G T T S V K K K  
4 81 t c c a g t g g a a c t a a a a g a g g t g t t g g t c g a c c t a a g g g a a c t a c t a g t g t g a a g a a a a a a  

E K K T V A N E P N L D V Q V V K K F S  
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601 t c a g a t t t t g a c a g t g g g a t c a g t g c a g c a g a g c g a g a a g a t g g a a a t g c g t a c t t a g t a  

S S V L M R F D A V R R R L S Q V E F T  
661 a g t a g t g t a t t g a t g c g t t t t g a t g c a g t t a g g a g g c g g c t c a g c c a a g t a g a a t t c a c a  

K S A T S K A A G T L M S N G V R T N M  
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C o n t i n u e  i n  n e x t  p a g e . .



R G W G L R S W D S L R A G S F I C E Y  
1681 c g c g g t t g g g g t t t a c g t t c g t g g g a t t c c t t a c g t g c t g g t t c t t t c a t a t g t g a a t a t  

A G E V K D N G N L R G N Q E E D A Y V  
1741 g c t g g t g a a g t c a a a g a c a a t g g c a a c c t t a g a g g a a a c c a a g a a g a g g a t g c g t a t g t c  
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1981 t g g c a g c c a g t t a t t c g t g a a g g a a a c g g t g a a t c a g t t a t c c a c a t t g c t t t c t t t g c c  

M R H I P P M A E L T Y D Y G I S P T S  
2041 a t g c g t c a t a t c c c t c c t a t g g c a g a a t t g a c a t a t g a t t a t g g g a t t t c t c c t a c a t c c  

E A R D E S L L H G Q R T C L C G S E Q  
2101 g a g g c c a g a g a t g a g a g c c t t t t a c a t g g a c a g a g g a c a t g t c t c t g t g g a t c t g a g c a a  

C R G S F G * Po ly-A  s i g n a l
2161 t q t c g t g g t t c a t t c g g a t g a t c t g a g a g t t t q a q a c t g t t t a t c t a a t t a a c a c a a t c c

2221 g t t t g a a a c c a t t t a t a t t g t c a c a g g a c a g a a a g t a t g t g t g t a g c a g a g t a a g t g g t g
T04123 cDNA end  1 

2281 g c t t t t g t t c t t c t t c t t a a c g t a a t a g t g g t t g c c g t t t t t g a a a a c t g t g t a t t g t t a
Poly-A s i g n a l  AY099620 end l  

2341 t g t q a a t g c a t a c a c a t c t a a t a t a t t g t t t a t q t a t t a q c a c

Figure 3.3 Nucleotide and deduced amino acid sequence o f the SUVH3 cDNA. The 2305 bp 
nucleotides o f T04123 cDNA and the additional 22 bp and 56 bp in the 5’ end and 3’ end o f 
AY099620 cDNA are shown as small case letters. The 669 amino acids o f SUVH3 in one letter 
code are shown in capital letters. The ATG and stop codon are highlighted in blue. A bend 
arrow and red letters marks the first nucleotide and last nucleotide o f each cDNA. Two 
convergent arrowheads show the junctions between exon 1 and 2 and exon 2 and 3. Two 
putative polyadenylation signals in the 3’ UTR are highlighted in bold, italic and underlined 
letters.



The most 5’ ATG present in the ORF was assumed to be the translation 

initiation codon because no other in-frame ATG codons were found in the upstream 

regions in the cDNA or genomic DNA and because the deduced amino acid sequence of 

this ORP has overall homology to SUVHl protein. Furthermore, the putative ATG start 

codon is flanked by sequences that conform to the consensus for initiation o f translation 

(gtttAGCAATGCa, score 80% for ATG consensus) in Arabidopsis thaliana. Two 

putative poly-A signals, CTAATTAACA and CTAATATATT, were found at 23 and 

176 bp downstream o f the stop codon, respectively.

An alignment o f T04123 with the genomic sequence revealed the presence of 

two introns in the 5’UTR (Figure 3.5). Donor and acceptor splice sites present in 

SUVH3 adhere to the consensus (Rogozin and Milanesi, 1997) and intron/exon AT 

content is close to the average determined for Arabidopsis genes (Table 3.3). As 

expected, in each gene the AT content is higher in intron than exons.

The ORF o f SUVH3 is located in the long third exon. The first intron (464 bp) is 

located 220 bp and the second intron (111 bp) is located at 10 bp upstream o f the start 

codon. The putative protein encoded by SUVH3 is 669 amino acids long with a 

predicted molecular weigh o f 73.433 kl)a, an isoelectric point o f  8.59 and a charge at 

pH 7 o f 8.46. A database scarch revealed that this protein contains an AT-hook domain, 

SRA domain, and a (^terminal SET domain flanked by pre-SET and post-SET 

domains. A further analysis revealed a putative bipartite nuclear localization signal 

(KRGVGRPKGTTSVKKKE) in the N-terminal portion and several putative 

phosphorylation signals (Figures 3.4 and 3.6).

3.3.1.3 Similarities bet^veen SUVHl and SUVH3 proteins

SUVHl and SUVH3 proteins are clustered in orthologous group 4 o f SUVH 

proteins (Chapter 2; Figure 2.8). They are very similar to each other having 57% and 

69% overall identity and similarity respectively. The domain architecture is also similar 

with the exception o f the presence of an AT-hook in SUVH3. They share 68%, 66%, 

65%, 70% identity and 82%, 78%, 1A%, 75% similarity in their SRA, Pre-SET, SET 

and post-SET domain respectively. The SUVHl and SUVH3 proteins share 30-35% 

identity and 46-53%) similarity with the SET domains o f  KRYPT0NITE/SUVH4, 

CLR4 and SUV39H respectively. The SU(VAR)3-9 proteins: SU(VAR)3-9

{Drosophila), yeast CLR4 and human SUV39H1, SUV39H2 and G9a have been shown
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1 MQGVPGFNTVPNPNHYDKSIVLDIKPLRSLKPVFPNGNQGPPFVGCPPFG
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A T - h o o k  **** NLS

1 0 1 PSSSSGTJCRGVGRPKGTTS.’KKKEKKTVANEPNLDVQWKKFSSDFDSGI

1 5 1
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5 0 1

~k k  ~k

TRNRGWGLRSWDSLRAGSFICEYAGEVKDNGNLRGNQEEDAYVFDTSRVF
SET k  -k -k -k
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6 0 1

k  k  k  ~k
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P o s t - S E T

6 5 1 LH

Figure 3.4 Deduced amino acid sequence of SUVH3 protein. AT-Hook, SRA, pre-SET, SET 
and post-SET domains are indicated in pink, red, green, blue and orange respectively. 
FDXXRRR m otif is indicated in brown. Amino acids corresponding to the bipartite nuclear 
localization Signal (NLS) are indicated in bold, italic and underlined letters. Conserved amino 
acids in the SRA and SET domain are indicated with asterisks and conserved cysteine residues 
in the pre-SET and post-SET domain are underlined. S and T indicate putative serine and 
threonine phosphorylation sites predicted by NetPhos 2.0.
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Figure 3.5 Schematic diagrams illustrating the structure o f  SU VH I and SUVH3. Exons are 
indicated in blue. The 5’ non-transcribed region is delimitated by the start transcription signal 
(bend arrow) and the 3 ’ end of a previous gene (At5g04950 for SU VH I and A tlg7390 for 
SUVH3). A red arrow indicates the ORF and a double-headed blue arrow over the ORF 
indicates the position of the gene specific probes. The black bar indicates a 500 bp fragment.
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F igure  3.6 Schematic representation of the SUVHI and SUVH3 proteins. SRA, pre-SET, SET 
and post-SET domains are indicated in green, yellow, brown and red respectively. Putative 
serine and threonine phosphorylation sites predicted by NetPhos 2.0 are indicated by red 
triangles. The position of the FDXXRRR motif, the AT-hook, and NLS are indicated in by an 
orange and a pink bar and a blue inverted triangle.



to possess HKMT activity (Rea et al., 2000). The similarity o f  the SET domain between 

all these proteins together with the presence o f the pre-SET and Post-SET domains 

suggest that SUVHl and SUVHS may also have HKM T activity.

Several potential serine and threonine phosphorylation sites are present in both 

proteins, suggesting that they can be post-translationally modified by phosphorylation 

(Figure 3.6). The position o f the phosphorylation sites in SUV H l and SUVH3 differs, 

indicating that they may be differentially modified by phosphorylation (Figure 3.6).

3.3.2 SUVHl and SUVHS expression analysis
SU VH l and SUVHS expression was investigated (a) by northern blot analysis 

and (b) by analyzing the activity of promoter-GL'5' fusions in stably transformed plants.

3.3.2.1 Northern blot analysis

Organ-specific expression of the SU VH l and SUVHS  genes was examined in 

Arabidopsis ecotype Columbia under normal growth conditions (25°C and 16 hours 

photoperiod). Total RNA was extracted from leaves, stems and flower and siliques of 

plants grown in the greenhouse until flowering stage, and from roots o f in vitro dark 

grown seedlings and subjected to northern blot analysis.

A SU VH l gene-speciiic probe (M A B Pl) used in northern analysis detected a 

single transcript o f about 2.8 kb (I'igure 3.7A). This is consistent with the AV530264 

cDNA representing the full-length transcript. SU VH l mRNA was detected in all organs 

tested (leaves, stems flowers and green siliques). The higher abundance o f SU VH l 

transcripts was observed in flowers and siliques.

Figure 3.7B shows that when a  SUVH3 gene-specific probe (M A C Pl) was 

hybridized with the filter a single transcript o f about 2.4 kb was detected. This is 

consistent with the AY099620 cDNA representing the full-length transcript. SUVH3 

mRNA was detected only in roots, flow'ers and green siliques, a very faint signal was 

detected in leaf and stem samples. Siliq ues and flowers contained the highest levels o f 

SUVH3 mRNA. As can be predicted from their respective cDNAs, the SUVHS 

transcript is smaller than the SUVHl transcript. The presence o f a single band in each 

northern blot indicates that both probes are specific for their corresponding transcripts.
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A) Ro Le St FI Si

Figure 3.7 Expression o f SU VH l and SUVH3 genes in different plant organs. Total RNA (~10 
Hg) was extracted from roots (Ro), from leaves (Le), stems (St), flowers (FI) and green siliques 
(Si), separated on formaldehyde/agarose gel, blotted and hybridised with specific probes 
labelled with digoxigenin. A) Filter hybridised with the probe M A B pl that detect a single 
transcript corresponding to the SUVHl mRNA B) Filter hybridised with the probe M A Cpl that 
detect a single transcript corresponding to the SUVH3 mRNA. An arrow indicates each 
transcript. A picture o f the RNA gel in each case shows that the same amount o f  total RNA was 
load in each lane



3.3.2.2 Promoter-GLW fusion analysis

In order to characterize the spatial (organ and tissue) and temporal expression 

patterns o f the SU V H l and SUVH3 genes, binary vectors containing a 2 kb region 

upstream (5’) o f the start codon and part of the ORP o f each gene was fused in-frame 

with the GUS  gene. These vectors called pMAB-GUS (Figure 3.8A) and pMAC-GUS 

(Figure 3.SB) were electroporated into Agrobacterium  and the resulting strains were 

then used to transform Arabidopsis by the ‘Floral D ip’ method.

3.3.2.2.a SUVHl promoter-Gf/iS' fusion expression pattern

Several putative transgenic Arabidopsis plants transformed with the MAB-GUS 

construct were identified by kanamycin selection and approximately 20 plants were 

transferred to soil. A quick GUS assay of leaf samples detected GUS activity in leaves 

of MAB-GUS plants (Figure 3.9A). PCR analysis, using construct-specific primers 

cetected the presence o f the MAB-GUS construct in ten plants with high to moderate 

GUS activity (Figure 3.9B). A Southern blot analysis using a GUS  gene probe showed 

tiat all o f these plants contained the MAB-GUS construct (Figure 3.9C). The probe 

hybridized to restriction fragments of different number and size in the transgenic lines 

tested indicating that they were derived from independent transformation events. MAB- 

GUS lines 12 and 20 produced a single restriction band indicating that they are putative 

single insertion lines.

Eight plants were selected for histochemical staining. MAB-GUS showed GUS 

activity in roots, leaf, flowers and siliques (Figure 3.10). In adult roots the SU VH l 

pom oter directed GUS expression in root tips, vascular tissue and secondary root 

primordia (Figure 3.10A-B). Staining in the root tip seems to be restricted to the root 

apical meristem with some extension into the elongation zone (Figure 3.10A). In leaves, 

CUS activity was detected in mesophyll and vascular tissue (Figure 3.10C-D). In 

epidermal tissue, GUS activity was detected only in the stomata. In the leaf petiole GUS 

activity was detected in the vascular tissue.

In flowers GUS activity was detected in sepals, in the stamens and in styles 

("igure 3.10E) with a stronger staining pattern at the base o f the flowers. Individual 

o/ules also showed GUS activity with the staining pattern confined to the embryo sac 

("igure 3.1 OF). GUS activity was detected in pollen grains when whole flowers were
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B) T-DNA Of pMAC-GUS

5’NOS Nptll  3’NOS SUVH3 promoter GUS gene 3’NOS

M i ; G V P G S  P G G Q S L M L R  
. . . t t a g c a a t g .  a n g g a g c t c c t g a a t c c c c g g g t g g t c a g t c c c t t a t g c t a a g a  . . .

BamHI

Figure 3.8 Schematic representation of promoter-Gf/S fusions constructs. (A) T-DNA of the 
binary vector pMAB-GUS that carries the SUVHJ promoter-Gt/^ fusion. (B) T-DNA of the 
binary vector pMAC-GUS that carries the SUVH3 promoter-Gt/5 fusion. Restriction sites used 
for cloning and for verification are shown. A blue and a green arrow represent SUVHl and 
SUVH3 promoters, respectively. GUS coding region and NOS terminator are represented by red 
and yellow boxes, respectively. The sequence of the junction between the ATG of the gene and 
the GUS gene is shown below each construct. One-letter code amino acids are used to shown 
the frame between the ATG of both genes. The position o f oligonucleotide primers used for 
PCR screening of transgenic plants is shown by arrows. Kanamycin selectable marker gene 
{nptll) IS shown in pink. Right (RB) and left borders (LB) of the T-DNA are represented by 
brown arrows.
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Figure 3.9 A nalysis o f  SU VH l p rom oter-G t/i' transgenic plants. (A) Q uick GUS assay, lea f 
extracts o f  21 putative transgenic plants for M A B -G U S construct w ere incubated  in  the GUS 
buffer containing 1 m g/m l o f  M UG substrate for 2 hours at 37"C. T he p ic ture was taken  under 
the UV transillum inator. C+: Positive control. C-; Arabidopsis non-transgenic contro l. 1-21; 
pu ta tive transgenic plants. (B) PCR o f  G U S positive plants as show n by  quick  G U S assays. 
D N A  extracted  from  leaves o f  GUS positive plants w as am plified  using  specific p rim ers for the 
construct M A B-G US. The am plification product is approxim ately  650 bp. M; 1 kb ladder 
m arker. C: non-transgenic control; 1, 3, 7, 9, 10, 15, 18, 20 and 21; GUS positive p lan ts. The 
num bers in the PC R  gel correspond to those in (A). (C) Southern b lo t o f  M A B -G U S transgenic 
plants. G enom ic D N A  was d igested w ith the restriction  enzym e X bal and hybrid ized  w ith a 
p robe corresponding to the GUS gene. C; non-transgenic control; 1, 3, 7, 9, 10, 15, 18, 20 and 
21; transgenic plants expressing M A B-G U S construct; P I , P2; DNA o f  GUS fragm ent used  as a 
positive control.
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F igure 3.10 Histochemical localization o f  GUS in Arabidopsis transgenic plants containing the 
SU V H l promoter-Gt/iS' construct. (A) Adult root showing expression in root tips (RAM and 
elongation zone). (B) Vascular bundle and lateral root primordia. (C) W hole Leaf. (D) 
Transversal section o f  leaf showing GUS staining in the mesophyll. (E) Staining pattern in the 
flower. (F) Ovules. (G) Silique. (H) Seven day-old seedling. (I) Ten day-old seedling.



stained but not when pollen grains were stained alone, indicating that GUS may not be 

expressed in mature pollen grains.

In siliques GUS was expressed in the mesophyll cell layer o f the carpel and in 

vascular tissue (Figure 3.10G). The strongest staining in the siliques was observed at the 

base and at the top o f the silique implying a region o f stronger GUS activity or simply 

differences in absorption o f the staining reagent. Individual stomata often appeared 

stained on the surface o f the silique. Embryos and developing seeds did not show any 

staining pattern even when stained alone for more than 48 hours.

In seedlings the staining pattern in the root was limited to the root tip and the 

vascular bundle. Cotyledons and leaf primordia also showed GUS activity (Figure 

3.10H-I), but not the shoot meristem. The differences in cotyledon staining observed 

between figures 3.1 OH and 3.101 are due to differences in substrate penetration and 

staining time, being the GUS activity consistently detected in cotyledons during all 

stages o f seedling growth. The GUS staining patter in the root and leaves o f seedling 

was the same as in adult roots and leaves.

3.3.2.2.b SUVH3 promoter-GZ/5 fusion expression pattern

Approximately 20 Arabidopsis plants putatively transformed with the MAC- 

GUS construct were identified by kanamycin selection and transferred to soil. A quick 

GUS assay confirmed the presence o f GUS activity in these plants but not in the 

untransformed control (Figure 3.11 A). Construct-specific PCR analyses o f seven plants 

having high to moderate GUS activity indicated that all contained the MAC-GUS 

construct (Figure 3.1 IB). A Southern blot analysis o f these plants using a GUS  gene 

probe revealed bands o f different number and size in each transgenic line (Figure 

3.11C). Line 6 produced only one restriction band indicating that it might contain a 

single insertion o f the MAC-GUS transgene.

Eight o f the MAC-GUS transgenic plants were selected for histochemical 

analysis o f GUS activity in different organs and tissues, at different growth stages. GUS 

activity was detected in all plant organs in MAC-GUS plants (Figure 3.12). In roots, 

GUS staining was observed in the root tip and in the root vascular tissue and secondary 

root primordia (Figure 3.12A-B). The same pattern was observed in secondary roots 

(Data not shown). In leaves GUS activity was detected in the mesophyll, veins, in 

developing stomata and in the epidermal cells surrounding them (Figure 3.12C-D). In
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Figure 3.11 Analysis o f SUVH3 prom oter-Gf/i' transgenic plants. (A) Quick GUS assay, leaf 
extracts o f 20 putative transgenic plants for MAC-GUS constructs were incubated in the GUS 
buffer containing 1 mg/ml o f  MUG substrate for 2 hours at 37“C. Left: picture taken under the 
UV transilluminator. Right: schematic diagram o f  the sample distribution in the picture. C: 
Arabidopsis non-transgenic control. 1-20: putative transgenic plants. (B) PCR o f GUS positive 
plants as shown by quick GUS assays. DNA extracted from leaves o f  GUS positive plants was 
amplified using specific primers for the construct MAC-GUS. The amplification product is 
approximately 800 bp. M: 1 kb ladder marker. C: non-transgenic control; 1, 4, 6, 10, 19 and 20: 
GUS positive plants. (C) Southern blot o f MAC-GUS transgenic plants. Genomic DNA was 
digested with the restriction enzyme Xba\ and hybridized with a probe corresponding to the 
GUS gene. C: non-transgenic control; 1, 4, 6, 10, 19 and 20: transgenic plants expressing MAC- 
GUS construct; P I, P2: DNA o f  GUS fragment used as a positive control. The line numbers in 
(B) and (C) correspond to those in (A).
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Figure 3.12 Histochemical localization o f  GUS in Arabidopsis transgenic plants containing the 
SUVH3 promoter-GL'iS construct. (A) Root. (B) Secondary root primordia. (C) Leaf. (D) Leaf 
epidermis. (E) Flower. (F) Pollen grains. (G) Silique. (H) Embryo at globular stage. (I) Embryo 
at heart stage. (J) Embryo at torpedo stage. (K) Mature embryo. (L) One day-old seedling. (M) 
Five days-old seedling. (N) Ten day-old seedling. GUS staining was performed for 12 hours at 
room temperature.



the leaf petiole GUS activity was detected in the vascular strand. GUS was also 

expressed in the leaf primordia and stipules but not in the shoot meristem.

In flowers, GUS was expressed in sepals, the filament o f stamens, mature pollen 

and the gynoecium (Figure 3.12E-F). In green siliques GUS was expressed in the 

vascular tissue and the mesophyll of the carpel silique (Figure 3.12G). In the embryo 

GUS activity was first detected at the globular stage, was maintained throughout 

embryo development and declined with embryo maturation and desiccation (Figure 

3.12H-K). From the torpedo to the bending cotyledon stage the staining was stronger in 

the tip of the embryo radicle. During germination GUS activity was first detected in the 

emerging radicle (Figure 3.12L) and subsequently in cotyledons (Figure 3.12M-N). The 

staining pattern in the root and leaves of seedlings was the same as that observed in 

mature plants (Figure 3.12N)

MAB-GUS plants showed a staining pattern very similar to MAC-GUS plants in 

roots and leaves, flowers and siliques. However, as was noticed before in the quick 

GUS assay MAC-GUS plants in general had higher levels of GUS activity than did 

MAB-GUS plants.

3.3.3 Promoter sequence analysis

An approximately 2 kb region (the entire intergenic region and part o f the 

upstream gene) upstream of the translational start codon was analyzed in both genes in 

order to identify regulatory elements responsible for proper gene expression. This 

upstream region contains sequences located upstream (5’) of the transcriptional start site 

(referred to as the 5’ non-transcribed region (5’NTR)) and adjacent transcribed but 

untranslated sequences, located between the transcriptional start site and the 

translational initiation site (ATG) (referred to as the 5’ untranslated region (5’UTR)). 

C/5-acting regulatory elements controlling transcription are normally located in the 

5’NTR but can also be located in the 5’UTR. Sequences that affect translation can also 

be located in the 5’UTR. Thus, we aimed to identify: the transcriptional start site, the 

5’UTR, the 5’NTR and the genes intron-exon organization. Second, we sought to 

identify core promoter elements like TATA boxes and CAAT elements and cw-acting 

regulatory and enhancer elements in the 5’NTR.
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3.3.3.1 SUVHl promoter sequence analysis

Both cDNA and genomic sequences were used to define the minimal 5’ UTR 

and the transcription start site in SUVHL An analysis of the cDNA AF344444 and the 

corresponding genomic sequence show that the 5’UTR extends 362 bp upstream of the 

ATG codon and that the 5’UTR lacks introns (Figure 3.5). The 5’NTR was defined as a 

654 bp intergenic interval between the putative transcriptional start site of SUVHl and 

the 3’ end of a cDNA derived from transcripts of the upstream gene At5g04950 (Figure 

3.13) which encodes a putative nicotianamine synthase. Two cDNAs (NM_120577 and 

AY072364) derived from At5g04950 were identified in the EST database and the 3 ’ end 

of NM_120577 was used to define the 5’-most limit of 5’NTR of SUVHl.

The PLACE (Plant cw-acting Elements) database (Higo et al., 1999) was used to 

identify candidate cw-acting elements in the 5’NTR of SUVHl. The results o f what are 

considered to be significant identifications (Table 3.4) are represented schematically in 

Figure 3.13. A putative TATA box (-26 to -32) was identified at 26 bp upstream of 

transcription initiation site. An ASF-1 binding site (TGACG motif) was found at -214 

to -218. The TGACG motif is responsible for a variety of transcriptional patterns 

including expression in root, leaves, response to salicylic acid and/or auxin (Lam et al., 

1989; Benfey and Chua, 1990). This motif (entry S000024 in the PLACE database) is 

able to confer expression patterns similar to those shown by SUVHl promoter, in 

addition ASF-1 motif is involved in transcriptional activation by auxin, salicylic acid by 

biotic and abiotic factors (Klinedinst et al., 2000; Redman et al., 2001). Furthermore, 

various elements that confer leaf-, root-, light-regulated gene expression are found in the 

5’NTR of SUVHl (Table 3.4). These elements might interact together to confer the 

broad expression pattern observed for SUVHl.

3.3.3.2 SUVH3 promoter sequence analysis

The transcriptional start site of SUVH3 was considered to be the first nucleotide 

in the SUVH3 cDNA AY099620 that belongs to the RAFL (RIKEN Arabidopsis full- 

length) cDNA clone collection. AY099620 is considered to be full-length because it 

was isolated from a library made using the biotinylated CAP trapper method that only 

produces full-length cDNA sequences (Seki et al., 2002).
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Table 3.4 Summary of putative cw-elements identified in the 5’ non-transcribed 
region of SU V H l .

Motif Gene: element Copy Function
TGACG Various: ASF-1 

binding site
1 Transcriptional activation of several 

genes by auxin and/or salicylic acid; 
May be relevant to expression in 
root, leaves, shoot.

AAAG Various: DOF core 6 Responsible for expression of a 
photosynthetic gene, seed-specific 
genes, a plant oncogene, and 
pathogen-responsive gene.

TAAAG KSTl: TAAAG 
motif

1 Guard cell-specific gene expression

GATA Various: GATA 
box

4 Binding with ASF-2. Required for 
high level, light regulated, and 
tissue specific expression.

GRWAAW Various: GT-1 
binding site

10 Light regulation and influences the 
level of SA-inducible gene 
expression.

GATAA rbcS: I-box 4 Light regulated gene expression.

CNGTTR Various: MYB core 3 Expression during dehydration, 
flavonoid biosynthesis, leaf, shoot

CAACA ravl: RAVI 
binding site

2 Expression in rosette leaves and 
root

ATATT RolD: Root motif 1 Root expression

GTGGWWHG rbcS: SV40 core 
enhancer

1 Gene expression enhancer

TATCCA a-amy: TATCCA" 
element

1 Sugar starvation and gibberellins 
regulation

TGTCACA Cucumisin: 
TGTCACA motif

1 Fruit specific gene expression

Motif corresponds to sequence of the c/s-element and copy refers to the copy number of a 
given element within the defined 5’ non-transcribed region. The symbols used in addition to 
A, G, C, or T for these c/5-element motifs are R: A or G; W: A or T; H: A, C or T; N: any 
nucleotide.
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At5g04950 mBNA f
- 7 0 0 G TAG T T T T TAT AT AT TAT CAT T AAT AAAAAAGC AT AT C T TGAGAT C C g C a 

SUVHl 5' non-transcribed region
-650 tccatatatattaatatcgtcttatttgtaatttatgtttagtggtgact

-600 ggaaatqaaataatttqtqacttaaaccgataaattttctcttctttatt

-550 ggaqactqctatttaqagaaaaataaaatcaaqaaattatttgataaata 
SV40 core

-500 tgcgaatatgtccatagaagtatgtttttgaaaatagagtatctgttaat

-4 50 caaattcggaataatcaaagcttggttattgagcaatcccgtaatatgaa
TAAAG motif

-4 00 attagatcaattatagagttaaaaacacatctggacctaatqtataaagra

-350 atatacgtttgggcacaaaactatgagaaatcaagagttagggagtggaa

-300 cgataaatttcacaaagfgaaaacgacaacatcttacacacqqqtqaaacc
ASFl motif

-250 ggcaaccgaaaaaaagtcattacatcacaaactgacgaatgcactaaaca
TATCCA element

-200 ggatgagaatgaaacagaagcaacaacctcttacgcaggttatccagtca

-150 tataagaagatcttttgtacggtaaaaagataaaaaagatcaatttagat
TGTCACA-

-100 ccgacggttagattttaagcttctctaacagttacagatgtcattgatgt 
motif TATA box

-50 cacaqtctcaqaqatqtcaataaacacccaaaatqttaatgaaatttccc 
]■ Exon 1 *

+1 GACTTTTCTACAACAAAATCTCCCTGTTTGTTTCCCTCTCTTTCTCTCTG

+ 50 TCTCTCTCTTTTCGGAAACCCTATTTCGCGAGCAAGCAGCTTGAAAAGGG

+ 100 TGTGTGAATGTGATCTATCCAAAAGCGTATTTTCAGGTTTCTTCTTTCTG

+ 150 AAAGTTTTAAGCTTTTTGCTTTGTTATTGTAATCTCTGAATCTGGAATGA

+200 TGGTTGTTTCTCTGTGCATGCAATTGGCCTTTTGAGGATCTCTGATTCGT

+ 250 AGTTGTGTTTAGAAAAGGTGGACTTTTTACTTTACCCAGATCTTTGATAG

+ 300 C T T AAGGG T T TCAT TAT CAAT T TGAAT TGAGGAT T AGAT T CAAAGGAAT T
M

+350 TGATTTTTAGCTATG...

Figure 3.13 Nucleotide sequence and organization of the 5’ region of SUVHl. The region 
between the 3’ end of the At5g04950 gene and the ATG codon (indicated in bold letters) of the 
SUVHl gene is shown. The transcriptional start site ( [ ) that corresponds to the cDNA 
AF344444 is designed as +1 and an asterisk (*) marks the first nucleotide in the AV530264 
cDNA. A bend arrow (f) indicates the beginning of the 5’ non-transcribed region of SUVHl, 
which is indicated in lower case letters. Sequences corresponding to transcribed regions are 
indicated in blue upper case letters. Cis-elements found in the 5’ non-transcribed region are 
shown in bold and italic letters with a yellow highlight except for DOF motif, GTl- Binding site 
and MYB core that are indicated in brown, red and green letters respectively. Polypyrimidine 
(C/T) rich sequences in exon 1 are underlined.



Sequences similar to cw-regulatory elements from eukaryotic promoters were 

found in the 5’NTR (Figure 3.14; Table 3.5). A putative TATA box (-26 to -32) is 

located at 26 bp from initiation transcription site. Several transcription factor binding 

sites were also detected in this region (Figure 3.14; Table 3.5), most notably a tandem 

repeat o f the ASF-1 binding site (TGACG motif) TGACGGCGGAGATGACG (-139 to 

-122; Figure 3.14) that is similar to the as-1 m otif (activation sequence -1 )  found in the 

CaMV35S promoter (Lam et al., 1989; Benfey and Chua, 1990), promoters o f the 

Agrobacterium tumefaciens encoded T-DNA (Bouchez et al., 1989), the promoter o f 

soybean heat shock gene Gmhsp26-A (Ellis et al., 1993), Arabidopsis thaliana GST6 

(Chen et al., 1996) and in auxin-inducible genes like Nicotiana tabacum Par A 

(Takahashi et al., 1991) and NtlEG T  (Horvath and Chua, 1996). Other cw-elements 

include several DOF transcription factor-binding sites (entry S000265 in the PLACE 

database) and motifs related to light-regulation, seed- and pollen-specific gene 

expression.

It is interesting to note that several cw-elements present in the SU VH l 5’ 

flanking region are also present in SUVH3 flanking region. The ASF-1 binding site 

present in one copy in SU VH l is also present in a tandem repeat in SUVH3; also several 

DOF motif, GAT A, and GT-1 c/5-clements are present in both promoters. The presence 

similar cw-elements in both promoters is in agreement with the striking similarity in 

GUS expression patterns directed by both promoters.

3.3.4 Deletion analysis of the SUVH3 promoter

To determine which regions of the SUVH3 promoter are important for gene 

expression, we made several GUS fusion constructs that contained different deletions o f 

the promoter region (Figure 3.15). Wild-type Arabidopsis plants were transformed with 

these constructs and independent transformed lines for each construct were identified on 

the basis o f kanamycin resistance and construct-specific PCR. GUS activities in protein 

extracts prepared from seedlings of six independent transgenic lines per construct were 

measured using a quantitative fluorometric assay and the expression pattern o f  the 

deletions was determined by histochemical staining in at least eight lines per construct. 

Because the lines used in this analysis contained one or more insertions o f the 

transgene, we used a logarithmic transformation in order to accommodate the large 

variation in GUS activity between transgenic lines within a given construct.
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Atlg73090 mRNA ^SUVH3-
-501 GCCGATTTGGCAATATATGTTGTAAGTAGTAAGATTCTGATTCtgatatc 

5' non-transcribed region
-4 51 cttttaagacaaattatactagtattacaagactcaatcttcttacataa

-4 01 tacaaaattcagttcatggttcgaaatttggagtaaaaaggattgaaata 
A rich stretch

-351 ataaaaaaaacattcaaatatcttttggaaataacaagatatatgactct
MybStl core

-301 gttttcatgtatagattgttgtgcatcatctttcattggtggtggataaa 
GTGA - RAVI motifs LAT 52

-251 aaaaaaaaagtgacaacagtttacacgaagaccgaaagaaaggaaaggta
LAT 52

-201 gcaataggttgtgtaagaaaatttcatctcatcatcattttcaagacaca
as-1 motif GTGA motif

-151 gaatatggttt tgacg-gcgrgagatgacgcaaacg1:gaatctaacggaccg 
-10 element E box

-101 tattctctctgtaacaccaacgtcttttgcttatttcatcfcgrtagcaaat
TATA box

-51 agtcaaatctgaaaatgctttaatgaaagggcgtctctgtacacgtagcc 
I Exon 1 *

+1 ACTTGCTTCTTTCACTCTCTCTCTCTCGTCAGGAATCGTCTCTGCTCTTT 
1 r intronl

+51 CATCATCCTCCGgtctctctctccctctctctaattcggagcgctaattt

+101 ctgttttatcatcttcttgagggttcttctagttgcatagctaggtctaa

+151 ataaaaaagtagggatcttgatgcaaaaaggaaacttttttttcctggtt

+201 tccctaggcatgaaagatctgttggtgtttagaatttgtgggcttcaatt

+251 actttqacttctaggttgatgattttgttacattttgggggaagtaatct

+301 atgaacgaaaagcacaaactgctatgtattccttacgaagcgcttttaga

+351 tgcatttaggttttatgcaaaaagtcccataacttgttgtctgatatcaa

+4 01 agttttcattttgggaagtgaatgttaaaagattttctttatatgtaaat

+451 ggattcgtttgtatgaaaaaggttttgaatgaaatgctattgcagtaatt
IfExon 2

+501 gactctttccacttttggtatagcagAGAATTATCACACAAGGTCACTGC

+ 551 AAGGTGTGTACGAGAGGGCTAAAGTAAATGGTGTTGTTGTGATATTCATC
Iflntron 2

+601 TTATTTTTGACAGCTTGAAATAGAGgtacatgggagattaagttgtactg

+651 tcaatattttacaagctaatctaagctttggttagtacttttagtccaaa
IfExon 3 M

+701 tgttggttcttatttcctttcttcttactttgacagGAGTTTAGCAATG...
Figure 3.14 Nucleotide sequence and organization o f  the 5 ’ region o f  SLJl'HS. The region betw een the 3 ’ 
end o f  the A tlg73090 gene and the ATG codon o f  the SUVH3 gene is shown. Exons are indicated in blue 
capital letters and introns and 5 ’ non-transcribed region in lower case letters. The transcriptional start site 
( I ) that corresponds to the AY099620 cDNA is designed as +1 and an asterisk (*) m arks the first 
nucleotide in the T04123 cDNA. A putative TATA box and cis-elem ents found in the 5’ non-transcribed 
region are shown in bold and italic letters with a yellow highlight except for DOF motif, G T l-  Binding 
site and GAT A box that are indicated in brown, red and green letters respectively. Bend arrow s ( I f )  
indicate the boundaries between exons and introns. Polypyrim idine (C/T) rich sequences in exon 1 and 
intron 1 are underlined.



Table 3.5 Summary o f putative cw-elements identified in the 5 ’ non-transcribed 
region o f SUVH3.

M otif Gene: element copy Function
TGACG Various: ASF-1 

binding site
2 Transcriptional activation o f  several 

genes by auxin and/or salicylic acid; 
May be relevant to expression in 
root, leaves, shoot.

AAAG Various: DOF core 6 Responsible for expression o f a 
photosynthetic gene, seed-specific 
genes, a plant oncogene, and 
pathogen-responsive gene.

GATA Various: GATA 
box

3 Binding with ASF-2. Required for 
high level, light regulated, and tissue 
specific expression.

GRWAAW Various: GT-1 
binding site

4 Light regulation and influences the 
level o f SA-inducible gene 
expression.

TATTCT PsbD: -10 promoter 
element

1 Light regulation, expression in 
leaves

GATAA rbcS: 1-box 1 Light regulated gene expression.

CANNTG Nap A: E-box 1 Storage-protein gene expression

GGATA M ybStl:
M ybStlCore m otif

1 Oncogene related gene expression

AGAAA LAT52: Pollen 
LAT52

2 Late pollen expression

GTGA LatglO: GTGA 
m otif

2 Late pollen expression

CAACA ravl: RAVI 
binding site

1 Expression in rosette leaves and root

Motif corresponds to sequence of the cw-element and copy refers to the copy number of a 
given element within the defined 5’ non-transcribed region. The symbols used in addition to 
A, G, C, or T for these cz5-element motifs are R: A or G; W: A or T; H: A, C or T; N: any 
nucleotide.
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Figure 3.15 Schematic representation o f  Sl/VH3 and promoter deletion constructs. Blue boxes 
indicate exons and the thin lines represent SUVUS 5’ non-tran scribed region (denoted as 5’) and 
introns. The yellow box is the GIJS coding region and the red triangle in pDEL4 is the -60 
CaMV35S minimal promoter. Bend arrows indicate the transcriptional start site and an inverted 
tiiangle indicates the translational start site. 5’ mRNA corresponds to the portion o f the 
Atlg73090 gene upstream o f the promoter region o f SUVH3.



We compared GUS activity in seedlings o f Arabidopsis transgenic plants 

carrying promoter deletion constructs. As shown in Figure 3.16, plants carrying 

promoter construct pDEL2 show similar activity to the full-length promoter MAC-GUS 

(Tukey’s HSD test, P  = 0.531). The pDEL2 construct carries a deletion in intron 2, 

implying that intron 2 is not necessary for full promoter activity. pDEL5 has a deletion 

in a region that corresponds to a gene upstream to SUVH3. Compared to that o f  the full- 

length promoter, deletion o f this region does seem to slightly reduce the levels o f GUS 

activity (Tukey’s HSD test, P = 0.025); however the levels are not significantly 

different from those obtained with the pDEL2 construct (Tukey’s HSD, test P = 0.464). 

On the other hand a dramatically reduced GUS activity was observed with the pDELl 

and pDEL12 constructs compared with the full-length promoter (Tukey’s HSD test, 

P<0.001 and P<0.001 respectively). pD ELl, which carries a deletion o f the first intron, 

showed a 190-fold reduction in the activity o f the promoter whereas pDEL12 which has 

a deletion that includes the first and second introns showed a 500-fold reduction in GUS 

activity. Transgenic plants carrying the pDEL4 construct showed only background GUS 

activity indicating loss o f promoter activity. These results indicate that the intron 1 is an 

important element influencing the activity o f the SUVH3 promoter.

Histochemical staining of transgenic plants carrying promoter deletions showed 

that the expression pattern o f pDEL2 (Figure 3.17K -0) is identical to the full-length 

promoter construct pMAC-GUS (Figure 3.17A-E) indicating that intron 2 has no effect 

on the activity o f the promoter. In a similar way the pattern o f GUS staining in pDEL5 

transgenic plants (Figure 3.17U-Y) was identical to the pMAC-GUS lines, however, 

total GUS activity seems to be lower than in pMAC-GUS lines especially in flowers.

Contrary to pDEL2 and pDEL5, GUS staining patterns o f pDELl (Figure 3.17F- 

J) and pDEL12 (Figure 3.17P-T) differ from those o f the full-length pMAC-GUS 

promoter construct but identical to each other. In roots pD ELl and pDEL12 lines shows 

GUS expression only in the columnella and the cells surrounding the quiescent centre 

but not in the vascular tissue (Figure 3.17F, P) in contrast to pMAC-GUS, pDEL2 and 

pDEL5 where GUS is expressed in all three tissues. In leaves, GUS expression in 

epidermal cells and mesophyll is apparently lost and very reduced in vascular tissue 

(Figure 3.17G, Q). In flowers no GUS activity was observed for pDELl and pDEL12 

(Figure 3.17H, R). In seedlings, GUS activity in pDELl and pDEL12 was restricted to 

the root tips and the leaf primordia whereas GUS was detected in the same tissues and 

additionally in vascular tissue and cotyledons in pMAC-GUS, pDEL2 and pDEL5.
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Figure 3.16 GUS enzyme activity in transgenic Arabidopsis seedlings carrying SUVH3 
promoter deletions. Proteins were extracted from pooled 7-days old transgenic Arabidopsis 
seedlings. For each promoter construct, six independent transgenic Arabidopsis lines were 
assayed for GUS activity. Data are given as pmol o f  4-M ethylumbelliferone (4-MU) per mg of 
protein per minute. The result obtained for each transgenic line is represented by an open dot. 
The different promoter constructs and an untransformed control analyzed in these assays are 
indicated. Average level o f expression is indicated by a black triangle. A logarithmic scale is 
used to accommodate the large variation among transgenic lines.
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Figure 3.17 Histochemical analysis in Aradidopsis transgenic plants carrying prom oter deletion 
constructs. (A-E) pMAC-GUS transgenic plants. (F-J) pD ELl transgenic plants. (K -0 ) pDEL2 
transgenic plants. (P-T) pDEL12 transgenic lines. (U-Y) pDEL5 transgenic lines. (A, F, K, P, 
U) Roots. (B, G, L, Q, V) Leaves. (C, H, M, R, W) Flowers. (D, I, N, S, X) Embryos. (E, J, O, 
T, Y) 7 day-old seedlings.



During embryo development GUS staining was similar in pMAC-GUS, pDELl, 

pDEL2, pDEL12 and pDEL5 (Figure 3.17D, I, N, S, X). In roots, cotyledons and leaves 

of seedlings of pDELl and pDEL12 the expression pattern was reduced in a similar way 

to the mature organs, but the GUS staining pattern was maintained in leaf primordia 

(Figure 3.17J-T). Both the pDELl and pDEL12 constructs lack the first intron 

indicating that elements important for SUVH3 expression in root, leaves and flowers are 

present in this intron. Moreover these elements seem to confer quantitative changes in 

the expression levels directed by the SUVH3 promoter. No GUS activity was detected in 

the transgenic lines carrying the pDEL4 construct. This construct contains both intron 1 

and 2 fused with the -60 CaMV35S minimal promoter that is incapable o f transcription 

by itself but can be activated by enhancer elements placed nearby. The lack of 

detectable GUS activity in plants transformed with this construct may indicate that there 

are no transcriptional enhancer elements present in the intron 1 and 2 sequences.
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3.4 Discussion
3.4.1 SU VH l and SUVH3 structure

The Arabidopsis genome contains nine SU VH  active genes (Baumbusch et al., 

2001) from which only SUVH4/KRYPT0N1TE has been studied (Jackson et al,, 2002). 

Our phylogenetic analysis shows that at least four different orthologous groups of 

SU VH  genes exist in plants (see Chapter 2) indicating that significant functional 

diversity exists in SUVH  genes about which little is known. In this Chapter a detailed 

examination o f the structure and expression patterns o f  two Arabidopsis SU VH  genes, 

SU VH l and SUVH3, was undertaken.

SU VH l and SUVH3 are very similar to each other with significant nucleotide 

sequence similarity in their ORF and lower, but still significant, similarity extending 

upstream and downstream o f the coding regions o f  both ORFs. This observation 

indicates that both genes may be the product o f a gene duplication event that took place 

in the Arabidopsis genome since they cluster together with other two Arabidopsis genes, 

SUVH7  and SUVH8. Phylogenetic analyses o f SET domain genes indicate that there 

have been numerous gene duplication events, which may be the result o f polyploidy, or 

total and regional chromosomal duplication events (Springer et al., 2003). Consistent 

with these duplication events SHT domain genes from Arabidopsis and maize are found 

in collinear duplicated genomic regions (Baumbusch et al., 2001; Springer et al., 2003). 

SUVH1/SUVH3 and SUVH7/SUVH8 pairs are found in genomic regions not classified 

as collinear regions (http://mips.gsfde/proj/thal/db/gv/rv/rv_frame.html), implying that 

these duplications may have arisen from the same mechanism that gave rise to the 

duplications found in collinear region, followed by successive reorganizations. 

Alternatively, these duplication events may have occurred via small-scale transposition 

or illegitimate recombination (Springer et al., 2003).

Like other genes in orthologous group 4, SU V H l and SUVH3 are intron-less in 

their coding regions. However, comparison o f the cDNA with the genomic sequence 

revealed the presence o f introns in the UTRs o f both genes. The position o f  the introns 

in both genes is different indicating that these introns have evolved after duplication o f 

both genes. Since introns may regulate gene expression and have an effect over the 

mRNA stability, the presence of different introns in both genes implies that after gene 

duplication both genes may have adopted different ways to modulate their expression.
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Besides the global similarity in domain architecture o f both proteins, SUVH3 

differs from SUVHl in the presence o f the AT-hook domain. AT-hook is a DNA 

binding domain with preference for A/T rich regions (Chuang and Kelly, 1999). This 

domain may help to target SUVH3 to genomic regions different from those targeted by 

SU V H l. Interestingly SUVH7 and SUVH8 have an AT-hook domain in the same 

relative position as SUVH3. SUVH7 and SUVH3 may represent a pair o f  a large 

duplication from which new genes were generated, SUVH l from SUVH3 and SUVH8 

from SUVH7 (Baumbusch et al., 2001). Thus, since the AT-hook domain is present in 

three o f the most related genes, we can conclude that SUV Hl may have lost its AT- 

hook domain rather that a gain of this domain by SUVH3.

As shown in Chapter 2 proteins encoded by SUVH  genes are putative H3-K9 

methyl transferases as defined by the conservation o f their SET domain with the one in 

SU(VAR)3-9 proteins. In SUVHl and SUVH3 their C-terminal regions (which includes 

the SET domain) are very well conserved with those o f SU(VAR)3-9 proteins. To 

methylate H3-K9, SUVHl and SUVH3 have to be targeted to nuclei. Several lines o f 

evidence indicates that SUVHl and SUVH3 might be nuclear targeted proteins; i) both 

proteins are polar slightly basic proteins; ii) the presence o f SET, SRA and AT-hook 

domains, which are known to be domains with a nuclear function or which are present 

mostly in nuclear proteins and iii) the presence o f sequences with significant similarity 

to nuclear localization signals in both proteins. Thus, the analysis o f  the amino acid 

sequences strongly indicates that both proteins are nuclear, which is in agreement with 

its putative function as a HKMT. Experimental proof o f the nuclear targeting o f SUVHl 

and SUVH3 is given in Chapter 4.

SUVHl and SUVH3 are two highly similar active genes in Arabidopsis probably 

product o f a recent duplication which points to a redundant function for both genes. 

However, the results obtained with the analysis o f the nucleotide and amino acid 

sequence o f SUVHl and SUVH3 indicates that they might have adopted at least partially 

non-overlapping functions that can be reflected in their gene expression patterns, their 

subcellular and sub-nuclear localization and/or their biochemical functions.
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3.4.2 SU VH l and SUVH3 expression analysis

To investigate the function and regulation o f SU VH  genes, we characterized the 

expression pattern at the organ and tissue level o f two members o f this family, SU VH l 

and SUVH3, using northern blot analysis and promoter-GUS  fusions. Northern blot 

analysis showed that SU VH l and SUVH3 transcripts were present in root, leaves, 

flowers, and siliques. These observations were confirmed and extended by promoter- 

GUS  fusion analyses. SU VH l was shown not only to be expressed in most plant organs 

but also to be associated with tissues with high rates o f  cell division activity such as root 

tips, leaf primordia, flower buds, or tissues with competence for cell division. The 

expression pattern observed for SUVHl-GUS  proven to be very similar to that shown by 

SUVH3-GUS. The same organ and tissue expression patterns were observed in roots, 

leaves and flowers. However, the SUVH3 promoter in addition directed GIJS expression 

during all stages o f embryo development. The expression pattern o f SU V H l and SUVH3 

supports a possible function in cell division, plant growth and development. Such a 

function was recently proposed for NtSETl, a tobacco gene closely related to SU VH l 

that was shown to inhibit whole plant growth when overexpressed in tobacco (Shen, 

2001). A detailed functional analysis is yet to be done in order to establish the precise 

role o f SUVH3 in plant growth and development.

Several putative cw-acting regulatory elements were identified that may be 

involved in conferring the expression patterns observed for both genes. As was expected 

from the similarity in their expression patterns, the 5 ’ flanking region o f both genes 

contain similar cw-acting elements. Of these elements, the m ost notable is the presence 

o f a TGACG m otif (PLACE database entry: S000024) in both promoters. The TGACG 

m otif binds to the nuclear factor ASF-1 and the cloned transcription factor TGAla 

(Katagiri et al., 1989). Binding of TGAla is sufficient to activate promoters in vivo 

(Neuhaus et al., 1994). The TGACG m otif is responsible for a variety o f transcriptional 

patterns including expression in roots, leaves, response to salicylic acid and/or auxin 

and biotic and abiotic factors (Lam et al., 1989; Benfey and Chua, 1990; Klinedinst et 

al., 2000; Redman et al., 2001). Interestingly the expression patterns conferred by this 

m otif share some similarity with those observed for SU V H l and SUVH3. The SUVH3 

promoter contains two TGACG motifs similar to the as-1 element in the CaMV35S 

promoter that may be involved in the determining promoter activity (see below). In 

contrast to SUVH3, the SUVHl promoter has only one TGACG m otif but apart from
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being conserved in both promoters the relevance o f this m otif in the expression pattern 

o f SU VH l is unknown. Other putative cw-elements were also identified that are found 

in promoters conferring expression in roots, leaves and flowers; some o f  these are 

present in both promoters but their importance in transcriptional control in SU V H l and 

SUVH3 requires further experimentation.

SU VH l and SUVH3 expression was detected in most plant organs and tissues; a 

similarly broad expression pattern was reported for other SU VH  genes from Arabidopsis 

{SUVH2, SUVH5, SUVH6 and SUVH9), tobacco (N tSE Tl)  and maize {ZmSET104, 

ZmSETlOS, Z m SE T llS  and Zm SE TllS) (Baumbusch et al., 2001; Shen, 2001; Springer 

et al., 2003; The Plant Chromatin Database). Although these groups analyzed gene 

expression with RT-PCR and northern blots in whole organs, their analyses suggest that 

SU VH  genes are expressed, possibly constitutively, in most o f the plant organs tested. 

However, cell, tissue and temporal differences may still exist between SUVH proteins, 

indeed the expression pattern of SUVHl proven to be very similar to the related gene 

SUVH3 but not identical. The most striking difference between the expression patterns 

conferred by the two promoters is that the SUVH3 promoter confers expression in the 

embryo while the SUVH I promoter does not.

3.4.3 Two possible mechanisms responsible for SUVHl and SUVH3 

sub-functionalization
Based on the homology and phylogenetic relationship between SU V H l and 

SUVH3 we concluded that both genes might be the result o f a gene duplication event 

(see section 3.4.1). For a duplicated gene to be preserved in the genome it must acquire 

a different, or at least partially beneficial, function otherwise it will be lost by 

deleterious mutations (Lynch and Conery, 2000). Duplicated genes may adopt new 

functions by acquiring new biochemical functions or by a partition o f their expression 

pattern (Kellogg, 2003). Observations indicate that a common fate o f  the members o f 

duplicate-gene pairs is the partitioning o f tissue-specific expression patterns o f the 

ancestral gene (Lynch and Force, 2000). Adams and colleagues (2003) by studying a set 

o f gene pairs in cotton demonstrated experimentally that silencing and biased 

expression o f some duplicated gene pairs is reciprocal and developmentally regulated, 

with normally one homologue showing silencing in some organs and the other being 

silenced in other organs. These results suggest that partition o f  expression patterns is an
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important mechanism responsible for sub-functionalization o f  genes in duplicated 

genomes. The similar expression patterns observed for both genes give support to the 

idea o f both genes being a pair o f duplicated genes. However differences in expression 

patterns indicate that both genes have suffered some degree o f  sub-functionalization by 

changing their tissue-specific expression pattern. It is interesting to notice that whereas 

SU VH l is expressed in embryo sac, SUVH3 is expressed in pollen. It is possible that the 

ancestor gene was originally expressed in the gametophyte and after the duplication 

event one copy lost expression in the pollen and the other one in the ovule. Thus, both 

genes became necessary and were maintained in the genome as functional copies. 

However, because o f the conservation in expression pattern and protein homology we 

cannot rule out the possibly that functional redundancy might exist for both genes.

It was shown in Chapter 2 that sub-functionalization in plant SU VH  genes 

occurs mainly by positive selection in the coding region, specifically in the SRA 

domain. However, the expression patterns o f SU VH l and SUVH3  indicates that sub- 

functionalisation o f SUVH  genes may also occur by partitioning o f  expression patterns. 

Thus, it is possible that both mechanisms may be acting together to generate new 

functions in SU VH l and SUVH3 in Arabidopsis. Whether this observation applies to the 

other SUVH  genes from Arabidopsis or other plant species is not known.

3.4.4 Regulatory effect of intron 1 in SUVH3 expression

The transcriptional activity of a promoter is largely determined by the 

combinatorial and synergistic action of its various cis elements (Benfey and Chua, 

1990). However, regulatory elements that can influence the level and pattern o f gene 

expression have also been found in introns rather than in the 5 ’ flanking region o f a 

gene (Deyholos and Sieburth, 2000; Rippe et al., 1989).

In order to find important elements for the broad expression pattern shown by 

tie  SUVH3 gene we made a series o f deletions in the full prom oter (5’NTR plus 

5’UTR). The deletion analysis indicated that the SUVH3 5 ’UTR is required for 

constitutive and strong gene expression. Further deletion analysis o f  individual introns 

rjvealed that intron 1 plays an important role in the expression o f SUVH3. GUS 

transgenes containing intron 1 gave much more intense GUS staining in roots, leaves 

and flowers, siliques and embryos, whereas lines lacking intron 1 showed reduced GUS
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activity confined to a small region of the root tip, young prim ordia and the leaf vascular 

tissue, while the GUS activity in the embryo remained unchanged.

The effects produced by intron 1 seem to be quantitative rather than qualitative 

as an enhancement rather than a change in gene expression pattern is observed in the 

vascular tissue o f leaves and roots. The enhancement o f gene expression by introns is 

not thought to occur at the level of transcription initiation but rather by affecting 

transcriptional elongation or mRNA accumulation (Rose and Beliakoff, 2000; Rose and 

Last, 1997). It is unlikely that transcriptional enhancers are present in the intron 1, since 

the 5’ transcribed sequence o f SUVH3 was unable to active transcription in the -60  

CaMV35S minimal promoter. This minimal promoter does not itself confer a GUS 

staining pattern but can be activated by transcriptional enhancers nearby (Campisi et al., 

1999). This observation also excludes the possibility o f intron 1 possessing promoter 

activity. Although, a specific interaction between SU VH l prom oter and its first intron 

can not be ruled out, it seems possible that the enhancement o f  expression mediated by 

SUVH3 intron 1 does not occur at the level o f transcription initiation.

Another possibility to explain the effect o f introns in gene expression is that the 

presence of intron sequences immediately following a promoter sequence, activate that 

promoter by excluding nuclcosomes and other repressive factors (Chaubet-Gigot et al., 

2001). I'he abundant occurrence of polypyrimidine motifs in the introns o f all 

replacement histone M3 genes, the replacement o f an intron by a polypyrimidine motifs 

upstream of the alfalfa replacement histone H3 gene (W aterborg and Robertson, 1996) 

and the ability o f 5’ introns of the replacement histone H3 and the 5 ’-UTRs o f the three 

highly and constitutive expressed replacement H3 genes o f alfalfa to enhance gene 

expression (Chaubet-Gigot et al., 2001; Robertson et al., 1996) suggested that 

polypyrimidine motifs might act as enhancers that increase the constitutive expression 

of genes (Waterborg and Robertson, 1996). Polypyrimidine motifs comprising the 

dinucleotide repeat sequence (GA)n or (CT)n present around promoters and in 5’-UTRs 

and introns are recognized by a protein called GAGA factor, encoded by the Trl 

(Trithorax-like) gene in Drosophila (O'Donnell and Wensink, 1994). Binding to GAGA 

elements in promoters relieves repression and results in local nucleosome disruption to 

allow gene expression (Tsukiyama et al., 1994; Tsukiyama and Wu, 1995). 

Polypyrimidine motifs are found in exon 1 and intron 1 o f  SUVH3  (Figure 3.14) 

suggesting that as with replacement histone H3 genes, these sequences might be 

required for the appropriate functional expression o f SUVH3.
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Transgenic plants expressing GUS transgenes with deletions in intron 1, show 

dramatically reduced GUS activity, except in the embr>^o. The expression pattern 

conferred by the 5’ flanking region alone is strikingly similar to that o f tobacco plants 

expressing a GUS gene under the control o f the subdomain Al (-90 to +8) o f the 

CaMV35S promoter (Benfey and Chua, 1990). Both promoters confer expression in 

root tips and weak expression in the meristematic region o f the seedlings and in the 

vascular tissue of stem and leaves. None o f the promoters show expression in flowers 

(occasionally very low vascular expression was observed in the developing flower bud 

o f the -9 0  CaMV promoter) and only weak expression was observed in the floral stalk. 

A m otif named as-1 (activation sequence 1), a tandem repeat o f two TGACG motifs, is 

responsible for this expression pattern in the -9 0  CaMV35S promoter, as-1 m otif can 

bind to the nuclear factor ASF-1 (activation sequence factor 1) and the transcription 

factor T G A la (Katagiri et al., 1989; Lam et al., 1989). Interestingly a similar m otif 

(TGACGGCGGAGATGACG) is found in the 5’N TR o f SUVH3 promoter. These 

observations suggest that the as-1 motif alone might explain most o f the expression 

pattern conferred by the 5’NTR.

It was proposed that the low-level expression conferred by as-1 in leaf cells was 

a result o f a limiting concentration of its cognate trans-acting factor, presumably TGAla 

or related factors, in such cells (Neuhaus et al., 1994). It seems possible that a very low 

level o f transcription initiation is occurring in SUVH3 promoter-GUS  fusions that lack 

intron 1 in roots, leaf and flowers and that this may be driven by the as-1 motif. Thus, 

intron 1 might enhance expression in these organs by stimulating mRNA accumulation 

or by excluding nucleosomes from the promoter region.

Because no change in embryo expression was observed in any o f the constructs 

lacking intron 1 (pDELl and pDEL12), motifs responsible for embryo expression may 

be located in the 5’NTR. We could not find any known cis elements related to embryo 

expression, suggesting that unidentified embryo cis elements might be present or that an 

unknown combination o f motifs confers SUVH3 expression in embryos.
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Chapter 4

Subcellular localization oiSUVHl and SUVH3

4.1 Introduction

The proteins encoded by SUVHl and SUVH3 are predicted to be homologues of 

SU(VAR) 3-9 proteins and most probably possess H3-K9 methylating activity in their 

SET domains. SU(VAR) 3-9 proteins are key regulators o f the organization of 

repressive chromatin. Consistent with this, the Drosophila  SU(VAR)3-9 and its 

mammalian homologue SUV39H1 are nuclear proteins enriched in heterochromatic 

regions (Aagaard et al., 2000). If SUVHl and SUVH3 have similar activities or 

functions, then they ought to be targeted to the nucleus. In fact both proteins show 

strong indications of being nuclear proteins (see Chapter 3).

In this Chapter the predicted nuclear localization o f SUVHl and SUVH3 was 

investigated in vivo by using translational fusions with the GFP reporter gene. We show 

here that both fiision proteins are localized exclusively in the nucleus o f onion and 

tobacco BY2 cells. The non-unifomi distribution o f the fusion proteins inside the 

nucleus and fusion protein dynamics during the cell-cycle are discussed in this Chapter.

4.1.1 Import of proteins into the nucleus

In eukaryotic cells, proteins can be targeted to a variety o f  subcellular 

compartments such as the ER, mitochondrion, chloroplast, peroxisome, glyoxisome, or 

nucleus. The import of proteins into the nucleus can be distinguished from transport into 

other organelles because proteins and small molecules traverse the nuclear envelope 

through a macromolecular complex known as the nuclear pore. The nuclear pore 

complex forms a large channel across the nuclear membrane that allows diffusion of 

small molecules, yet tightly regulates the movement o f larger molecules (Silver, 1991; 

Hicks and Raikhel, 1995).
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4.1.1.1 Nuclear localization signals

Unlike the amino-terminal signal sequences that direct proteins from the 

cytoplasm to the ER, mitochondrion, and chloroplast, the import o f nuclear proteins is 

mediated by a nuclear localization signal (NLS) that may be located at any position 

within a protein. In addition, NLSs are not proteolytically cleaved from the protein, 

which allows nuclear proteins to reenter the nucleus after cell division (Hicks and 

Raikhel, 1995). Most NLSs can be assigned to one o f  three different groups based on 

conserved structural features. The common type o f NLS is similar to that contained in 

the SV40 large T-antigen. This signal is composed o f a series o f  basic residues 

(PPKKKRKV) in a single cluster (Kalderon et al., 1984). The second type o f nuclear 

targeting signal is the type o f Xenopus nucleoplasmin proposed by Robbins and 

colleagues (1991). This is a bipartite signal (KRPAATKKAGQAKKKLD) made by a 

cluster o f two basic oligopeptide domains separated by a variable spacer. The third 

group comprises proteins with MATa2-like NLSs (NKIPIKD), which contains a 

hydrophobic sequence flanked by basic residues (Hall et al., 1984). In plants it has been 

shown that the nuclear pore complex posses receptors that recognizes the three known 

classes o f NLSs (Hicks et al, 1995).

Despite the existence of discrete classes o f NLSs, a strict consensus sequence 

does not emerge when comparing different signals within a class. Thus, NLSs are not 

assigned to the groups based on strict sequence consensus, and a variety o f other NLSs 

cannot be assigned to any specific class (Hicks and Raikhel, 1995).

4.1.1.2 Regulated nuclear transport

There is a considerable complexity underlying the process o f nuclear import. 

Whereas many proteins are transported constitutively across the nuclear envelope, the 

import o f certain proteins, particularly transcriptional regulators and signalling 

molecules such as kinases appears to be regulated in a cell-specific manner or by 

environmental signals (Whiteside and Goodboum, 1993). Regulation o f  nuclear import 

can be achieved by retaining proteins in the cytoplasm by virtue o f an anchoring protein 

or an intrinsic retention domain, or in the case o f proteins without NLSs by interaction 

with proteins that are themselves imported into the nucleus (Nagatani, 1998). 

Regulation o f subcellular localization can also involve alteration in phosphorylation 

state like in the SV40 large T-antigen (Rihs et al., 1991).
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In plants similarly regulated nuclear targeting o f several proteins has been 

observed (Nagatani, 1998). In Ambidopsis, the CONSTITUTIVE 

PHOTOMORPHOGENESIS 1 (COPl) protein that mediates diverse developmental 

adaptations in response to light, shows regulated nuclear targeting in response to light 

signals. Indeed a fusion protein between COPl and GUS accumulates in the nucleus of 

Ambidopsis hypocotyl cells in darkness, yet is excluded from the nucleus under light 

conditions (Von Amim and Deng, 1994; Von Amim et al., 1997). Another example of 

nuclear regulated targeting in plants is the GBF protein that shows light-dependent 

nuclear localization. The GBF transcription factor mediates light-dependent gene 

expression (Terzaghi et al., 1997).

4.1.2 Studies of nuclear targeting in plants

In plants, the information that has been generated regarding nuclear targeting has 

involved a variety of systems and experimental strategies. One approach has been to 

identify proteins that are localized to the nucleus in vivo, and then examine whether 

these proteins are targeted to the nucleus when expressed in transfected protoplasts or 

transgenic plants. Another is to take proteins known or suspected to be localized within 

the nucleus and to examine the subcellular location of translational gene fusions, 

typically formed with reporter genes, which are expressed in transfected protoplasts, 

bombarded tissues or transgenic plants. This can be followed by functional dissection of 

the molecular features of the NLS motif (Grebenok et al., 1997).

4.1.2.1 GUS as a reporter gene

The first gene fiision strategy using a reporter system was based on GUS, which 

has a number of features ideal for use in plant targeting studies (see section 3.1.2). The 

most important feature of GUS is that it retains high activity when heterologous 

polypeptides are fused to the N- or C- terminus, thereby allowing flexibility in the 

design of gene fusions. Fusions with GUS can be used to define the precise extent of a 

given NLS and to investigate the regulatory mechanism controlling nuclear transport 

(Carrington, 1995). However, the requirement of exogenous factors and tissue 

manipulations make the histochemical GUS assay prone to artifacts and the results 

might be difficult to interpret (Grebenok et al., 1997). Another drawback of 

histochemical GUS analysis is that it cannot be performed in vivo.
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4.1.2.2 GFP as a reporter gene

An in vivo assay for nuclear targeting is ideal because with a simple examination 

o f the living tissue it should be possible to determine whether a given oligopeptide 

m otif can target a reporter proteins to the nucleus. Further, an in vivo assay allows 

subtle analyses o f nuclear targeting, for example real time kinetics (Grebenok et al., 

1997). An ideal reporter that offers considerable advantages for the examination of 

subcellular targeting in vivo is the green fluorescent protein (GFP) from the jellyfish, 

Aequorea victoria (Chalfie et al., 1994). GFP is a protein that can be detected in a non- 

invasive way in plants, animals, fungi and prokaryotes making it the reporter o f choice 

for in vivo applications (Haseloff and Amos, 1995; Neuhaus and Boevink, 2001). It is a 

238 amino acid polypeptide, which folds into an 11-stranded p-barrel surrounding a 

central a-helix. The fluorophore spontaneously forms by cyclization and oxidation of 

the amino acids Ser65, Tyr66 and Gly67. The only requirement o f this reaction is 

oxygen. The wild-type protein absorbs light both in the UV (absorbance band A, 

395nm) and the blue (absorbance band B, 475 nm) parts o f the spectrum and emits 

green light (508 nm) (Neuhaus and Boevink, 2001).

Wild-type GFP has been modified in many ways to improve its quality as a 

reporter in various organisms. Extensive changes have been made in the GFP sequence 

to adapt the codon usage to various host organisms. The wild-type gene was found to 

encode cryptic plant intron splice sites, which resulted in aberrant splicing o f the GFP 

mRNA. Removal o f the intron recognition sequences restored a useful level o f 

expression in plants (Haseloff et al., 1997). The cryptic intron was also inadvertently 

removed in GFP variants in which the codon usage was optimized for mammalian cells 

(Patterson et al., 1997). Further improvements were obtained by increasing the 

termostability, folding properties and solubility o f GFP (H aseloff et al., 1997; Davis and 

Viestra, 1998). Different spectral variants o f GFP exhibiting yellow or cyan 

fluorescence (YFP and CFP, respectively) has been developed that provide an 

opportunity to label proteins with two different fluorophores within the same living cell 

(Rizzuto et al., 1996). Additionally, a newly available red fluorescent protein, DsRed, 

from the sea anemone Discosoma sp has also been successfully tested in plants 

(Dietrich and Maiss, 2002). DsRed is an interesting marker protein for use in plants 

because o f its red-shifted spectrum that avoids damaging cells and tissues by the
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i!
excitation light. DsRed fluorescence can be distinguished from the interfering red 

auto fluorescence of chlorophyll with the appropriate filter set.

A major advantage of GFP, and also YFP and CFP, as in vivo markers is that 

both N- and C- terminal translational gene fusions can be made with other proteins 

without losing its fluorescence and often without disrupting he function of the other 

protein (Carey et al., 1996; Ludin et al., 1996). Thus, it provides a means for localizing 

fijsion proteins to their respective subcellular compartments and for study trafficking of 

fluorescent GFP fusion proteins in time and space (Neuhaus and Boevink, 2001). This 

has been done successfully for proteins targeted to the nucleus, mitochondrion and 

chloroplast (Grebenok et al., 1997; Galvez et al., 1998; Hibberd et al., 1998).

When expressed in the cytoplasm, GFP labels the peripheral cytoplasm located 

between the plasmalemma and the tonoplast, the cytoplasmic strands extending across 

the vacuole and the nucleus (Chiu et al., 1996). GFP (26.9 kDa) labels the nucleus 

because it is smaller than the size exclusion limit of the nuclear pores. Therefore if GFP 

is to be used to study nuclear targeting, it is not sufficient to fuse it to a short peptide 

containing an NLS; it must be fused to another protein to avoid diffusion out of the 

nucleus after the NLS mediated import. The minimal size for nuclear retention is 50 

kDa, which can be obtained by fusion to another protein such as GUS (Grebenok et al., 

1997) or to a sufficiently large NLS containing candidate protein. GFP has been used to 

demonstrate nuclear localization of a variety of putative nuclear proteins, i.e. PP7, a 

plant specific Ser/Thr phosphatase from Arabidopsis, was shown to be a predominantly 

nuclear protein when expressed transiently or stably in Nicotiana benthamiana as a 

fusion with GFP (Andreeva and Kutuzov, 2001). The nuclear localization and dynamics 

of SR45, a novel serine/arginine-rich protein (SR45), was also studied by using a GFP 

fusion in cultured cells and transgenic Arabidopsis plants. This study showed not only 

that SR45 is localized exclusively to nuclei but also that it can be found both in speckles 

and in the nucleoplasm (Ali et al., 2003). Co-localization o f two polycomb proteins, FIE 

and MEA, inside the nucleus of cowpea protoplasts was demonstrated by using a fusion 

with CFP and YFP, FIE-CFP and MEA-YFP, respectively (Spillane et al., 2000). A 

study of nuclear division in Arabidopsis endosperm was done using a Histone H2B- 

YFP fusion as vital a marker for chromatin dynamics during mitosis (Boisnard-Lorig et 

al., 2001). Thus, GFP fusions are ideal for studying nuclear localization of proteins and 

monitoring the dynamics of a protein of interest. Localization of the protein can be 

determined not only at subcellular level but also at the sub-nuclear level.
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4.2 Methods
4.2.1 Primers and vectors

Primers used for amplifying fragments for constructs and in sequencing 

reactions to confirm the sequence of the constructs are shown in Table 4.1.

pSMGFP plasmid (Davis and Vierstra, 1998) contains a GFP gene encoding for 

a codon- and soluble-modified version of GFP (GenBank accession number U70495) 

under the control of the CaMV35S promoter and a NOS terminator (clone CD3-327, 

provided by ABRC).

4.2.2 Molecular cloning and sequencing
General materials and DNA manipulations are described in Chapter 6. Nucleic 

acid manipulations were performed as described by Sambrook and colleagues (1989). 

DNA sequencing and all sequencing to verify the constructs were performed by MWG 

Biotech AG (Germany)

4.2.3 SUVHl and SUVH3 translational fusions with GFP
To avoid possible conformational artifacts or inactivation of the fluorescence 

activity due to protein fusions, GFP was fused separately to the N- and C-terminal 

regions of SUVHl. For SUVH3 only the N-terminal fusion was constructed, as the 

cloning of the C-tenninal fusion was repeatedly unsuccessful.

4.2.3.1 Construction of N- and C- terminal translational fusions of SUVHl with 

GFP

To create an N-terminal translational fiasion between GFP and SUVHl {GFP- 

SUVHl), a GFP (719 bp) fragment was amplified from the plasmid pSMGFP using the 

primers GFPXF and GFPSR (these primers were designed to generate a GFP ORF 

lacking the stop codon) and the ORF of SUVHl was amplified from the cDNA 

(AV530264) using the primers GMABFl and GMABRl (these primers were designed 

to put in-frame the ATG of SUVHl and the last codon of GFP). In a double ligation the 

GFP and SUVHl fragments were cloned into the Xbal and Kpn\ sites of the vector 

pRTL22, resulting in pRTL/GFP-MAB. The correct frame between GFP and SUVHl 

was verified by sequencing GFPspF and MABspR. A fragment containing the

101



Table 4.1 Primers used in GFP translational fusion constructions with SUVHl and 
SUVH3.

Name Prim er sequence (5’ to 3’) Site
added

Gene/Locat
ion

Primers fo r  constructs

GFPXF cctctagacaACAATGAGTAAAGGAGAAGAAC Xbal GFP/-3

GFPSR ccgtcgacTTTGTATAGTTCATCCATGCC Sail GFP/+114

GMABFl ccgtcgacATGGAAAGAAATGGTGGTC Sail SUVHl /+ l

GMABRl ggggtaccTCATCCAAATGAGCCACGG Kpnl SUVHl/+2013

MABGF2 ccctcgagATGGAAAGAAATGGTGGTC Xhol SUVHl /+ \

MABGR2 ccaagcttTCCAAATGAGCCACGGCAA Hindlll SUVH]/+20 \0

GFPHFl ggaagcttATGAGTAAAGGAGAAGAACTTTTC Hindlll GFP/+1

GFPKRl ggggtaccTTATTTGTATAGTTCATCCATG Kpnl GFP/+7\7

GFPCKR2 ggggtaccTTTGTATAGTTCATCCATGCC Kpnl GFP/+714

G4MACF ggggtaccATGCAAGGAGTTCCTGGAT Kpnl SUVH3/+1

G4MACR ccgagctcTCATCCGAATCiAACCACGAC S ad SUVH3/+2010

Primers fo r  Sequencing

GFPspR GTTGCATCACCTTCACCCTCTCC - GFP/+W3

GFPspF ACTCCAATTGGCGATGGCCCTGT - GFP/+518

MABspR CCCCTCAAGTTCCGCGTTGCC - SUVHl  1+360

MACspR GTTGGTTGTTGTGCTCCAAATGGG - SUVH3/+203

F and R designate forward and reverse primer orientation, respectively. + and -  represent 
upstream and downstream nucleotide position relative to the adenosine in the initiation 
codon. The sequences in lower case letters were synthetic extensions or modified sites for 
restriction enzyme digestion.
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GFP-SUVHl translational fusion driven by the double CaMV35S promoter was 

obtained by digestion with //mc/III and Kpn\ and subcloned into the binary vector 

pR0K2, resulting in the binary vector pGFP-MAB.

To make a C-terminal translational fusion between SUVHl and GFP (SUVHl- 

GFP), a SUVHl fragment was amplified from the cDNA (AV530264) using the primers 

MABGF2 and MABGR2 (these primers were designed to generate a SUVHl ORP 

lacking the stop codon) and the GFP gene (719 bp) was amplified from the plasmid 

pSMGFP using the primers GFPHFl and GFPKRl (these primers were designed to put 

in-frame the ATG of GFP and the last codon of SUVHl). In a double ligation the 

SUVHl and GFP fragments were cloned into the Xhol and Kpnl sites o f the vector 

pRTL22, resulting in pRTL/MAB-GFP. The correct frame between SUVHl and GFP 

was verified by sequencing with the primer GFPspR. A fragment containing the 

SUVHl-GFP  translational fusion driven by the double CaMV35S promoter was 

obtained by digestion with HindlW and Kpnl and subcloned into the binary vector 

pR0K2, resulting in pMAB-GFP binary vector.

4.2.3.2 Construction of a N-terminal GFP-SUVH3 translational fusion

To create a N-terminal translational fusion between GFP and SUVH3, a GFP 

gene lacking the stop codon was generated by PCR and cloned in-frame with the 

SUVH3 ORF engineered to create the correct reading frame between its ATG and the 

last codon of GFP. The GFP (719 bp) fragment was amplified from the plasmid 

pSMGFP using the primers GFPXF and GFPCKR2 and the ORF of SUVH3 (2007 bp) 

was amplified from the cDNA (T04123) using the primers G4MACF and G4MACR. hi 

a double ligation the GFP and SUVFI3 fragments were cloned into the Xhal and Sad  

sites of the vector pRTL22, resulting in pRTL/GFP-MAC. After sequencing of the 

cloned fragments, the Xbal-Sacl fragment containing the translational fusion between 

GFP and SUVH3 was subcloned into the binary vector pR0K2CaMV, resulting in the 

binary vector pGFP-MAC. This vector contains the GFP-SUVH3 translational fusion 

under the control of the double CaMV35S promoter and the NOS terminator.
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4.2.3.3 Construction of a GFP control vector

The GFP gene (719 bp) was amplified from the plasmid pSMGFP using the 

primers GFPXF and GFPKRl. The resulting PCR product was digested with Xbal and 

Kpnl and cloned into the Xbal and Kpnl site of the pRTL22 vector. The GFP insert in 

the resulting vector, pRTL/GFP, was verified by sequencing. A fragment containing the 

GFP gene driven by the double CaMV35S promoter was obtained by digestion with 

Hindlll and Kpnl and subcloned into the binary vector pR0K2, resulting in pROK-GFP 

binary vector.

4.2.4 Transient expression in onion epidermal cells

Epidermal cell layers of onion {Allium cepa) were transformed with pRTL/GFP- 

MAB and pRTL/GFP-MAC vectors containing SUVHl and SUVH3 GFP-translational 

fusions, respectively. pRTL/GFP vector, expressing GFP alone was used as a control. 

Transformations were done by particle bombardment with tungsten particles (average 

particle size 1.1 jim; Bio-Rad, Hercules CA, USA) coated with each plasmid as 

described in Chapter 6. Delivery of the particles was carried out with a helium-driven 

biolistic particle delivery system (PDS-1000/He, Bio-Rad, Hercules, CA, USA) using 

the same settings for tobacco leaf transformation (see Chapter 6). After bombardment 

epidermal cell layers were incubated on plates containing MS20 medium, at 25°C in 

darkness for 16-20 hours.

4.2.5 Maintenance of tobacco BY2 cells
The tobacco BY2 cell line (derived from Nicotiana tabacum cv. Bright Yellow 

2) was grown as a suspension culture in 250 ml flasks containing 50 ml of BY2 medium 

(see Chapter 6). Suspension cultures were kept in a growth room at 25°C with gentle 

shaking (150 rpm) in darkness and sub-cultured once a week by 50-fold dilution in fresh 

BY2 medium.

4.2.6 Stable transformation of tobacco BY2 cells
For transformation, 4 ml of a 3-day-old BY2 culture supplemented with 20 |uM 

acetosyringone (added before transformation) was cocultivated with 200 |xl of an 

overnight grown Agrobacterium culture in a 10 cm Petri dish plates for 2 days at 28°C 

in darkness. After incubation, cells were washed in 50 ml of BY2 medium
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supplemented with 500 mg/L carbenicillin and then centrifuged at 1000 rpm for 4 

minutes at room temperature in a swinging bucket rotor to pellet the cells. After 

discarding the supernatant, the pellet of cells was spread on semisolid BY2 medium 

supplemented with 100 mg/L kanamycin and 500 mg/L carbenicillin.

Transformed cells appeared after 3-4 weeks as small calli on plates and were 

maintained as a callus by transferring to a fresh plate once a month. Suspension cultures 

were initiated from transformed callus by adding a small callus clump to 20 ml o f 

culture medium. Once a suspension was observed, it was diluted to 50 ml. Eventually, 

transgenic cells in suspension grew as fast as wild-type BY2 cells and were sub-cultured 

once a week.

4.2.7 Fluorescence microscopy
For fluorescence microscopy, pieces of onion epidermal layers or BY2 liquid 

cultures were transferred to a glass slide and analyzed in a Nikon Eclipse E600 

microscope with a Y-LF Epi-Fluorescence attachment. Pictures were taken with a Spot 

RT CCD colour digital camera controlled by the Spot-RT software.
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4.3 Results
SUVHl and SUVH3 are putative histone H3 methyltransferases that must be 

targeted to the nucleus to carry out this function. SUVHl and SUVH3 proteins have 

strong indications of nuclear localization. First, SUVHl and SUVH3 are a basic 

proteins and both contain putative nuclear localization signals near the N-terminus 

(Figure 3.2 and 3.4, respectively) and second, an AT-hook domain, which promotes 

protein binding to the minor groove of AT-rich tracts of DNA (Chuang and Kelly, 

1999) is present in the SUVH3 protein (Figure 3.4).

To verify the subcellular localization o f SUVHl and SUVH3, translational 

fusions between GFP and SUVHl (GFP-MAB) and GFP and SUVH3 (GFP-MAC) 

were constructed (Figure 4.1) and used to transform onion and tobacco cells.

4.3.1 Nuclear localization of SUVHl and SUVH3 in onion epidermal 

cells

Plasmids carrying SUVHl and SUVH3 translational fusions and the GFP control 

were introduced into onion epidermal cells by particle bombardment. As expected, GFP 

alone was detected both in the cytoplasm and the nucleus (Figure 4.2A). Because of its 

small size (26 kDa) GFP can diffuse passively through the nuclear pores (Grebenok et 

al., 1997). hi contrast, both N- and C-terminal SUVHl protein fusions were targeted 

exclusively to the nuclei of onion cells (Figure 4.2C). In a similar way, the GFP- 

SUVH3 fusion protein was located exclusively in the nucleus (Figure 4.2E). The results 

indicate that SUVHl and SUVH3 are indeed nuclear proteins and their putative NLSs 

are likely to be functional.

4.3.2 Nuclear localization of SUVHl and SUVH3 in BY2 tobacco cells

In order to confirm the results of subcellular localization obtained following 

transient expression in onion, and to study the dynamics of both proteins during the cell 

cycle, SUVHl and SUVH3 translational fusions were transferred into a binary vector 

and introduced into tobacco BY2 cells hy Agrobacterium-mediated transformation.
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Figure 4.1 Schematic representations o f GFP fusion constructs. (A) GFP-SU V H l N-terminal 
translational fusion construct. (B) SU V H l-G FP C-terminal translational construct. (C) GFP- 
SUVH3 N-terminal translational fusion. (D) GFP control construct. Restriction sites used for 
cloning and for verification are shown. Red, brown and green bars represent SU V H l, SUVH3 
and GFP ORFs, respectively. A blue arrow and a yellow bar indicate double CaMV35S 
promoter and the CaMV35S polyA signal. TEV is the translational enhancer o f  the Tobacco 
etch virus.



Figure 4.2 Subcellular localization o f the SUVHl and SUVH3 fusion protein in transiently 
transformed onion epidermal cells. (A) A cell expressing GFP alone (C) A cell expressing the 
SU V H l-G FP fusion protein. (E) Onion cells expressing SUVH3-GFP. (B), (D) and (F) 
Reference light microscopy images corresponding to (A), (C) and (E); respectively. GFP 
fluorescence was visualized 16-20 h after bombardment with plasmids expressing the fusion 
gene transcribed from a double CaMV35S promoter. A yellow arrow indicates the position o f 
the nucleus in each cell.



4.3.2.1 Subcellular localization of the SUVHl-GFP fusion protein

As observed in onion cells, native control GFP was detected in both cytoplasm 

and nucleus o f stably transformed BY2 cells (Figure 4.3). Inside the nuclei GFP was 

excluded from the nucleolus and uniformly distributed in the nucleoplasm (Figure 4.3E, 

G). However, when N- and C- terminal fusion between SUVHl and GFP were stably 

expressed in BY2 cells, both ftision proteins were located exclusively in the nucleus o f 

interphase cells, but permanently excluded from the nucleolus. This indicates that, like 

in onion cells, the SUV H l protein is targeted to the nucleus (Figure 4.4A). Furthermore, 

a specific sub-nuclear localization o f SUVHl fusion protein was observed as numerous 

local accumulations in discrete rounded foci (speckles) against the background 

fluorescence o f  the nucleoplasm (Figure 4.4C). The speckles were distributed 

throughout the nucleus with a tendency to accumulate around the nucleolus (Figure 

4.4D).

During mitosis the SUVHl-GFP fusion protein remained permanently 

associated with condensed chromosomes. Localization o f SU V H l-G FP on the 

condensing chromosomes was evident as soon as the chromatin started to condense 

during prophase (Figure 4.5A, B). The fiision protein remained associated with 

chromosomes throughout the mitotic phases: metaphase, anaphase and telophase 

(Figure 4.5C, G, H, I). The distribution o f SU V H l-G FP  fusion protein on chromosomes 

was not uniform, with some chromosomal regions more intensively marked than others. 

No association with chromosomes was observed when native control GFP was 

expressed in BY2 cells (data not shown).

Both N- and C-terminal fusions with GFP showed the same localization pattern 

inside the nuclei o f BY2 cells during interphase and mitosis. However, fluorescence o f 

the fusion proteins was stronger and speckles were clearer in C-terminal fusions. For 

these reasons, detailed observations o f sub-nuclear localization were done using cells 

expressing the C-terminal fusion.

4.3.2.2 Subcellular localization of the SUVH3-GFP fusion protein

As in onion epidermal cells, the GFP-SUVH3 fusion protein was found 

exclusively located inside the nuclei o f BY2 cells (Figure 4.6A), indicating that similar 

to SU V Hl, SUVH3 is also a nuclear protein. Inside the nucleus the GFP-SUVH3 fiision 

did not localized uniformly. Speckles similar to those observed with the SUVH l fiision
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Figure 4.3 Localization of GFP protein in the nuclei of BY2 cells. (A) Fluorescent microscopy 
of BY2 cells expressing GFP alone. (C) GFP distribution in a BY2 cell. (E, G) Localization of 
GFP around the nuclei. (A, C, E, G) Fluorescence microscopy images. (B, D, F, H) Transmitted 
light reference image for the respective fluorescent image (A, C, E, G).



Figure 4.4 Localization of SUVHl-GFP fusion protein in the nuclei o f BY2 cells. (A) 
Fluorescence microscopy of BY2 cells expressing SUVHl-GFP. (B) Transmitted light reference 
image. (C) BY2 nuclei showing foci of SUVHl-GFP. (D) Localization o f SUVHl-GFP foci 
around nucleoli.



Figure 4.5 Localization of SUVHl-GFP protein fusion during mitosis in tobacco BY2 cells. (A, 
B) Localization of SUVHl-GFP diiring prophase. (C) Metaphase. (G) Anaphase. (H, I) 
Telophase. (A, B, C, G, H, I) Fluorescence microscopy images. (D, E, F, J, K, L) Transmitted 
light reference image for the respective fluorescence image.



Figure 4.6 Localization of GFP-SUVH3 fusion protein in the nuclei o f BY2 cells. (A) 
Fluorescence microscopy of BY2 cells expressing SUVHl-GFP. (B) Transmitted light reference 
image. (C) BY2 nuclei showing foci of GFP-SUVH3. (D) Localization of GFP-SUVH3 foci 
around nucleoli



proteins could be observed in the nuclei of BY2 cells expressing GFP-SUVH3 (Figure 

4.6C). Some of these speckles were also observed associated with the nucleolus (Figure 

4.6D). Although not precisely determined, the number of speckles observed with 

SUVHl and SUVH3 fusion proteins varied from one cell to another. Despite the 

similarities observed in the sub-nuclear distribution of both fusion proteins, it was not 

possible to determine if the speckles observed with these proteins correspond to the 

same nuclear domains.

During mitosis the SUVH3-GFP fusion protein also remained permanently 

associated with condensed chromosomes. Localization of SUVH3-GFP fusion protein 

remained associated with chromosomes throughout the mitotic phases: prophase, 

metaphase, anaphase and telophase (Figure 4.7). The distribution of the SUVHl-GFP 

fusion protein on the chromosomes was not uniform; some chromosomal regions were 

more intensely marked than others.

108



s

Figure 4.7 Localization o f  SL1VH3-GFP protein fusion during mitosis in tobacco BY2 cells. (A) 
Localization o f  SUVH3-GFP during Metaphase. (B) Anaphase. (C) Telophase. (A, B, C) 
Fluorescence microscopy images. (D, E, F) Transmitted light reference image for the respective 
fluorescence image.



4.4 Discussion
Consistent with the presence o f the NLSs and the presence o f domains with 

nuclear functions, the SUVHI and SUVH3 proteins show an unambiguous nuclear 

localization as demonstrated in both transient and stable expression systems. The 

localization o f SUVHl and SUVH3 fused to GFP revealed both a diffuse distribution in 

the nucleoplasm and discrete particles in interphase nuclei. Subcellular localization 

studies in SUVH proteins have been reported before. Baumbusch and colleagues (2001) 

showed Xhsii Arabidopsis SU V H l, SUVH2 and SUVH3 proteins localize in the nuclei o f 

onion cells when they were transiently expressed as fusion proteins with GFP. 

However, sub-nuclear localization into GFP foci, and association with chromosomes 

during the mitotic cycle as observed here, was not reported in these studies, hi another 

study, Shen (2001) reported the sub-nuclear localization o f N tSE T l, a tobacco SUVH 

protein that belongs to the same orthologous group as SUVHl and SUVH3 (Figure 2.8). 

The N tSETl-GFP fusion was shown to localize exclusively in the nucleoplasm, but was 

also localized to specific regions, many o f which were located at the periphery o f the 

nucleus, an indication that they were heterochromatic, because heterochromatin is 

normally associated with the inner nuclear membrane (Ye et al., 1997). This localization 

pattern is strikingly similar to the one observed with the SUVHl and SUVH3 fusion 

proteins, hi addition, N tSETl, like SUVHl and SUVH3, remained associated with 

chromosomes throughout mitosis.

Specific nuclear localization has been reported for other SU(VAR)3-9 proteins 

where in vivo and immunolocalization studies revealed some pronounced staining 

patches in the nucleus. It has been shown that endogenous mouse Suv39hl and its 

human counterpart SUV39H1 were enriched at DAPI-densely stained heterochromatic 

foci in interphase nuclei in mammalian cells and in centromeric regions on metaphase- 

arrested human chromosomes (Aagaard et al., 1999). During mitosis SUVH39H1 

localization shows a dynamic distribution, being centromeric only during prometa- to 

metaphase (Aagaard et al., 2000). The G9a protein (Milner and Campbell, 1993) was 

also strictly localized in nuclei and visualized as discrete fluorescent speckles. Its 

nuclear localization profile however, is mainly independent from and non-overlapping 

with that o f Suv39hl (Tachibana et al., 2001). Most o f the G9a molecules are located 

outside o f heterochromatin domains around centromeric loci, in which both Suv39hl 

and H Pl proteins have been shown to be localized. This difference in nuclear
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localization reflects the different functions carried out by both HKMTases. Suv39hl is 

responsible for H3-K9 methylation at pericentric heterochromatic regions (Peters et al., 

2001) whereas G9a plays a dominant role in H3-K9 methylation o f euchromatin 

(Tachibana et al., 2001). The association of Su(var)3-9 proteins with heterochromatin 

and the similarities in homology and sub-nuclear localization with N tSE T l, suggest the 

possibility that speckles observed with SUVHl and SUVH3 fusion proteins also 

correspond to heterochromatic regions. In fact some o f the speckles were observed at 

the periphery o f the nucleus. Further comparisons between DAPI stained regions and 

SUVHl and SUVH3 speckles will provide insights about the true nature o f the 

chromatin associated with these speckles. So far, we do not have enough evidence to 

establish if SUVHl and SUVH3 are HKMTases responsible for H3-K9 methylation at 

constitutive heterochromatin or alternatively euchromatic regions.

The multiple GFP foci observed with the fusion proteins in tobacco BY2 cells 

suggest that both proteins might fijnction at multiple targets in the genome. The 

speckles correspond to regions o f fusion protein enrichment, probably associated with 

nucleoprotein complexes and possibly represent heterochromatin or heterochromatin

like structures at multiple locations in the genome. Because, SUVHl and SUVH3 are 

Arabidopsis proteins they might not target the same loci in tobacco since the 

heterochromatin content is different between both species. However, they might interact 

with similar nucleoprotein complexes present in both species. Functional analysis 

should provide information on the chromosomal domains or genomic targets and the 

protein complex in which SUVHl and SUVH3 proteins belong.

The constant association o f some of the speckles with the nucleolus in onion and 

tobacco nuclei indicates that some o f these speckles might correspond to 

heterochromatic regions associated with the nucleolus. Some silent loci associated with 

nucleolus include silent rDNA genes, heterochromatic regions associated with NORs, 

and telomeric regions (Fransz et al., 2002). Thus, it may be that some o f these loci are 

targeted by SUVHl and SUVH3.

Although we observed potential serine and threonine phosphorylation sites 

around the NLS o f SUV H 1 and SUVH3 no regulated nuclear import was observed and 

both proteins were always localized inside the nucleus during all stages o f  the cell cycle. 

These observations suggest that regulation o f  SUVHl and SUVH3 function is probably 

not exerted by control o f nuclear impon.



Chapter 5

Functional analysis of SUVHl and SUVH3 

5.1 Introduction
The most recent release of the sequenced genome of Arabidopsis contains 27,288 

annotated protein-coding genes (Zhu et al., 2003) of which proof of function of a mere 

-10%  has so far been obtained. Computer analysis of Arabidopsis sequences in 

combmation with integrated databases greatly facilitates gene prediction and aids the 

design of appropriate strategies to detennine biological function. Classic genetic 

approaches based the isolation and characterization of mutants, combined with 

transgenic approaches to study gene expression and overexpression, will help provide a 

complete picture of gene function during the plant life cycle (Stiekema and Pereira, 

1998). Understanding the function of every Arabidopsis gene by 2010 is a major goal of 

the Arabidopsis research community.

There are basically two approaches to link the sequence and function of a specific 

gene: forward and reverse genetics. Forward genetics starts with a mutant (or variant) 

phenotype and aims to identify the gene and the sequence changes that gave rise to it. 

The required mutants may be the result of deliberate mutagenesis or be defined on the 

basis of existing variation. On the other hand, reverse genetics approaches rely upon 

sequence information as retrieved from genome and EST sequencing projects. The 

scientist starts with the selection of a specific sequence and tries to gain insight into the 

underlying functions by selecting for mutations that disrupt the sequence and thereby, it 

is hoped, its biological function (Peters et al., 2003).



5.1.1 Strategies for understanding gene function

At present many approaches are available to create genetic variants or mutants that 

may give clues about biological processes and their genetic control. Loss-of-function 

mutants are the most informative, because the mutant phenotype is directly associated 

with the biological function o f the impaired gene (Chalfun-Junior et al., 2003).

5.1.1.1 Classical mutagenesis m Arabidopsis

The success o f Arabidopsis as a model organism is mainly due to its amenability to 

forward genetic screens. Mutagenesis in Arabidopsis mainly relies on ethylmethane 

sulphonate (EMS) and, to a much lesser extent, on fast neutron radiation (Page and 

Grossniklaus, 2002). The pioneers o i Arabidopsis research carried out genetic screens in 

strains that were collected from the wild. Mutants were isolated that had altered leaf 

shape, altered flowering time and flower morphology or that were characterized by 

embryo or seedling lethality. In addition screening on defined media allowed the 

isolation o f mutants defective in phytohormone synthesis and perception, and others 

biosynthetic pathways. Large screens using biochemical assays led to the analysis o f the 

lipid biosynthesis pathway and screening under specific biotic and abiotic 

environmental conditions led to the isolation o f mutants defective in 

photomorphogensis and plant-pathogen interactions. After screening for obvious 

phenotypes that can easily be assayed, new genetic screens to obtain second site 

mutations can be done in the original mutant lines (Page and Grossniklaus, 2002). The 

identification o f a gene affected by a chemical- or radiation-induced mutation requires a 

laborious map-based (positional) cloning approach in which markers linked to the 

mutated gene are used to delimit the region containing the gene o f  interest (Peters et al., 

2003).

5.1.1.2 Insertional mutagenesis: gene tagging

Gene replacement methods, mediated by homologous recombination, allow the 

substitution o f a wild-type gene for a copy that has been modified in vitro. This 

approach is widely used in yeast genetics to assess or modify gene function and 

hundreds o f knockouts have been obtained in this way (Bouche and Bouchez, 2001). 

Unfortunately, there are no effective methods for targeted gene replacement in
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flowering plants. As a consequence, the most effective strategy to generate loss-of- 

function mutants is the generation of large populations mutagenized with an insertion 

element (transposons or the T-DNA from Agrobacterium). These populations can be 

used in a forward genetics approach and be screened for the phenotypes of interest. The 

advantages of this approach over classical mutagenesis is that rapid identification of the 

gene of interest is at least theoretically possible by locating the sequence tag and 

analyzing its neighboring sequences (Peters et al., 2003). A reverse genetic approach is 

more often used on these collections. Insertions that disrupt the gene o f interest can be 

found by screening the collection with PCR primers specific for both the target gene 

and the insertion element. DNA pools prepared from the population are usually 

screened first and then sub-pools, until a single line is obtained (Stiekema and Pereira, 

1998).

Because Arabidopsis introns are small, and because there is very little intergenic or 

repetitive DNA, the insertion of a piece of T-DNA on the order of 5 to 25 kb in length 

generally disrupts gene function (Krysan et al., 1999). If a large enough population of 

T-DNA transformed lines is available, one has a very good chance o f finding a plant 

carrying a T-DNA insert within any gene of interest. Given a median gene length of 2.1 

kb in Arabidopsis (Bevan et al., 1998) it would require -280,000 T-DNA inserts to have 

a 99% chance of mutating a particular gene. An advantage of the use of T-DNA 

insertions is that it directly generates stable insertions into genomic DNA. Additionally, 

T-DNA insertions appear to be completely random as no T-DNA integration hotspots or 

integration preferences have been reported (Parinov and Sundaresan, 2000). The 

development of highly efficient methods of T-DNA transformation for Arabidopsis has 

made it possibly for laboratories to generate the number of transformants required for 

saturating the whole genome (Krysan et al., 1999). Thus, large populations of 

Arabidopsis T-DNA transformants have been generated independently by several 

groups and have been used extensively for reverse genetics (Parinov and Sundaresan, 

2000).

Insertional mutagenesis using transposons offers several advantages compared with 

T-DNA. Transposons can be remobilized from the disrupted gene in the presence of a 

trans-acting transposase source, resulting in reversion of the mutation. This provides a 

means of confirming the phenotypic consequences of the insertion (Tissier et al., 1999; 

Parinov and Sundaresan, 2000). Transposition events occur preferentially at linked sites. 

Thus, if a transposable element is known to be located nearby, it can be efficiently re-
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mobilized to insert within the gene of interest (Parinov and Sundaresan, 2000). This 

however, makes it more difficult to achieve random saturation o f the genome with 

transposon inserts.

Two systems o f heterologous transposable elements have been successfully used for 

insertional mutagenesis in Arabidopsis: Activator/Dissociation {Ac/Ds) and

Enhancer/Suppressor mutator (En/Spm). The Ac/Ds system consists o f  two separate 

elements: the Ds element and the Ac transposase gene. Arabidopsis lines carrying a 

gene trap or enhancer trap Ds element on a T-DNA are crossed to lines expressing the 

transposase on another T-DNA (Sundaresan et al., 1995). Stable unlinked single

insertion events are recovered by a combination o f positive selection for kanamycin 

resistance on the Ds element and negative selection against the T-DNA containing the 

transposase and the original Ds element (Parinov et al., 1999). The En/Spm system has a 

principle similar to the Ac/Ds but it was generated in order to simplify the process o f  

generating transformants, k) this system the mobile dSpm element is combined together 

with the Spm transposase on the same T-DNA so that separate lines do not have to be 

generated and negative selection is only applied against a single locus (Tissier et al., 

1999). In addition, it employs selectable markers based on herbicide resistance that 

allow selection o f soil-grown plants, thus reducing the labour associated with in vitro 

selection.

5.1.1.3 Overexpression and activation tagging mutants

Gene redundancy creates limitations to the use o f loss-of-function mutants to study 

gene function. This is a general phenomenon caused by genome duplications, as is 

clearly the case in Arabidopsis (The Arabidopsis genome initiative, 2000), where the 

mutation o f one gene copy often does not result in a detectable phenotype when other 

homologues are still functional. An alternative approach for gene fiinction analysis is 

gain-of-function mutagenesis, in which a gene is either ectopically or constitutively 

overexpressed compared to its normal expression levels or patterns. Although in such a 

case a particular gene is not expressed in its normal biological context, it may give clues 

about how a gene affects certain biological processes (Chalfun-Junior et al., 2003). 

Additionally, with the use o f overexpression mutants it might be possible to study the 

function o f essential genes that display lethal knockout phenotypes.
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The gene of interest can be overexpressed by fusing its open reading frame to a 

constitutive promoter such as the CaMV35S promoter. This chimeric gene can then be 

introduced into plants and its overexpression phenotypes analyzed. Alternatives to the 

gene-by-gene overexpression approach have also been developed by randomly inserting 

in the genome sequences that carry a strong enhancer element near the border, thus 

activating the adjacent genes ectopically. This so-called activation tagging method has 

been applied successfully in tobacco with a T-DNA vector containing multiple strong 

CaMV enhancer sequences near the border (Walden et al., 1994).

Large-scale activation tagging mutagenesis has also been carried out in Arabidopsis 

plants. Weigel and colleagues (2000) used a binary vector carrying a quadruple version 

of the CaMV35S enhancer to generate 25,000 transgenic plants from which 23 

dominant mutants (0.1% frequency) with various phenotypes were obtained. Another 

activation tagging system developed in Arabidopsis makes use of the En-I (Spm-dSpm) 

maize transposon system, in which the non-autonomous element contains four copies of 

the CaMV35S enhancer and a BASTA resistance gene (Marsch-Martinez et al., 2002). 

This system generates single insertions of the activation tag and yields a frequency of 

about 1% morphological dominant mutants, 10-fold higher than obtained with T-DNA 

based activation tagging, making it an ideal system with which to saturate the 

Arabidopsis genome.

5.1.1.4 Gene silencing

Another drawback of the use of loss-of-function approaches is that genes that are 

essential for plant viability will not be recovered in the homozygous portion of the 

mutagenesis population. Since at least 1 gene every 100 kb has been estimated to be 

essential to the haploid Arabidopsis gametophyte and/or the early diploid embryo, the 

genome contains about 1,300 essential genes (Martienssen, 1998). In addition, these 

approaches are limited by the untargeted nature of the mutagenesis, the time required to 

samrate a genome, and the difficulty in relating individual genes to phenotypes. Most of 

these limitations can be overcome by the use of RNA-induced gene silencing which can 

be exploited to trigger the sequence-specific degradation of particular mRNAs. RNA- 

induced gene silencing includes a number of related phenomena occurring in a variety 

of organisms, including posttranscriptional gene silencing or PTGS in plants (Metzlaff 

et al., 1997), RNA interference (RNAi) in nematodes (Fire et al., 1998), Drosophila
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(Kennerdell and Carthew, 1998) and mammalian cells (Elbashir et al., 2001) and 

quelling in the fungus Neurospora crassa (Cogoni et al., 1994).

Gene silencing can be induced in plants by transforming them with either antisense 

or co-suppression constructs, but typically this results in only a small proportion of 

silenced individuals (Stiekema and Pereira, 1998). However, a recent study has 

demonstrated that the production of double-stranded RNA (dsRNA) by a carefully 

designed transgene giving rise to transcripts containing sense and antisense regions can 

trigger efficient PTGS in the homologous endogenous transcript (Chuang and 

Meyerowitz, 2000). Up to 100% silencing efficiency can be achieved by the use of 

transgenes producing a hairpin type RNA (hpRNA). In these constructs the arms of the 

hairpin are separated by a spacer in the form of an intron that is spliced out within the 

plant to leave a dsRNA (Smith et al., 2000). Thus, transgenes producing dsRNA might 

be used to induce loss-of-function or reduced-in-function alleles of the gene o f interest. 

dsRNA production can be also be controlled by placing the silencing construct under 

the control of an inducible promoter, thus providing a means to study immediate effects 

o f loss-of-function and avoiding pleiotropic effects or adaptive responses.

High-throughput functional analysis involving RNAi has been achieved in 

Caenorhabditis elegans (Fraser et al., 2000; Gonczy et al., 2000; Maeda et al., 2001) 

and recently the AGRIKOLA {Arabidopsis Genomic RNAi Knock-out Line Analysis) 

project funded by the European Union has started the construction of 50,000 binary 

plasmids for performing constitutive or inducible targeted gene silencing on almost 

every Arabidopsis gene. This project is using high-throughput recombinatorial cloning 

to clone gene-specific sequences into hpRNA binary vectors and to use many of the 

resulting plasmids to create a collection of silenced Arabidopsis lines (Hilson et al., 

2003).

5.1.2 Tools for reverse genetics in Arabidopsis

The results of the systematic sequencing of insertion sites in transposon and T-DNA 

insertion collections are available to the Arabidopsis community in several databases. 

Characterization of Arabidopsis genes is being greatly facilitated by the availability of 

these genomic resources. It is possible today to search for insertions in the gene of 

interest and request the insertion lines, which can be easily characterized by using PCR. 

One of these is the T-DNA express database (http://signal.salk.edu/cgi-bin/tdnaexpress)
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from the Salk Institute Genomic Analysis Laboratory (SIGnAL) which has integrated 

several flanking sequences tags (FTS) databases including SALK T-DNA (145,417 

FSTs; Alonso et al., 2003), FLAGdb T-DNA insertions (29,002 FSTs; Samsom et al., 

2002), GABI-Kat T-DNA insertions (46,846 FSTs; Rosso et al., 2003), SAIL T-DNA 

library (51,706 FSTs; Sessions et al., 2002), SM transposon lines (17,434 FSTs; Tissier 

et al., 1999) the Wisconsin T-DNA insertion lines (8,664 FSTs; 

http://www.hort.wisc.edu/krysan/DS-Lox) and RIKEN T-DNA and transposon 

collection (18,551 sequences; Kuromori et al., 2004). As a result, a quite comprehensive 

collection of sequence-indexed T-DNA and transposon insertion mutants can be 

searched at a single location on the basis of their gene index name, function and 

nucleotide or protein sequence information. Once an insertion is found, seeds for the 

corresponding lines can be requested from different sources using the links provided by 

the database.

To complement the efforts to saturate the Arabidopsis genome with addressable 

mutations several other projects are under way to systematically set up collections of 

RNAi lines that cover the genome (see section 5.1.1.4). Also, projects based on 

TILLING (Targeting Induced Local Lesions in Genomes), a method that combines 

random chemical mutagenesis with PGR based screening to identify point mutations in 

regions of interest, are underway to allow access to additional mutations, including 

reduced-in-function alleles of a given gene (Till et al., 2003). Finally, the combination 

of all these resources significantly increases the chance to obtain plants containing the 

mutations and alleles needed to find answers to specific biological questions.

5.1.2.1 Salk T-DNA insertion collection

Salk is an Arabidopsis collection of T-DNA insertions made by the SIGnAL 

laboratory at the Salk Institute. Approximately 150,000 transformed plants were 

generated with the pR0K2 vector which confers kanamycin resistance. The average 

number of T-DNA insertions per line, as determined by the segregation o f anfibiotic 

resistance, was found to be -1.5 and therefore the entire collection was estimated to 

contain 225,000 independent T-DNA integration events. This results in a 96.6% 

probability of obtaining an insertion in an average Arabidopsis gene. Left border 

flanking sequences were recovered using a PGR based insertion-site recovery system. 

From 127,706 plants analyzed 99,230 flanking sequences were obtained and a total of
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88,122 high-quality T-DNA integration sites sequences were mapped onto the genome 

sequence. Mutations were identified in 21,799 (-70%) of the annotated Arabidopsis 

genes (Alonso et al., 2003).

Flanking sequences were assembled into a database and made available to the 

scientific community as SIGnAL "T-DNA Express" Arabidopsis Gene Mapping Tool 

(http://signal.salk.edu/cgi-bin/tdnaexpress). Once an insertion in the gene o f interest is 

found, segregating T3 seeds for all sequenced indexed insertion lines can be obtained 

through the ABRC or the Nottingham Arabidopsis Stock Centre (NASC).

5.1.2.2 Syngenta Arabidopsis Insertion Library or “SAIL” (formerly GARLIC) 

Collection

SAIL is a T-DNA insertion collection that was generated from approximately 

100,000 individual T-DNA mutagenized Arabidopsis plants. To generate these lines 

plants of ecotype Columbia were transformed using Agrobacterium containing either 

pCSAl 10 or pDAPlOl vectors which confer BASTA resistance. A modified approach 

to Thermal Asymmetric Interlaced-Polymerase Chain Reaction (TAIL-PCR) was 

adopted to rescue left border flanking sequences from these plants. TAIL products from 

each individual plant were sequenced, compared to the Arabidopsis genome to 

determine the positions of T-DNAs in each line and assembled into a database. The 

database is currently available at SIGnAL "T-DNA Express". There are a total of 

85,108 sequenced TAIL-PCR products from 52,964 T-DNA lines in this database 

representing an estimate o f -15,000 to -18,000 genes with disruptions in the transcribed 

regions and/or promoters (Sessions et al., 2002). The Torrey Mesa Research Institute 

(http://www.tmri.org) was responsible for the distribution SAIL lines until 2003; 

however, they were donated by Syngenta Inc. to the Arabidopsis community and will be 

available through ABRC by April or May 2004.

5.1.3 Functional analysis of SUVH l and SUVH3

In this Chapter we describe functional analyses of SUVHl and SUVH3 genes. We 

start by investigating the repressor effects of the encoded proteins over a reporter gene 

when they are targeted to its promoter. Furthermore, to gain understanding of the 

function of both genes overexpression, knockdown and loss-of-function mutant were
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characterized. A transgenic approach was used to generate overexpression and 

knockdowns in SU VH l and SUVH3. By constructing chimeric genes using the SU VH l 

and SUVH3 ORFs and the strong constitutive promoter CaMV35S promoter, we were 

able to achieve high levels o f expression o f both genes in transgenic Arabidopsis plants. 

Additionally, by using a dsRNA-induced gene silencing approach, plants with reduced 

transcript levels for both genes were obtained.

Knockout mutants were obtained by in silico searches o f insertion databases. Loss- 

of-function alleles were obtained in both genes and the plants analyzed for mutant 

phenotypes. The fiinctional implications o f the repressor activity and the effects o f the 

disruption o f the normal function o f both genes is also discussed.
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5.2 Methods

5.2.1 Molecular cloning and sequencing

General materials and DNA manipulations are described in Chapter 6. The 

cloning process was carried out according to Sambrook and colleagues (1987). DNA 

sequencing and all sequencing to verify constructs were performed by MWG biotech 

(Germany).

5.2.2 Primers

Primers for silencing, overexpression, knockdown and T-DNA analysis are 

described in Tables 5.1, 5.2, 5.3 and 5.4, respectively.

5.2.3 Statistical and densitometric analysis

Statistical analyses were carried out using the statistical package SPSS 11.0.1 for 

Windows (LEAD technologies Inc USA; 2001). Densitometric scanning of northern 

blots was performed using the program GelWorks ID version 3.01 (Ultra-Violet 

Products Ltd, UK; 1997).

5.2.4 Silencing assay

In order to study the effect on transcription o f the recruitment o f SUVHl and 

SUVH3 proteins to a heterologous promoter a transient expression system developed by 

Wu et al. (2000) was used. This system consists of a reporter plasmid and an effector 

plasmid. The reporter plasmid contains a GUS reporter gene driven by a constitutive 

promoter in which copies of the GAL4 binding site are fused to the promoter. The 

effector plasmids consist of a translational fusion of the protein o f interest and the 

GAL4 binding domain driven by a constitutive promoter. When both plasmids are co

expressed in the same cell, the fusion protein will be directed to the promoter of the 

reporter by the GAL4 binding domain bringing with it the activity of the protein of 

interest. The effect of the SUVH proteins on the transcriptional activity of the promoter 

will be reflected in the activity of the reporter.
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T able 5.1 Primers used for reporter and effector constructs used in silencing assays 
o f SU V H l and SUVH3.

Nam e Prim er sequence (5’ to 3 ’) Site G ene/

added Location

Primer pairs fo r  reporter construct

103F1 ggtctagATGCCTGCAGGTCAACATGG Xbal pRT103/-

103R1 atcccgggTACCGAGCTCGCCCAT Smal pRT103/-

Primers fo r  effector construct

GAL4XF cctctagaAACAATGAAGCTCCTGTCCTC Xbal GAL4/-4

GAL4SR aagtcgacCGAGACGGTCAACTGGCG Sail GAL4/+441

GMABFI ccgtcgacATGGAAAGAAATGGTGGTC San SUVHU+\

G M ABRl ggggtaccTCATCCAAATGAGCCACGG Kpnl SUVHU+lOn

GAL4KR1 taggtaccCGAGACGGTCAACTGGCG Kpnl GAL4/+441

MACG4F ggggtaccATGCAAGGAGTTCCTGGAT Kpnl SUVH3!+\

M ACG4R ccgagctcTCATCCGAAKiAACCACGAC S a d SUVH3I+20\Q

GAL4stop aagagctcaCGAGACGGTCAACTGGCG S a d GAL4/+441

Sequencing primers

GAL4spF AACAATGAAGCTCCTCJTCCTC - GAL4/-4

M ABspR CCCCTCAAGTTCCGCGTTGCC - SUVHU+Z(yQ

MACspR GTTGGTTGTTGTGCTCCAAATGGG - SUVH3I+10Z

35SpAspR GGTTTCTTATATGCTCAACACATGAGC - pRTL22/ -

F and R designate forward and reverse orientation primers, respectively. + and -  represent 
nucleotide position upstream and downstream relative to the adenosine in the initiation 
codon. The sequences in lower case letters were synthetic extensions or modified sites for 
restriction enzyme digestion. Restriction sites are indicated in bold letters.
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Table 5.2 Primers used for overexpression constructs o f SUVHl and SUVH3.

Name Prim er sequence (5’ to 3’) Site

added

Location

Primer pairs fo r  overexpression constructs

MABORF ccctcgagATGGAAAGAAATGGTGGTC Xhol SUVH l !+\

MABORR ggggtaccTCATCCAAATGAGCCACGG Kpnl SUVH H +20U

MACORF gctctagATGCAAGGAGTTCCTGGAT Xbal SUVH3!+\

MACORR ggggtaccTCATCCGAATGAACCACGA Kpnl SUVH3I+20\Q

Construct specific PCR Primers

35SF1 CTATCCTTCGCAAGACCCTTCCTC pRTL22/ -

35SF2 CCCCACCCACGAGGAGCATCGTG - pROK219/-

MABR CCCCTCAAGTTCCGCGTTGCC - SUVH1/+260

MACR GTTGGTTGTTGTGCTCCAAATGGG - SUVH3I+2Q?,

Sequencing primers

35SspFl CTATCCTTCGCAAGACCCTTCCTC pR 0K 2/ -

35SpAspR GGTTTCTTATATGCTCAACACATGAGC - pRTL22/ -

F and R designate forward and reverse orientation primers, respectively. + and -  represent 
nucleotide position upstream and downstream relative to the adenosine in the initiation 
codon. The sequences in lower case letters were synthetic extensions or m odified sites for 
restriction enzyme digestion. Restriction sites are indicated in bold letters.
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Table 5.3 Primers used for dsRNA constructs to knockdown the expression o f  
SUVHl and SUVH3.

Name Primer sequence (5’ to 3 ’) Site

added

Location

Primer pairs fo r  dsRNA constructs

MABUARl cctctagaCTTATCAGTGTAGTGACCACC Xbal SUVHU+2,3

MABUAFl cgggatccTCCCTGTTTGTTTCCCTCTC BamWl SUVH1/-342

MABUSF2 cgggtaccTCCCTGTTTGTTTCCCTCTC Kpnl SUVH1/-342

MABUSR2 ccgagctcTTATCAGTGTAGTGACCACC S a d SUVHll+32

GSF cgggatccAGAGTGTGATATCTACCCG BamHl GUS/+119

GSR ggggtaccACCGAAGTTCATGCCAGTCC Kpnl G U S /+ m 9

MACRARl gctctagaCTCAATTCCAGGAACCGTCCC Xbal SUVH3I+642

MACRAFl caggatccGTCCACCTTTTGTTGGTTGTCC BamHl SUVH3/+WS

MACRSF2 ggggtaccGTCCACCTTTTGTTGGTTGTCC Kpnl SUVH3/+WS

MACRSR2 acgagctcCAACCTCAATTCCAGGAACCG S a d SUVH3/+646

Construct specific PCR Primers

35SF2 CCCCACCCACGAGGACJCATCGTG - pROK219/-

GdsR TGCACACTGATACTCTTCACTCC - GUS/+1581

MACdsF CCCTCGAGCCACCTTTTGGTCCTTCCTC - SUVH3/+\5S

Primers fo r  probe synthesis

MACpro2F gttctagaGAGTTGGGACGGTTCCTGG Xbal SUVH3/+616

MACpro2R cggagctcTACCCATGACTCTGAGATCG S a d SUVH3/+I0n

F and R designate forward and reverse orientation primers, respectively. + and -  represent 
nucleotide position upstream and downstream relative to the adenosine in the initiation 
codon. The sequences in lower case letters were synthetic extensions or m odified sites for 
restriction enzym e digestion. Restriction sites are indicated in bold letters.
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Table 5,4 Primers used in T-DNA insertion lines screening and characterization.

Name Primer sequence (5’ to 3’) Location

Primer pairs fo r  T-DNA line S-3675

LBal TGGTTCACGTAGTGGGCCATCG pR0K 2/ LB

A vinRl GGGGTACCGCACCCCTCTGCCCATACA SUVHH+6Q1

RBrokR ACGGTTGGGGGTTCAGCAGC pR0K 2/ RB

A vinFl CCCTCGAGACCATTTCCTCCTGGGTTC SUVH1/+121

Primer pairs fo r  T-DNA line 401-Dl

LBl GCCTTTTCAGAAATGGATAAATAGCCTTGCTT

CC

pCSAllO/ LB

GarMAC2F GGCCCCAGCAGCTCCAGTGGAACTA SUVH3I+291

QRBl CAAACTAGGATAAATTATCGCGCGCGGTGTC p C SA llO /RB

G arM A C lR ATCCTCCTCCCCTCTTACGACTCTTACT SUVH3/+951

TOinRl CGGGTACCTCAATTCCAGGAACCGTC SUVH3/+644

MACNX GCTCTAGAATGCAAOGAGTTCCTGGATT SUVH3/-\

Sequencing primers

AvinRl GGGGTACCGCACCCCTCTGCCCATACA SUVHI/+601

LBbl GCGTGGACCGCTTGCTGCAACT pR0K 2/ LB

RBrok CGAGAGCCGACGACGACTGG pROK2/ RB

G arM AClF AGAGAAGAAGACTGTGGCCAATGAGCCT SUVH3/+36E

LB2 GCTTCCTATTATATCTTCCCAAATTACCAATAC
A

pCSAllO/ LB

QRB3

A

CGCCATGGCATATGCTAGCATGCATAATTC pCSAllO/ -RB

F and R designate forward and reverse primer orientation, respectively. + and -  represent 
upstream and downstream nucleotide position relative to the adenosine in the initiation 
codon. LB and RB are the right and lef borders of the corresponding binary vectors.
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5.2.4.1 Reporter construct

The reporter plasmid (5X -U A S gal4 -35S -G U S -N O S ) contains a G U S  reporter 

gene driven by the constitutive CaMV35S promoter to which five copies of the GAL4- 

binding site (U A S g a l4) were fused to its 5’ end.

Five tandem copies of the UASqam (SX-UASgau) were obtained from the 

binary vector pBIN-UAS-mGFP5ER kindly provided by Jim Haseloff. A cassette 

containing the 5X-UASgal4 plus the -90 ASl promoter was obtained by digesting the 

binary vector pBIN-UAS-mGFP5ER with Hindill and Sail restriction enzymes. This 

fragment was subcloned into the HindWl and SaR sites o f the pGUSl-NOS plasmid (see 

Chapter 6). The resulting vector, p90ASl-GUS contains the SX-UASqam plus the -90  

ASl promoter linked to the GUS gene and the NOS terminator.

To create the reporter construct the -90 ASl promoter was excised from the 

p90ASl-GUS vector using the Xbal and Smal restriction enzymes and replaced with an 

Xbal-Smal fragment containing the CaMV35S promoter. This fragment was obtained 

by PCR amplification from the pRT103 vector (Topfer et al., 1987) using the primers 

103F1 and 103R1. The resulting vector, pREPORTER, contains the 5X-UASgal4 

upstream of the CaMV35S promoter, which drives the expression of the GUS gene 

(Figure 5.1).

5.2.4.2 Effector constructs

Three effector constructs were made, two that contain a translational fusion 

between the GAL4 binding domain (GAL4BD) with SUVHl and SUVH3 and a third 

containing the GAL4BD alone (Figure 5.1). The genes in these constructs are under the 

control of the double CaMV35S promoter and polyadenylation signal. The GAL4BD 

gene was obtained from the binary vector pET-15 GAL4-VP16 UAS-mGFP5ER kindly 

provided to us by Jim Haseloff The codon usage of this GAL4BD has been extensively 

modified (http://www.plantsci.cam.ac.uk/Haseloff/gal4/mgal4.html) to optimize it for 

expression in plants.

5.2.4.2.a SUVHl effector construct
To create a translational fusion between GAL4BD and SUVHl, a GAL4BD

fragment was generated by PCR and cloned in frame with the SUVHl ORF engineered
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to create a reading frame between its ATG and the last codon of GAL4BD. The 

GAL4BD (451 bp) fragment was amplified from the plasmid pET-15 GAL4-VP16 

UAS-mGFP5ER using the primers GAL4XF and GAL4SR, whereas the ORF of 

SUVHl (2010 bp) was amplified from the cDNA AV530264 using the primers 

GMABFl and GMABRl. In a double ligation the GAL4BD and SUVHl fragments 

were cloned into the Xbal and Kpnl sites of the vector pRTL22, resulting in pGAL4- 

MAB. The construct was verified by restriction enzyme analysis and by sequencing 

using the primers GAL4spF, MABspR and 35SpAspR. The pGAL4-MAB vector 

contains the GAL4BD-SUVH1 translational fusion under the control of double 

CaMV35S promoter with the TEV leader and its corresponding polyadenylation signal.

5.2.4.2.b SUVH3 effector construct

The translational fusion between GAL4BD and SUVH3 was constructed as 

follows: the GAL4BD (451 bp) was amplified by PCR with the primers GAL4XF and 

GAL4KR1. Then the SUVH3 ORF was amplified from the cDNA using the primers 

MACG4F and MACG4R and in a double ligation the GAL4BD and SUVH3 fragments 

were cloned into the Xbal and S ad  sites of the vector pRTL22. The presence of the 

cloned PCR products was verified by restriction enzyme analysis and by sequencing 

with the primers GAL4spF, MACspR and 35SpAspR. The resulting vector pGAL4- 

MAC contains the GAL4-SUVH3 translational fusion under the control of the double 

CaMV35S promoter and the 35S polyadenylation signal.

5.2.4.2.C Effector control construct

The GAL4BD (451 bp) fragment was amplified using the primers GAL4XF and 

GAL4stop, the latter primer has an engineered stop codon after the last codon of 

GAL4BD. The resulting PCR product was digested with Xbal and ^acl and cloned into 

the Xbal and Sa d  site of the pRTL22 vector. The GALBD insert in the resulting vector, 

pGAL4BD, was verified by sequencing with the primers GAL4spF and 35SpAspR.
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5.2.4.3 Particle bombardment of tobacco leaves

For bombardment, plasmid DNA was isolated using the QIAGEN Plasmid Midi 

Kit according to the manufacturer’s instructions. To normalize the variability of 

bombardment efficiency, a second reporter gene, NAN, was co-bombarded as an 

intemal standard. The reporter plasmid was co-bombarded with each effector plasmid 

and with the empty vector pRTL22. Prior to bombardment the reporter plasmid, effector 

plasmid and the normalization plasmid (pNAN) were mixed at a 1:1:1 ratio (weight). 

Plasmid mixes were then delivered into tobacco leaves using the Biolistic PDS- 

1000/HE particle delivery system (Bio-Rad) as described in Chapter 6. GUS and NAN 

expression were determined by fluorometric assays 20h after bombardment. GUS 

activity was normalized with respect to NAN activity, and the noiTnalized values 

(GUS/NAN) were considered to represent the gene expression of the reporter.

5.2.4.4 Fluorometric GUS and NAN assay

Leaf tissue was lysed in 200 )al of extraction buffer (50 mM NaH2P0 4 , pH 7.0, 

10 mM EDTA, 0.1% Triton X-100, 0.1% sodium laurylsarcosine, 10 mM P- 

mercaptoethanol). Glass pestles that fit into microcentrifuge tubes (Kontes Glass) were 

used to grind the leaf tissue. Fluorogenic reactions were carried out using 10 jil of the 

leaf extract in 100 )il of extraction buffer containing 0.5 mM MUG (4- 

methylumbelliferyl-P-D-glucuronide) for GUS assays and 0.04 mM MUN (2’-[4- 

methylumbelliferyl]-a-D-N-acetylneuraminic acid) for NAN assays. Reactions were 

incubated at 37°C for three and two hours for GUS and NAN assays, respectively. Both 

reactions were stopped by adding 900 |iil of 0.2 M Na2CaC0 3 . Fluorescence was 

measured using a luminescence spectrometer Perkin Elmer LS-50B with excitation at 

365 nm, emission at 455 nm and slit widths of set at 5 nm.

5.2.5 Overexpression of SUVHl and SUVH3

5,2.5.1 Gene construct for overexpression of SUVHl

A 2025 bp fragment containing the SUVHl ORF was amplified from the cDNA 

.W530264 using the primers MABORF and MABORR. The PGR product obtained was 

digested with Xhol and Kpnl and cloned into the Xho\ and Kpn\ site of the pRTL22
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vector (see Chapter 6). The insert was verified by restriction analysis and by sequencing 

with the primers 35SF2 and 35SpAspR. The resulting vector, pRTL22/SUVHl-ORF, 

contains the ORF o f SUVH3 downstream o f the double CaMV35S promoter with the 

TEV leader.

A fragment containing the double CaMV35S promoter region and the ORF of 

SU VH l was obtained by digestion with H indlll and Kpnl o f pRTL22/SUVHl-ORF and 

subcloned into the H indlll and Kpnl sites o f the binary vector pTAKI (see Chapter 6). 

The resulting binary vector was called pSUVHl-ORF.

5.2.5.2 Gene construct for overexpression of SUVH3

A 2022 bp fragment including the ORF o f SUVH3 was amplified from the 

cDNA T04123 using the primers MACORF and MACORR. The PCR product was then 

digested with Xbal and Kpnl and cloned into the Xbal and Kpnl sites o f the pROK219 

vector (see Chapter 6). The insert was verified by restriction analysis and by sequencing 

with the primers 35SF2 and 35SpAspR. The resulting vector containing the ORF of 

SUVH3 and was called pROK219/SUVH3-ORF. A fragment containing the ORF o f 

SUVH3 was then obtained by Xbal and Kpnl digestion o f pROK219/SUVH3-ORF, and 

subcloned into the Xbal and Kpnl sites o f pTAKI (see Chapter 6). The resulting binary 

vector was called pSU V H 3-0RF and contains the ORF o f SUVH3 driven by the 

CaMV35S promoter and contains the polyadenylation signal o f the NOS gene after the 

stop codon.

5.2.5.3 Segregation analysis SUVHl-ORF and SUVH3-ORF transgenic plants

T2 seeds from lines with high and moderate expression levels o f the SU V H l- 

ORF or SUVH3-0RF constructs were screened for 3:1 segregation o f the transgene. 

Approximately 100-150 seeds o f each line were grown on MS20 plates supplemented 

with 50 mg/L o f kanamycin and screened for kanamycin resistance 10 days after 

germination. Lines showing 3:1 segregation o f the kanamycin resistant trait were 

selected and ten T2 seeds o f these lines were then grown under greenhouse conditions 

and allowed to self-pollinate. Seeds from each individual plant were then collected and 

approximately 100 seeds were analyzed in vitro as above to identify homozygous plants 

for kanamycin resistance.

128



5.2.5,4 Growth and developmental analysis

Twelve T3 seeds from a homozygous plant of SUVHl-ORF or SUVH3-0RF 

plants were grown together with seeds of wild-type Arabidopsis ecotype Columbia in 

individual 7 x 8 cm square pots. Pots were arrayed in a 3 x 4 grid in standard 

greenhouse flats. Each shelf provided space for four flats that were illuminated by 

fluorescent tubes. Prior their transfer to the greenhouse, seeds were sown in the soil and 

stratified for 3 days at 4°C to synchronize seed germination. Plants were then grown 

under greenhouse conditions at 22°C with a 16/24 hour photoperiod. The parameters 

measured were percentage of germination, number of leaves, maximum and minimum 

rosette radius, time of the first bolt visible, and time of the anthesis of the first flower. 

The measurements were started four days of transfer to the greenhouse and then made 

every two days until the first flower open was observed.

5.2.6 Knockdown oiSUVHl and SUVH3

In order to knockdown the expression of SUVHl and SUVH3, we exploited the 

ability of double-stranded RNA (dsRNA) constructs to induce the targeted degradation 

of transcripts homologues to the dsRNA. dsRNA constructs for each gene were 

generated by cloning two inverted repeats as described below.

5.2.6.1 Knockdown construct for SUVHl

To produce a dsRNA structure we clone an inverted repeat of a SUVHl specific 

fragment with a spacer between the two fragments to stabilize the construct (antisense- 

spacer-sense: A-G-S). The antisense repeat (381 bp) of SUVHl was amplified with the 

primers MABUARl and MABUAFl, which include the sites Xbal and BamWl. This 

fragment was cloned into the Xbal and BamWl sites of the pUC19 vector, resulting in 

pUC19-MAB/A. The sense repeat (380 bp) was amplified with the primers MABUSF2 

and MABUSR2 and the spacer (1010 bp) was amplified from the GUS gene of pGUSl 

using the primers GSF and GSR, which include a BamWl and Kpnl sites. Both PCR 

fragments were digested with suitable restriction enzymes and cloned simultaneously 

into the BamWl and Sa d  sites of pUC19-MAB/A. The resulting vector was called 

pUC19-MAB/A-G-S. The correct orientation of the fragments was confirmed by 

sequencing with M l3 primers. The A-G-S fragment (between vY&al and 5acl sites) from
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pUC19MAB/A-G-S and the 35S promoter o f pROK219 (between H indlll and Xbal 

sites) were then subcloned in a double ligation into the binary vector pBIB-HYG (see 

Chapter 6), resulting in pSUV H ldsRN A, which contains the dsRNA construct for 

SU VH l under the control o f the CaMV35S promoter and the NOS terminator (Figure 

5.8A).

5.2.6.2 Knockdown construct for SUVH3

To produce a dsRNA structure primers were designed to amplify and clone an 

inverted repeat o f a SUVH3-speciTic fragment with a spacer between the two fragments 

(A-G-S). The antisense repeat (530 bp) o f the SUVH3 ORF was amplified with the 

primers M ACRARl and M A CRA Fl, which introduced an Xbal and BamHl site into the 

fragment. The second sense repeat (534 bp) was PCR-amplified using the primers 

MACRSF2 and MACRSR2, which introduced a Kpnl and S a d  site into the PCR 

product. The spacer (1010 bp) was amplified from the GUS gene o f pG U Sl using the 

primers GSF and GSR, which include BamHl and Kpnl sites. Each PCR product was 

digested with suitable restriction enzymes, mixed together and simultaneously cloned 

into the Xbal and 5acl sites o f pUC19, resulting in pUC19-MAC/A-G-S. After 

confirmation o f the fragment orientations by sequencing with M 13 forward and reverse 

primers, an Xbal-Sacl DNA fragment, containing the A-G-S construct, from 

pUC19MAC/A-G-S was subcloned into the binary vector pR 0K 2, resulting in 

pSUVH3dsRNA, which contains the dsRNA construct for SUVH3 under the control of 

the CaMV35S promoter and the NOS terminator (Figure 5.8B).

5.2.6.3 Simultaneous knockdown of SUVHl and SUVH3

To produce a double knockdown o f SU VH l and SUVH3 a sequential 

transformation with the plasmids pSUV H ldsRN A  and pSUVH3dsRNA was performed. 

Two characterized Arabidopsis transgenic lines transformed with pSU V H ldsRN A  were 

selected as hosts for transformation with the second knockdown construct 

pSUVH3dsRNA. Individual pSUV HldsRN A plants were transformed with the vector 

pSUVH3dsRNA using the ‘Floral D ip’ method as described in Chapter 6. Transformed 

seeds obtained were selected in vitro in MS20 plates containing 25 mg/L kanamycin 

and 20 mg/L hygromycin. Kanamycin and hygromycin resistant seedlings were
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transferred to soil and PCR-screened for the present of both dsRNA constructs. 

Seedlings were allowed to growth normally and produce seeds. Total RNA was isolated 

from in vitro grown roots from T2 seedlings and used for northern analysis using the 

probes MABpl and MACpl as described in section 5.2.10.

5.2.7 T-DNA mutant analysis

5.2.7.1 Searches in T-DNA insertion databases

T-DNA insertions in SUVHl and SUVH3 were identified using the SIGnAL T- 

DNA Express database (http://signal.salk.edu/cgi-bin/tdnaexpress), the BLAST search 

in the SAIL insertion-flanking database at Torrey Mesa Research Institute 

(http://www.trnri.org) and the BLAST search at Arabidopsis TAIR 

(http://www.arabidopsis.org/Blast). The genomic region (including introns) between the 

first and last nucleotide in the cDNA of SUVHl and SUVH3 were used as queries for 

searches o f T-DNA insertion-flanking sequences.

Seeds from parental and T-DNA lines were obtained from the Torrey Mesa 

Research Institute and the ABRC (The Ohio State University, Columbus, OH, USA). 

Individual plants were grown from the segregating F2 or F3 seed population received. 

With the information obtained from the insertion-flanking sequence, primers were 

designed to amplify and sequence the junction between SUVHl or SUVH3 and the RB 

and LB T-DNA borders. Using these primers all lines were characterized to find plants 

homozygous and heterozygous plants for the T-DNA insertion.

5.2.7.2 PCR screening of T-DNA lines

DNA for PCR was isolated from leaves of 12 individuals for each T-DNA line, 

and a plant from the parental line as a control, as described in Chapter 6. Approximately 

30 ng of total DNA were used as a template in each PCR reaction using primer pairs 

specific for each T-DNA insertion. Plants of the T-DNA line S-3675 were analyzed 

using the primers LBal and AvinRl for amplification of the LB junction; AvinFl and 

RBrokR for amplification of the RB junction; and AvinRl and Lbal for amplification 

of the wild-type SUVHl allele. Plants of the T-DNA line 401-Dl were analyzed using 

the primers LBl and GarMAC2F for amplification of the LB junction; QRBl and
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GarMAClR for amplification of the RB junction; and TOinRl and MACNX for 

amplification of the wild-type SUVH3 allele. These primer pairs enable discrimination 

between plants that are homozygous and heterozygous for the T-DNA insertion.

5.2.7.3 Isolation oiSU V H l and SUVH3 double T-DNA insertion line

Isolation of SUVHl and SUVH3 double T-DNA insertion was done by cross

pollination of T-DNA lines using the line S-3675 as pollen donor and 401-Dl as 

acceptor. At least six plants of each homozygous T-DNA lines were grown normally in 

the greenhouse. Once plants started flowering the first bolts were clipped to encourage 

proliferation of many secondary bolts. Once several bolts with mature flowers were 

present flowers were emasculated. For the emasculation process young siliques, already 

open flowers and very young buds were cut away from the inflorescence leaving 3-4 

flower buds in the middle. By using a fine tips forceps and under the dissecting 

microscope all flower parts, except for the ovary, were removed from the buds left. All 

other unused inflorescences and non-emasculated flowers were cut away from the plant. 

Plants were then kept isolated in the greenhouse. Two days after emasculation, fully 

mature flowers of the pollen-donor line were cut and used to brush the emasculated 

flowers. This operation was done under the dissection microscope and was done a few 

times to make sure that there was plenty of pollen at the tip of the emasculated flowers. 

Pollinated flowers were allowed to develop until the siliques start yellowing. Seeds 

were collected and stored.

FI seeds produced by the emasculated flowers were germinated and the plants 

analyzed by PCR using primers for the T-DNA insertions. Plans carrying both T-DNA 

insertions were allow to growth normally and self-pollinate. F2 seeds obtained were 

collected and grown again. PCR screening was done to identify plants homozygous for 

both insertions using the same primers as in section 52.1.2.

5.2.7.4 Growth and developmental analysis

For the analysis of growth and development twelve seeds from each single and 

double T-DNA line together with seeds of wild-type Arabidopsis Col-0 were growth in 

individual 7 x 8 cm square pots. Growth conditions and parameters measured were the 

same as indicated in section 5.2.5.4.
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5.2.8 Arabidopsis transformation

Binary vectors for overexpression and knockdown constructs were 

electroporated into Agrobacterium tumefaciens strain AGLl (Lazo et al., 1991) using 

the standard procedure recommended by Life Technologies. Transformed bacteria were 

selected with suitable antibiotics and the presence of the vector in Agrobacterium was 

confirmed by binary vector isolation and restriction analysis. The resulting strains were 

used to transform Arabidopsis thaliana ecotype Columbia by the ‘Floral Dip’ method 

(Clough and Bent, 1998) as described in Chapter 6. Putative transgenic seedlings were 

selected in appropriated antibiotics and growth in the greenhouse to obtain seeds.

5.2.9 PCR screening of transgenic plants

DNA for PCR was isolated from putative transgenic plants and a wild-type plant 

as a control as described in Chapter 6. Approximately 30 ng of total DNA were used as 

a template in each PCR reaction using primer pairs specific for each construct. SUVHl- 

ORF transgenic plants were analyzed using the primers 35SF1 and MABR and SUVH3- 

ORF plants were analyzed using the primers 35SF2 and MACR. SUVHldsRNA 

transgenic plants were analyzed using the primers 35SF2 and MABdsR and 

SUVH3dsRNA plants were analyzed using the primers 35SF2 and MACdsR.

5.2.10 Northern analysis of transgenic plants

Total RNA was extracted from Arabidopsis plants as described in Chapter 6. 

SUVHl and SUVH3 single-strand specific probes were generated by PCR using the DIG 

probe synthesis kit (Roche Molecular Biochemicals). MABpl probe (corresponding to 

the nucleotide 1 to 378 of the SUVHl ORF) was generated by asymmetric PCR using 

the primer pairs MABprolF (0.01 jiM) and MABprolR (1 |iM), and the plasmid 

AV530264 as a template. The MACpl probe (Nucleotide 102 to 428 of the SUVH3 

ORF) was amplified from the plasmid T04123 using the primer pair MACprolF (0.01 

HM) and M ACprolR (1 fiM). MACp2 probe (Nucleotide 616 to 1017 of the SUVH3 

ORF) was generated using the primer pair MACpro2F (0.01 )o,M) and MACpro2R (1 

uM) and the plasmid T04123 as a template. Northern blot analysis was carried out as 

described in Chapter 6.
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5.3 Results

5.3.1 Repressor activity of SUVHl and SUVH3

To test whether SUVHl and SUVH3 are able to repress gene expression we used 

the silencing assay described in section 5.2.4. With this system the putative repressor 

activity o f  SUVHl and SUVH3 when they are artificially recruited to a promoter was 

investigated using the GAL4 binding domain/UAScAU system. A reporter plasmid was 

constructed in which the GUS reporter gene was driven by the CaMV35S promoter to 

which five copies o f the GAL4 binding site (UASgal4) were fused at its 5 ’ end (Figure

5.1 A). The reporter plasmid was designed so that repression by the effector plasmid- 

encoded fiision proteins, GAL4BD-SUVH1 and GAL4BD-SUVH3, could be quantified 

(Figure 5 .IB). SUVHl and SUVH3 were fiased to the GAL4BD, in order to target them 

to the U ASgal4 sites upstream of the CaMV35S promoter. The NAN plasmid, the 

reporter and each effector plasmid were co-introduced into tobacco leaf cells by particle 

bombardment. In two independent experiments a total o f ten tobacco leaves were 

bombarded for each reporter-effector mix.

Analysis o f transient GUS expression indicated that the effector plasmids repressed 

the expression o f the reporter gene (Figure 5.2). Compared to the reporter alone or to 

the control effector plasmid, a significant reduction in GUS expression (1.9-fold) was 

found when the reporter was co-bombarded with the plasmid encoding the GAL4BD- 

SUVHl fusion protein (Tukey’s HSD test, P  < 0.0001 and P < 0.0001, respectively). A 

similar result (1.9-fold reduction) was obtained when the plasmid encoding the 

GAL4BD-SUVH3 fusion protein was co-bombarded with the reporter (Tukey’s HSD 

test, P < 0.0001 and P  < 0.0001, for the comparison with the reporter alone and control 

effector plasmid, respectively). Additionally no significant differences were found 

between the repressor activity o f SUVHl and SUVH3 (Tukey’s HSD test, P  = 0.938). 

These results suggest that the SUV H 1 and SUVH3 proteins can mediate transcriptional 

repression o f a targeted reporter in vivo.
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Figure 5.1 Schematic representation o f constructs for silencing assay. Restriction sites used for 
cloning and for verification are shown in all constructs. (A) Reporter construct. A red arrow 
represents the coding sequence o f the GUS reporter. A blue arrow and a yellow bar represent 
the CaMV35S promoter and the NOS terminator, respectively. Five green bars indicate the five 
copies o f the GAL4 upstream activating sequence located upstream to the CaM V35S promoter. 
(B) Effector constructs. Red, brown and green bars represent GAL4BD, SUVHJ, SUVH3  and 
ORFs, respectively. A blue arrow and a yellow bar indicate double CaM V35S prom oter and the 
CaMV35S polyadenylation signal, respectively. TEV is the translational eiJiancer o f  the 
Tobacco etch virus.
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Figure 5.2 Repression o f the 5X-UASoal4-35S-GUS reporter by SU V H l and SUVH3. The 
reporter and pNAN plasmids were co-bombarded with each effector construct or the empty 
plasmid pRTL22. Twenty hours after bombardment, the leaves were assayed for GUS and NAN 
activities. GUS activity was normalised with respect to NAN activity for each bombardment 
experiment. The average o f the normalized GUS activity o f the reporter-pRTL22 combination 
was then arbitrarily set to 100% and the values o f  the reporter-effector transformed relative to 
the reporter. The bars represent the average o f  relative GUS activity values o f  two independent 
bombardment experiments in which a total o f  10 leaves were bombarded for each combination 
o f  reporter and effector plasmid. Error bars indicate the standard deviations for the relative GUS 
activity o f  the 10 leaves bombarded.



5.3.2 Overexpression analysis

Transgenic Arabidopsis plants were established to investigate the effect of 

overexpressing the genes under study. In the SUVHl overexpression construct, the ORF 

was placed under the control of the double CaMV35S promoter and the TEV 

translational enhancer (SUVHl-ORF) (Figure 5.3A). hi the corresponding construct for 

overexpressing SUVH3 (Figure 5.3B) the SUVH3 ORF was driven by the CaMV35S 

promoter. Both constructs were introduced into Arabidopsis by Agrobacterium- 

mediated transformation.

5.3.2.1 Overexpression of SUVHl

After Agrobacterium-mQd\diiQd transformation with the binary vector pSUVHl- 

ORF several putative transformed plants were obtained by selection on kanamycin. 

Approximately 20 kanamycin resistant plants were transferred to soil, grown under 

greenhouse conditions and screened by PCR using the primers 35SF1 and MABR. This 

analysis identified 11 transformants containing the SUVHl-ORF construct (Figure 

5.4A). A northern blot analysis of total RNA isolated from the leaves of these plants, 

hybridized with the MABlp probe (specific for SUVHl ORF) detected a transcript of 

the correct size in all transgenic lines, except for one, which showed a band representing 

a shorter transcript (Figure 5.4B). No SUVHl-ORF transcript was detected in the 

untransformed control. All transgenic plants showed different levels of the transcript 

indicating independent transformation events. The endogenous SUVHl transcript could 

also be detected, but the signal was very faint and only noticeable when the filter was 

overexposed. Primary transgenic plants (T1 generation) were allowed to grow normally 

and seeds collected for further analysis.

T2 seeds from lines with high (lines 4, 8) and moderate levels (lines 3, 11) of 

SUVHl ORF transcripts were screened for segregation of the kanamycin resistance trait. 

Approximately 100-150 seeds o f each line were grown on MS20 plates supplemented 

with 50 mg/L kanamycin and screened for resistance 10 days after germination. Lines 4, 

8 and 3 were shown to have a ratio of kanamycin resistant to sensitive seedlings 

corresponding to a 3:1 segregation (Table 5.5). Although, the segregation ratio may not 

mean that the line contains a single insertion of the transgene, it allows the selection of 

homozygous lines with homogenous expression levels. Ten T2 seeds o f lines 4, 8 and 3, 

were then germinated and grown under greenhouse conditions. No obvious phenotype
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Figure 5.3 Schematic representation o f overexpression constructs. To overexpress SU VH l and 
SUVH3, their ORFs were put under the control o f the double CaM V35S and CaMV35S 
promoters, respectively. A) T-DNA o f the binary vector pSU V H l-O RF. B) T-DNA o f the 
binary vector pSU V H 3-0RF. Restriction sites used for cloning and for verification are shown. 
A red and a green bar represent SU VH l and SUVH3 orf, respectively. A blue arrow and a 
yellow bar represent promoter regions and the NOS terminator. Kanamycin selectable marker 
cassette (nptll) is represented in pink. Right (RB) and left borders (LB) o f  the T-DNA are 
represented by brown arrows. TEV, the translational enhancer o f the tobacco etch virus, is 
indicated with an orange bar.



Figure 5.4 Characterization of SUVHl-ORF Arabidopsis transgenic plants. (A) PCR of 
putative SUVHl-ORF transgenic plants. DNA extracted from leaves o f putatively transformed 
plants was amplified using the primers 35SF1 and MABR, specific for the construct SUVHl- 
ORF. The amplification product is approximately 560 bp. M: 1 kb ladder marker. C: 
Arabidopsis non-transgenic control; 1-12: SUVHl-ORF putative transgenic plants. (B) 
Northern blot of SUVHl-ORF transgenic plants. Total RNA (10 )ig) was extracted from leaves 
of primary transgenic plants, separated on a formaldehyde/agarose gel, blotted and hybridized 
with a probe specific for SUVHl (MABpl). RNA in the agarose gel was stained with ethidium 
bromide and photographed before blotting to show that equal amounts of RNA were loaded in 
each lane. C: Arabidopsis non-transgenic control; 1, 2, 3, 4, 5, 6, 7, 8, 10, 11 and 12: transgenic 
plants expressing SUVHl-ORF. The numbers in the northern blot analysis correspond to those 
in (A).



was observed in any of the plants grown from these lines. Seeds were collected from 

each individual plant and a sample analyzed for kanamycin resistance. Individual plants 

producing 100% kanamycin resistant seedlings were considered to be homozygous.

Table 5.5 Chi-squared test for 3:1 segregation of kanamycin resistant to 
sensitive seedlings in SUVHl and SUVH3 overexpression lines

Line total P
SUVHl-ORF

4 142 49 191 0.044 0.835
8 98 34 132 0.040 0.841
3 92 40 132 1.980 0.159
11 126 6 132 29.455 <0.001

SUVH3-0RF
1 115 44 159 0.606 0.436
6 124 7 131 26.995 <0.001
5 120 42 162 0.074 0.785
10 78 39 117 4.333 0.037
11 151 51 202 0.007 0.935

The number of T2 seedlings resistant (Km' )̂ and sensible to kanamycin (Km^) from 
each transgenic line is shown. The Calculated chi-squared value and its associated 
P-value (P) calculated for a 3:1 segregation are also indicated.

Twelve T3 seeds from a homozygous plant from line 8 were grown together 

with seeds of wild-type Arabidopsis Columbia and analyzed for growth parameters such 

as; germination, number of leaves, flowering time, and rosette radius. As observed 

before, there were no obvious differences between the wild-type and the overexpression 

plants (Figure 5.6A). The analysis of growth parameters over time indicated that 

overexpression of SUVHl did not affect rosette growth (Figure 5.7). The flowering 

:ime, measured as the time at which floral meristems first become visible was also 

unaffected in the SUVHl-ORF 8 line; no significant differences were found between 

SUVHl-ORF 8 and the wild-type (/ = 0.394, P  = 0.349; Table 5.6). Similarly, no 

difference was observed in the timing of the start of anthesis (/ = 0.226, P  = 0.412; 

Table 5.6).
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Table 5.6 Flowering time between overexpression lines and wild-type 
Am bidopsis plants

Line Flowering time 

(days)

Timing of the start 

of anthesis (days)

Number of 

leaves

Wild-type 15.417±0.515 22.750 ± 0 .866 11.00 ±0.603

SU V H 1-0R F8 15.500 ±0.522 22.833 ± 0 .937 11.25 ±0 .452

P  = 0.349 P  = 0.412 P  = 0.132

SUVH3-0RF 1 15.250 ±0.452 22.167 ±0.835 11.25 ±0.754

P =  0.204 P  = 0.054 P  = 0.190

Flowering time is measured as the time at which floral meristems first become visible 
and the timing of the start of anthesis when the first flower open is observed. Number 
of leaves is the number of rosette leaves counted when the first flower bud is 
observed. The average ± standard deviation obtained from the measurements of 12 
individual plants is shown in each column. P is the p-value for the comparison of the 
corresponding line with the wild-type using a standard Mest.

5.3.2.2 Overexpression of SU VH 3

Several plants putatively transformed with pSUV H 3-0RF (the SUVH3 ORF) 

were obtained by kanamycin selection. Approximately, 20 kanamycin resistant plants 

were transferred to soil and PCR analyses performed with the specific primers, 35SF2 

and MACR. Twelve plants were shown to contain the SU V H 3-0RF construct (Figure 

5.5A). Total RNA isolated from leaves o f 7 o f the 12 plants resistant to kanamycin and 

PCR-positive for the SUVH3-0RF construct, were subjected to northern analysis using 

the probe M ACpl (specific for the SUVH3 ORF). The M A Cpl probe detected a 

transcript o f the correct size corresponding to the SU V H 3-0RF construct in all 

transgenic plants, but not in an untransformed control (Figure 5.5B). As can be expected 

for independent transformation events, different transgenic plants showed very different 

amounts o f the SUV H 3-0RF transcripts. The transcript corresponding to the 

endogenous SUVH3 could not be observed in the different samples because of its low 

expression level in leaves. Primary transgenic plants (T1 generation) were allowed to 

grow normally and seeds collected for further analysis.
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Figure 5.5 Characterization o f  SUVH3-ORF A rabidopsis  transgenic plants. (A ) PCR o f  
putative SUVH3-ORF transgenic plants. DNA extracted from leaves o f  putatively transformed 
plants was amplified using the primers 35SF2 and M ACR, specific for the construct SUVH 3- 
ORF. The amplification product is approximately 390 bp. M: 1 kb ladder marker. C: 
A rabidopsis  non-transgenic control; 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12: SUVH3-ORF putative 
transgenic lines; H2O: control o f  PCR reaction done without D N A . (B) Northern blot o f  
SUVH3-ORF transgenic plants. Total RNA (10 ng) was extracted from leaves o f  primary 
transgenic plants, separated on a formaldehyde/Agarose gel, blotted and hybridized with a probe 
specific for SUVH3  (M A C Pl). RNA in the agarose gel was stained ethidium bromide and 
photographed before blotting to show  that equal amounts o f  RNA  were loaded in each lane. C: 
A rabidopsis  non-transgenic control; 1, 4, 5, 6, 9, 10 and 11: transgenic lines expressing 
SUVH3-ORF. The lines in the northern analysis correspond to those in (A).
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Figure 5.6 Photographs of 24 days old Arabidopsis transgenic plants overexpressing SUVHl 
and SUVH3. Plants were growth under greenhouse conditions at 22°C with a 16-hour 
photoperiod. (A) Arabidopsis SUVHl-ORF line 8, overexpressing SUVHl (left), compared to 
wild-type (right). (B) Arabidopsis SUVH3-ORF line 5, overexpressing SUVH3 (left) compared 
to wild-type Arabidopsis (right).



SUVH1-ORF8 * SUVH3-ORF1 VSHId-type
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Figure 5.7 Growth progression for SUVHl-ORF and SUVH3-0RF transgenic lines compared 
to the wild-type Arabidopsis. Seeds from transgenic lines and Arabidopsis wild-type were sown 
and stratified for 3-days at 4°C to synchronize seed germination. Plants were then transferred to 
greenhouse conditions (22°C with a 16-hour photoperiod). (A) Number of rosette leaves 
produced over time. (B) Maximum rosette radius over time (C) Minimum rosette radius over 
time. Data are given as average for 12 individuals plants. Days are given relative to day of 
sowing, including a 3-days stratification at 4°C.



T2 seeds from lines with high (lines 1, 6) and moderate expression levels (lines 

5, 10, 11) o f the SUVH3 ORF were screened for segregation o f  the transgene as 

described above. Lines 1, 5 and 11 were shown to have a ratio o f kanamycin resistant to 

sensitive seedlings corresponding to a 3:1 segregation (Table 5.5). Ten T2 seeds o f lines 

1, 5 and 11, were then germinated and grown under greenhouse conditions. No obvious 

phenotype was observed in any o f the plants grown from these lines. Seeds were 

collected from each individual plant and a sample analyzed to identify homozygous 

plants.

Twelve T3 seeds from a homozygous plant from line 1 were grown together 

with seeds o f  wild-type Arabidopsis Columbia and analyzed for growth parameters such 

as: germination, number o f leaves, flowering time, and rosette radius. As observed 

before, there were no obvious differences between wild-type and transgenic plants 

overexpressing SUVH3 (Figure 5.6B). The analysis o f growth parameters over time 

indicated that, similar to SU VH l, overexpression o f SUVH3 did not affect rosette 

growth (Figure 5.7). The flowering time was also unaffected in the overexpression line: 

no significant differences were found in the flowering time between SUV H 3-0RF 1 and 

the wild-type (t = 0.842, P  = 0.204; Table 5.6) or in the timing o f the start o f anthesis (t 

= 1.680, P = 0.054; Table 5.6). Taken together these results indicate that neither 

overexpression o f SU VH l nor SUVH3 affect growth or development in Arabidopsis.

5.3.3 Knockdown of SUVHl and SUVH3 expression

5.3.3.1 Knockdown of SUVHl expression using a dsRNA strategy

To knockdown the expression o f SU V H l, the construct SUVHldsRNA 

containing an inverted repeat fragment o f the coding sequence (Figure 5.8A) was used 

to transform Arabidopsis plants. Several putative transgenic plants were obtained by in 

vitro selection on hygromycin. Approximately 20 resistant plants were transferred to 

individual pots and grown in the greenhouse. PCR analysis o f DNA isolated from 

leaves o f 12 o f these plants showed all o f them contained the construct (Figure 5.9A). 

Plants were then growth normally and seeds were collected.

T2 seeds from 7 transgenic lines were germinated on MS20 plates supplemented 

with 25 mg/L hygromycin and RNA was isolated from 10 day old seedlings. Northern 

blct analysis using the probe M ABpl detected a single transcript corresponding to
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Figure 5.8 Schematic representation o f  knockdown constructs. To produce a dsRNA, a 
fragment o f  SU VH I or SUVH3 was cloned as an inverted repeat and placed under the control 
the CaMV35S promoter. A) T-DNA o f the binary vector SUVHldsRNA. Red arrows represent 
SUVHI fragment. B) T-DNA o f the binary vector SUVH3dsRNA. Green arrows represent 
SUVH3 fragment. Restriction sites used for cloning and for verification are shown. The mRNA 
(dsRNA) produced by each dsRNA construct is shown by a double-headed arrow. A blue arrow 
and a yellow bar represent the CaMV35S promoter and the 3 ’ NOS terminator. Hygromycin B 
(hpt) and Kanamycin (nptll) selectable marker cassettes are represented in sky-blue and pink, 
respectively. Right (RB) and left borders (LB) o f the T-DNA are represented by brown arrows.
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Figure 5.9 Analysis o f  knockdown SU V H l plants. (A ) PCR o f  putative SU V H lsdR N A  plants. 
D N A  extracted from leaves o f  Hygromycin resistant plants growing in the greenhouse was 
amplified using primers specific for the construct S U V H ldsR N A . The am plification product is 
-1 3 6 0  bp. M: 1 kb ladder marker; C: A rabidopsis  non-transgenic control; 1-12: SU V H ldsR N A  
putative transgenic plants; H2O: Control o f  PCR reaction done without D N A . (B) Northern blot 
o f  S U V H ldsR N A  transgenic plants. Total RNA (15 ^g) was extracted from T2 transgenic 
seedlings, separated on a formaldehyde/agarose gel, blotted and hybridized with a probe specific 
for SU V H l (M A B p l). RNA in the agarose gel was stained with ethidium bromide and 
photographed before blotting to show that equal amounts o f  R NA were loaded in each lane. C: 
A rabidopsis  non-transgenic control; 2, 3, 4, 5, 6, 7 and 10: S U V H ldsR N A  transgenic plants. 
(C) Relative amounts o f  SU V H l transcripts present in each S U V H ldsR N A  lines. Intensity o f  
the bands relative to the control was measured from the northern using the program Gel works. 
Line numbers in B and C correspond to those in (A).



SU VH l. As was expected for independently transformed lines, different levels of 

reduction o f SU VH l transcripts was obsers^ed compared w'ith the non-transformed 

control (Figure 5.9B). A densitometric analysis o f the relative amount o f transcript 

indicated a maximal 75% reduction o f SU VH l transcripts was achieved with the 

SUVHldsRNA construct (Figure 5.9C). Two o f the transgenic lines contained a 

transcript level similar to the control (lines 2 and 4) indicating that not all transformed 

plants were efficiently silenced with this construct. Transgenic plants with low levels o f 

the SU VH l transcript did not show any phenotype during growth in vitro or in the 

greenhouse.

S.3.3.2 Knockdown of SUVH3 expression by dsRNA strategy

To silence SUVH3 using a dsRNA strategy, a fragment o f the SUVH3 coding 

sequence was placed as an inverted repeat under the control o f the CaMV35S promoter. 

The construct SUVHBdsRNA contains a GUS spacer between the inverted fragments to 

stabilize the construct (Figure 5.8B). Approximately 20 putative transgenic plants were 

selected on kanamycin, transferred to individual pots and grown in the greenhouse. A 

PCR analysis performed on DNA isolated from leaves o f 12 o f these plants showed all 

o f them contained the construct (Figure 5. lOA).

T2 Seeds from 7 transgenic lines were germinated on MS20 containing 

kanamycin and resistant seedlings were transferred onto root growth medium. Roots o f 

untransformed plants were also grown as a control. A northern blot analysis o f total root 

RNA, using the probe MACp2 (see section 5.2.10), detected a single band 

corresponding to the SUVH3 transcript (Figure 5.10B). Densitometric analysis o f the 

relative amount o f transcript (relative to the control) indicated a maximal 85% reduction 

o f the SUVH3 transcript (Figure 5. IOC) indicating some degree o f silencing in each o f 

the 7 lines analyzed. Total RNA from SUVHSdsRNA plants was also analyzed with the 

M ACpl probe. This probe detects the full-length SUVH3 transcript as well as the 

dsRNA transcript. As expected, hybridization with M A Cpl produced a single band in 

the non-transgenic control corresponding to the SUVH3 transcript. However, in the 

transgenic lines a band and a smear, which likely corresponds to the SUVH3 and the 

dsRNA transcripts, was detected in each transgenic line (Figure 5.11 A). Transgenic 

plants with low levels o f the SUVH3 transcript did not show any phenotype during 

growth in vitro or in the greenhouse.
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Figure 5.10 A nalysis o f  knockdown SUVH3 plants. (A ) PCR o f  putative SUV H 3sdR N A  plants. 
DNA extracted from leaves o f  kanamycin resistant plants growing in the greenhouse was 
amplified using specific primers for the construct SUVH SdsRNA. The am plification product is 
approximately 685 bp. M: 1 kb ladder marker; C: A rabidopsis  non-transgenic control; 1-12: 
SUVH 3dsRNA putative transgenic plants; H2O: control o f  PCR reaction done without D N A. (B) 
Northern blot o f  SUVH 3dsRNA transgenic plants. Total RNA (15 ng) was extracted from roots 
o f  T2 transgenic seedlings, separated on a formaldehyde/agarose gel, blotted and hybridized 
with a probe specific for SUVH3 (M ACp2). RNA in the agarose gel was stained with ethidium  
bromide and photographed before blotting to show that equal amounts o f  R N A  were loaded in 
each lane. C: A rabidopsis  non-transgenic control; 1, 2, 3, 4, 5, 6 and 7; SUVH3dsRNA  
transgenic plants. (C) Relative amounts o f  SUVH3  transcripts present in each SUVH 3dsRNA  
lines. Intensity o f  the bands relative to the control was measured from the northern blot using 
the program Gel works. Line numbers in (B) and (C) correspond to those in (A ).
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Figure 5.11 Northern blot analysis of SUVH3sdRNA plants. Total RNA (15 ^g) was extracted 
from roots of T2 transgenic seedlings, separated on a formaldehyde/agarose gel, blotted and 
hybridized with different probes. In each case RNA in the agarose gel was stained with 
ethidium bromide and photographed before blotting to show that equal amounts of RNA were 
loaded in each lane. (A) Northern blot analysis of dsRNA transcripts in SUVHSsdRNA plants. 
The filter was hybridised with a probe with homology to the dsRNA construct (MACIp), which 
hybridises to the endogenous SUVH3 transcript and the dsRNA transcript produced by the 
SUVH3dsRNA construct. C: Arabidopsis non-transgenic control; 1-6: SUVH3dsRNA 
transgenic plants. (B) Northern blot analysis of SUVHl transcripts in SUVHSsdRNA plants. 
The filter was hybridized with probe MABpl that detects SUVHl transcripts. C: Arabidopsis 
non-transgenic control; 1-7: SUVHSdsRNA transgenic plants.



When designing the SUVHl and SUVH3 dsRNA constructs, we chose regions 

specific to each gene in order to ensure gene-specific silencing. However, because 

SUVHl and SUVH3 mRNA share overall homology through their entire ORFs we 

decided to investigate SUVHl transcript levels in the SUVH3 knockdown plants. A 

northern analysis of SUVH3dsRNA plants using the MABpl probe detected a single 

band in the non-transgenic control and in each transgenic line. More importantly, the 

level of SUVHl transcript in each line was the same as in the non-transgenic control 

(Figure 5.1 IB). Knockdown of SUVH3 with the SUVHSdsRNA construct seems 

therefore to be specific for SUVH3 and probably does not affect the levels o f other 

transcripts.

5.33.3 Double knockdown oi SUVHl and SUVH3

SUVHl and SUVH3 are closely related genes, probably the product of a gene 

duplication event. Because of their sequence similarity protein, and their similar 

expression patterns, it is possible that both genes might have a partially redundant 

function. Thus, we decide to engineer plants with reduced levels of both the SUVHl and 

SUVH3 transcripts. Double knockdown plants were obtained by sequential 

transformation of SUVHl dsRNA plants with the SUVH3dsRNA construct. 

SUVHldsRNA lines 3 and 6 were selected as parental plants because they had the 

largest reduction in the SUVHl transcript (68.0 and 67.1%, respectively) and they 

showed a 3:1 segregation ratio of kanamycin resistance:sensitivity (139:42, 3:1, =

0.311, P = 0.577; 138:57, 3:1, = 1.862, P  = 0.172, respectively). SUVHldsRNA

plants were transformed with the SUVH3dsRNA construct and transgenic seedlings 

were selected on MS20 plates containing kanamycin and hygromycin. Twenty putative 

transgenic plants were transferred to individual pots and grown in the greenhouse. 

Plants containing both insertions were identified by sequential PCR: first with primers 

specific for the SUVHldsRNA construct and then with primers specific for the 

SUVH3dsRNA construct. The PCR analysis performed on DNA isolated from leaves of 

12 of these plants showed that nine of them contained both constructs (Figure 5.12A).

T2 Seeds from 7 transgenic lines 3, 4 and 6 (corresponding to SUVHldsRNA 

parental line 3) and 7, 8, 9 and 10 (corresponding to SUVHldsRNA parental line 6) 

were germinated on MS20, supplemented with kanamycin and hygromycin, and 

resistant seedlings were transferred into root growth medium. Roots of untransformed
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F igure 5.12 Analysis o f  double knockdown plants. (A) PCR screening for double knockdown 
plants. DNA extracted from leaves o f  Kanamycin and Hygromycin resistant plants growing in 
the greenhouse was amplified using specific primers for each construct. The upper gel shows 
the PCR specific for the SUV H ldsRN A  construct. The lower gel shows the PCR specific for 
the SUVH3dsRNA construct. The amplification products are 1366 bp and 685 bp for the 
SU V H ldsRN A  and SUVHSdsDNA construct, respectively. M: 1 kb ladder marker; C: 
SUVHSdsRNA transgenic plant; 1-6: putative double knockdown plants from parental line 3; 7- 
12: putative double knockdown plants from parental line 6. (B) Northern blot o f  double 
knockdown plants. Total RNA (15 ng) was extracted from roots o f  T2 transgenic seedlings, 
separated on a formaldehyde/agarose gel, blotted and hybridized with the probe M A B pl, 
specific for SU VH I (upper gel) or with the probe M ACp2, probe specific for SUVH3  (lower 
gel). RNA in the corresponding agarose gels were stained with ethidium bromide and 
photographed before blotting to show that equal amounts o f  RNA were loaded in each lane. C: 
Arabidopsis non-transgenic control; 1, 2, 3, 4, 5, 6 and 7: double knockdown plants. (C) 
Relative amounts o f  SU VH I and SUVH3 transcripts present in each double knockdown line. 
Intensity o f  the bands relative to the control was measured from the northern blots using the 
program Gel works. Numbers o f  the transgenic lines in (B) and (C) correspond to those in (A).



plants were also grown as a control. A northern blot analysis o f  total root RN A using 

the probe M A B pl detected a single transcript corresponding to SU V H I.  The same 

SU V H I  transcript level, low er than in the non-transgenic control (~40-50%  reduction), 

was observed in each o f  the transgenic lines analyzed (Figure 5.12B-C). As expected, 

all transgenic plants show ed a sim ilar reduction in the levels o f  S U V H I  m RNA 

com pared to the untransform ed control. A northern blot analysis w ith the M A Cp2 probe 

detected a single band corresponding to the SUVH3  transcript. The level o f  SUVH3  

transcript differed in each transgenic line (as expected for independent transform ation 

events) but was low er than in the non-transgenic control (Figure 5.12B-C).

5.3.4 T-DNA insertions in SUVHI and SUVH3

5.3.4.1 Isolation of a T-DNA insertion in SUVHI: S-3675

Searches in the T-DN A express database (http://signal.salk.edu/cgi- 

bin/tdnaexpress) identified one T-DN A insertion, SALK 003675 (G eneBank accession 

num ber: BH 171017), in the ORP o f  SU V H I.  Seeds o f  this line at the T3 or T4 

generation w ere obtained from ABRC (The Ohio State U niversity, Colum bus, OH, 

USA). The SALK 003675 line, here called S-3675, was generated using the p R 0K 2  

binary vector w hich contains the plant selectable m arker n p t l l  and generates a T-DNA 

insertion o f  ~5.2 kb in length (Alonso et al., 2003). T-D N A  lines w ere generated in 

Arabidopsis  ecotype C olum bia (Col-0, stock no. CS60000). Seeds for this parental line 

were also obtained from  the ABRC (The Ohio State U niversity, Colum bus, OH, USA).

W ith flanking sequence inform ation available, the T-D N A  insertion was located 

at +385 bp relative to the adenosine in the initiation codon o f  SU V H I  w ith the T-DNA 

orientated: right (RB) to left border (LB) relative to 5 ’-3 ’ orientation o f  the SU V H I  

ORF (Figure 5.13). W ith this inform ation prim ers w ere designed to am plify the junction 

betw een SU V H I  and the borders o f  the T-DNA. PCR am plification w ith the prim ers for 

the VB-SU V H I  junction , L B A l and A v in R l, resulted in a band o f  the expected size (~ 

670 bp). How ever, the am plification o f  the K B -SU V H I  junction  did not produce any 

am plification. Sequence analysis o f  the LB junction  PC R  product confirm ed the 

flanking sequence from  the SALK database and the site o f  the T-D N A  insertion. The 

S U V H I  allele containing the p R 0 K 2  T-D N A  insertion was called s u v h l- I .

141



A) T-DNA of pR0K2 (5200 bp)

RB LB

►o -------------------- 35S promoter >

npt II gene cassete 3’NOS

At5g04950

Fs.
r>

E1 E2
5’ flanking 
region SUVH1 ORF

SUVH1 gene (4474 bp)

B)

310

370

R S F R S P D V S N G N A E L E G S T V  
g g t c a t t t a g a t c t c c t g a t g t g t c t a a t g g c a a c g c g g a a c t t g a g g g g t c a a c t g t g a  
K R R I P K R P I
a a a g a a g g a t c c c t a  : : a a a a g c g t c c c a t t t
S R P E N M N F E S G I N V A D R E N G  
c t c g g c c t g a g a a t a t g a a t t t c g a g a g t g g g a t t a a t g t g g c t g a t a g a g a g a a t g g c a

FDXXRRR m o t i f
N R E L V L S V L M R F D A L R R R F A  
a t a g g g a g t t g g t g t t g a g t g t t c t t a t g c g g t t t g a t g c g t t a a g a a g a a g g t t t g c a c  
Q L E D A K E A V S G I  I K R P D L K S  
a a c t t g a g g a t g c t a a g g a a g c a g t t a g t g g g a t t a t c a a a c g c c c t g a t t t g a a a t c a g

SRA domain
G S T C M G R G V R T N T K K R P G I  
G a t c t a c t t g t a t g g g c a g a g g g g t g c g g a c a a a c a c c a a a a a a a g a c c t g g t a t t g . . .

Figure 5.13 Schematic diagram of SUVHl indicating the site of insertion of the pROK2 T-DNA 
in the S-3675 mutant Hne. (A) Schematic diagram of the SUVHl gene indicating the site of 
insertion of the pR0K2 T-DNA in the C ll  mutant line. The pR0K2 T-DNA insertion was 
mapped to 385 bp downstream of the ATG codon of SUVHl. Blue boxes in SUVHl represent 
exons and a blue bend arrow indicates the transcription starte site. A green arrow indicates the 
position of the ORF, RB and LB are the right and left borders of the T-DNA, respectively. 
Elements of the pROK T-DNA such as the nptll gene, the CaMV35S promoter (35S) and the 
NOS terminator (3’NOS) are also indicated in the t-DNA. (B) (B) Nucleotide sequence flanking 
the T-DNA left (LB) and right (RB) borders in the disrupted SUVHl gene. The pR0K2 T-DNA 
is indicated as a red box where LB and RB are the right and left borders of the T-DNA. The 
FDXXRRR motif and the partial sequence of the SRA domain are indicated in green and blue, 
respectively.



Having confirmed the presence o f the T-DNA insertion in the SU VH l gene we 

proceeded to identify homozygous plants. Two PCR reactions were done on samples 

from individual plants, one PCR with the primers pair, LBAl and A vinR l, specific for 

the suvhl-1  allele and the second one with the primers, A vinFl and A vinR l, specific 

for the wild-type allele SU VH l. From 12 individual plants screened, only 3 had the T- 

DNA insert and o f these two were shown to be heterozygous (lines 5, 10) and one 

homozygous (line 11) for the suvhl-1  allele (Figure 5.14A).

Seeds from the parental line Col-0, the suvhl-1  homozygous plant (line 12) and 

from one o f the heterozygotes (line 5) were germinated on MS20 plates. Northern blot 

analysis o f RNA isolated from 10 day old seedlings using the M A B lp probe, specific 

for SU VHl, detected a transcript in samples from the control Col-0 and the 

heterozygous plant. However, no hybridization signal was observed in the lane 

corresponding to the suvhl-1  homozygous line (Figure 5.14B). This indicates that 

suvhl-1  is a null allele o f SU V H l.

S.3.4.2 Isolation of a T-DNA insertion in SUVH3: 401-Dl

Blast searches in the SAIL insertion-flanking database at the Torrey Mesa 

Research Institute (San Diego, CA, USA) identified one T-DNA insertion, 

Garlic_401_D01, in the ORF ofSU VH S. The Garlic_401_D01 line, called here 401-D l, 

was generated using the pCSAl 10 binary vector. The T-DNA in pCSA l 10 is 7541 kb in 

length and contains from left to right border a BASTA resistance cassette, pBluescript 

SKII" ,̂ and a Lat52 promoter-^-glucuronidase fusion (Sessions et al., 2002). T-DNA 

lines were generated in Arabidopsis ecotype Col-3 homozygous for the mutant allele 

q rtl-2  o f the QUARTET {QRT) gene (stock number CS8846 from ABRC). Seeds for 

this parental line were obtained from the ABRC (The Ohio State University, Columbus, 

OH, USA).

Using the flanking sequence data the T-DNA insertion was found to be located 

+559 bp relative to the adenosine in the initiation codon o f SUVH3, in the region 

between the FDXXRRR m otif and the SRA domain (Figure 5.15). The T-DNA 

insertion was orientated: LB to RB relative to the 5 ’-3’ orientation o f  the SUVH3 ORF. 

Primers were designed to amplify the junction between SUVH3 and the RB and LB o f 

the T-DNA. PCR amplification with the primers for the pC SA l 10 ]JQ-SUVH3 junction, 

LBl and GarMAC2F, resulted in a band o f the expected size (440 bp). Amplification o f
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Figure 5.14 Characterization o f S-3675 T-DNA insertion line. DNA from leaves o f  plants 
growing under greenhouse conditions was isolated and used for PCR analysis with primers 
specific for the insert and the wild-type SU VH l gene. (A) PCR screening o f plants from the line 
S-3675. Upper gel, PCR done with the primers: LBal and A vinR l, specific for the T-DNA 
insertion in SU V H l {suvhl-1). Lower gel, PCR done with the primers; A vinFl and A vinR l, 
specific for the wild-type SU VH l allele. M: 1 kb ladder marker; 1-12; S-3675 plants. C-; PCR 
control done without DNA. (B) Northern blot analysis o f  S-3675 homozygous and heterozygous 
plants. Total RNA (15 ^g) was extracted from seedlings, separated on a formaldehyde/agarose 
gel, blotted and hybridized with a probe specific for SU V H l (M A B pl). RNA in the agarose gel 
was stained with ethidium bromide and photographed before blotting to show that equal 
amounts o f RNA were loaded in each lane. Col-0; Arabidopsis ecotype Columbia; 11; Seedlings 
from a S-3675 homozygous plant; 5; Seedlings from a S-3675 heterozygous plant. The numbers 
in the northern analysis correspond to those in (A).



the RB-5J7F//i junction produced only a faint amplification -700 bp product that was 

bigger than the expected size (~450bp). Sequence analysis o f the LB junction PCR 

product confirmed the original data from the flanking sequence database and the site of 

the T-DNA insertion; no sequence was obtained from the RB junction PCR product. 

The SUVH3 allele containing the pCSAl 10 T-DNA insertion was called suvhS-1.

Having confirmed the presence of the T-DNA insertion in SUVH3 we proceeded 

to identify homozygous plants. Two PCR reactions were performed, one with the 

primers pair, LBl and GarMAC2F, specific for the suvhS-l allele and the second with 

the primers, TOinRl and MACNX, specific for the wild-type SUVH3 allele. From 12 

individual plants screened, 11 contained the T-DNA insert and from these six were 

identified as heterozygous and five as homozygous suvhS-l plants (Figure 5.16A).

Seeds from the parental line Col-3 qrtI-2, a suvhS-l homozygous plant (line 7) 

and from two heterozygous plants (lines 8, 10) were germinated on MS20 plates and 

RNA was isolated from 10 days old seedlings. Northern blot analysis with the MAClp 

probe specific for SUVH3 detected a transcript in the Col-3 qrtl-2  and the 401-Dl 

heterozygous plants. However, no hybridization signal was observed in the lane 

corresponding to the 401-Dl homozygous plant (Figure 5.16B). This result indicates 

that suvh3-l represents a null allele of SUVH3.

S.3.4.3 Isolation of su vh l-I suvh3-l double knock-out plants

To isolate a suvhI-1 suvh3-l homozygous line crosses were made using line S- 

3675 as pollen donor and 401-Dl as acceptor. Thirteen FI seeds obtained from this 

these crosses were grown under greenhouse conditions. DNA was isolated from leaves 

and used for PCR screening with primers specific for the suvhl-1  and suvh3-l alleles. 

Seven plants were identified as double heterozygous lines for suvhl-1  and suvh3-l 

(Figure 5.17A). Seeds from plants 1, 5 and 10 were selected and allowed to self- 

pollinate. F2 Seeds collected from these plants were grown under greenhouse conditions 

and screened again for doubly homozygous insertions using primers specific for suvhl- 

1 and suvh3-l and for their wild-type alleles (Figure 5.17B). From forty plants screened 

only 2 were shown to be homozygous for both suvhl-1  and suvh3-l. These plants were 

allowed to self-pollinate and seeds were collected for analysis.
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Figure 5.16 Characterization o f the 401-D l T-DNA insertion line. DNA from leaves o f plants 
growing under greenhouse conditions was isolated and used for PCR analysis with primers 
specific for the insert and the wild-type SUVH3 gene. (A) PCR screening o f  plants from the line 
S-3675. Upper gel, PCR done with the primers: LBl and GarM AC2F, specific for the T-DNA 
insertion in SUVH3 (su vh S -l) . Lower gel, PCR done with the primers: TOinRl and MACNX 
specific for wild-type SUVH3 allele. M: 1 kb ladder marker; 1-12: S-40I-D1 plants. C-: PCR 
control done without DNA. (B) Northern blot analysis o f  S-3675 homozygous and heterozygous 
plants. Total RNA (15 ng) was isolated from seedlings, separated on a formaldehyde/agarose 
gel, blotted and hybridized with a probe specific for SUVH3  (M A C pl). RNA in the agarose gel 
was stained with ethidium bromide and photographed before blotting to show that equal 
amounts o f  RNA were loaded in each lane. Col-3: Arabidopsis ecotype Columbia; 7: Seedlings 
from a 401-D l homozygous plant; 8,10: 401-D l heterozygous plants. The numbers in the 
northern analysis correspond to those in (A).
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Figure 5.17 Isolation of the double T-DNA insertion lines. DNA from leaves o f plants growing 
under greenhouse conditions was isolated and used for PCR analysis with primers specific for 
each line. (A) PCR screening of the FI progeny from crosses between both T-DNA lines 401- 
Dl and S-3675. A multiplex PCR was done using two pair of primers; LBal and AvinRl, 
specific for the T-DNA insertion in SUVHI {suvh l- l)  and LBl and GarMAC2F, specific for 
the T-DNA insertion in SUVH3 (suvh3-l). M: 1 kb ladder marker; C: Col-0 wild-type; 1-13: FI 
progeny from the cross between 401-Dl and S-3675 T-DNA lines. (B) PCR screening of the F2 
progeny. The upper gel shows a multiplex PCR done with the same primers as in (A) for the 
identification of the mutant alleles. In the lower gel a multiplex PCR was done using two pairs 
of primers: AvinFl and AvinRl, specific for the wild-type SUVHI allele and TOinRl and 
MACNX specific for SUVH3. M: 1 kb ladder marker; C: Col-0 wild-type; 1-14: F2 progeny 
from the cross between 401-Dl and S-3675 T-DNA lines. Individuals identified as homozygous 
for both T-DNA insertions (suvhI-1, su vh3- l)  are pointed with an arrow.



S.3.4.4 Growth analysis of SUVHI and SUVH3 T-DNA insertion lines

In order to study the effect o f the SUVHI and SUVH3 null mutations on growth 

and development o f Arabidopsis we analyzed growth parameters such as: germination, 

number o f leaves, flowering time, and rosette radius. Twelve seeds o f suvhl-1  and 

suvhS-I single and double homozygous mutants and the wild-type Arabidopsis Col-0 

plants were growth in the greenhouse and measurements were taken each two days until 

the emergence o f the first flower. No obvious differences were found in the morphology 

o f wild-type Arabidopsis plants and suvhl-1, suvhS-l single and double mutants (Figure 

5.18). Leaves, flowers and siliques were indistinguishable between each mutant and the 

wild-type. The analysis o f growth parameters over time indicated that neither mutation 

in SU VHI nor SUVH3 affect rosette growth (Figure 5.19).

The transition to the reproductive phase measured by the flowering time was 

unaffected in the in the single and double mutants. No significant differences were 

found in the flowering time between suvhl-1  and the wild-type {t = 1.342; P = 0.097; 

Table 5.7) or in the timing o f the start of anthesis {t = 0.736; P  = 0.235; Table 5.7). 

Similar results were obtained with suvh3-I and the double mutant. No significant 

differences were found in the flowering between suvh3-l or the double mutant and the 

wild-type {t = 0.920, F  = 0.184 and t = 0.484; F  = 0.317, respectively) or in the timing 

o f the start o f anthesis {t = 0.561, P = 0.290 and t = 0.884, P  = 0.194, respectively). 

Taken together these results indicate that neither mutation o f  SU VH I nor SUVH3 nor 

both affect growth or development in Arabidopsis.
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Figure 5.18 Photographs of 24 days old wild-type Arabidopsis and T-DNA insertion lines. 
Plants were growth under greenhouse conditions at 22°C with a 16-hour photoperiod. (A) 
su vh l-l homozygous plant (left) compared to the wild-type (right). (B) suvh3-l homozygous 
plant compared to the wild-type (right). (C) suvh l-l suvh3-l homozygous plants compared to 
the wild-type (right).
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Figure 5.19 Growth progression for T-DNA insertion lines compared to the wild-type 
Arabidopsis. Seeds from suvhl-1, suvh3-l single and double mutants and Arabidopsis wild-type 
were sown and stratified for 3-days at 4°C to synchronize seed germination. Plants were then 
transferred to greenhouse conditions (22°C with a 16-hour photoperiod). (A) Number of rosette 
leaves produced over time. (B) Maximum rosette radius over time (C) Minimum rosette radius 
over time. Data are given as average for 12 individuals plants. Days are given relative to day of 
sowing, including a 3-days stratification at 4°C.



Table 5.7 Flowering time between T-DNA lines and wild-type Arabidopsis 
plants

line Flowering time 

(days)

Timing of the start 

of anthesis (days)

Number of 

leaves

Wild-type 15.167 ±0 .389 22.500 ± 0 .798 11.250 ±0.452

suvhl-1 15.417±0.515 22.750 ± 0 .866 11.500 ±0.674

P = 0.091 P  = 0.235 P  = 0.150

suvh3-l 15.333 ±0.492 22.667 ±0.651 11.167±0.577

P  = 0.184 P  = 0.290 P  = 0.349

suvhl-1 suvh3-l 15.250 ±0.452 22.800 ± 0 .789 11.417±0.515

P  = 0.317 P  = 0.194 P  = 0.204

Flowering time is measured as the time at which floral meristems first become visible 
and the timing of the start of anthesis when the first flower open is observed. Number of 
leaves is the number of rosette leaves counted when the first flower bud is observed. The 
average ± standard deviation obtained from the measurements of 12 individual plants is 
shown in each column. P is the p-value for the comparison of the corresponding line 
with the wild-type using a standard ?-test.
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5.4 Discussion

5.4.1 Silencing activity of SUVHl and SUVH3

By using a transient expression assay we have shown here that SUVHl and 

SUVH3 have transcriptional repressor activity. Existing data support the notion that 

SUVAR3-9 proteins are involved in transcriptional repression (Firestein et al. 2000; Litt 

et al., 2001; Nakayama et al., 2001; Nielsen et al., 2001; Noma et al., 2001; Vandel et 

al., 2001). Using fission yeast, it has been shown that the recruitment o f H Pl to 

centromeric heterochromatin by CLR4 is necessary for transcriptional silencing 

(Bannister et al., 2001; Nakayama et al., 2001). Several other SUVAR3-9 proteins have 

also been identified as transcriptional repressors. For instance the human protein 

SUV39H1 has been shown to be a transcriptional repressor in a transient transcriptional 

assay when tethered to DNA through the GAL4 DNA binding domain (Firestein et al., 

2000; Vandel et al., 2001). The observed level o f repression was dependent on the 

amount o f the input SUV39H1-GAL4 expression plasmid and was also dependent on its 

SET domain (Firestein et al 2000). More importantly, it has been shown that SUV39H1 

functions as a co-repressor o f cell-cycle genes with the RB protein (Nielsen et al 2001; 

Vandel et al., 2001). In a similar transient assay the G9a protein (Milner and Campbell, 

1993) has also been shown to be able to function as a negative regulator o f 

transcription, this activity being dependent on its HKMTase activity (Tachibana et al., 

2002). In addition, the SUV39H1 and G9a proteins were able to silence an endogenous 

gene, VEG-A, when targeted to it by an artificially designed zinc-fmger protein that 

recognizes the VEG-A promoter (Snowden et al., 2002). Data from our reporter-based 

repression assay indicate that SU VH l and SUVH3 exert a similar transcriptional 

repression ftinction in vivo and suggest that an important function o f  SUVHl and 

SUVH3 may be gene silencing mediated by their H3-K9 methyltransferase activity. 

Deletion analysis should be carried out in order to determine the role o f the various 

SUVHl and SUVH3 domains in mediating repression. The levels o f repression 

conferred by the SUV39H1 and G9a proteins in transient assays were between 2-10 

orders o f magnitude (Firestein et al., 2000; Tachibana et al., 2002) whereas the 

repression activity observed with SUVHl and SUVH3 was about 50 to 60%. 

Differences in the intrinsic repressor activity o f the proteins and the interacting factors 

recruited to the promoters may account for the differences observed. Unfortunately
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because of the different assays used, direct comparisons o f the data obtained for 

SUV39H1 and G9a and that for SUVHl and SUVH3 are not possible.

5.4.2 Overexpression of SUVHl and SUVH3

SUVAR3-9 proteins have repressive effects over gene expression and have been 

shown to be involved in growth control (Firestein et al., 2000). Inappropriate expression 

of human SUV39H1 in dividing cells has growth-inhibitory effects that do not 

completely arrest the cell division (Firestein et al., 2000). Furthermore, over-expression 

of human SUV39H1 in transgenic mice caused growth retardation, weak penetrance of 

skeletal transformations and impaired erythroid differentiation that was accompanied by 

unrestrained proliferation. This suggests that SUV39H1 may influence the balance 

between proliferation and differentiation programs during mammalian development 

(Czvitkovich et al., 2001). In plants, a single SUVH protein has so far been shown to be 

involved in growth control (Shen, 2000). Inhibition of growth was observed in 

transgenic tobacco plants overexpressing an NtSETl-GFP fusion protein controlled by 

an inducible promoter. However, no growth inhibition was observed when NtSETl was 

overexpressed in BY2 cells (Shen, 2001).

The NtSETl protein is very similar to SUVHl and SUVH3 in amino acid 

sequence and domain architecture; all 3 belong to orthologous group 4, indicating that 

they may share similar functions or activities. The similarities and the repressive effects 

of SUVH 1 and SUVH3 over transcription led us to investigate whether overexpression 

of both genes would affect growth or development in Arabidopsis. However apart from 

having achieved a dramatic increase in the expression level of both genes, we did not 

observe any phenotypic change in plants overexpressing SUVHl or SUVH3. Growth 

and developmental analysis showed that neither rosette growth nor development was 

impaired in these overexpression plants. Considering the relative abundance of SUVHl 

and SUVH3 endogenous transcripts and the many phosphorylation sites found in each 

protein is likely that both proteins are tightly regulated at the translational and/or 

posttranslational level or that they require a cofactor or another protein to be fully 

active. Control of SET domain activity by phosphorylation has been reported for the 

human SUV39H1 protein (Firestein et al., 2000). SUV39H1 is specifically 

phosphorylated during the cell cycle at the G l/S transition, an important checkpoint for 

entry into S phase. Moreover, the SUV39H1 growth inhibitory effect is negatively
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regulated by the antiphosphatase Sbfl, an oncoprotein that interacts with its SET 

domain and stabilizes the phosphorylated form of SUV39H1 (Firestein et al., 2000). 

Recent evidence suggests that SUVHl (expressed as a GST fusion) does not possess 

H3-K9 methyltransferase activity in vitro (Jackson et al., 2004). Thus, it is possible that 

a posttranslational modification (i.e. phosphorylation) or a cofactor might be required 

for SUVHl, and probably also SUVH3, to be fully functional in Arabidopsis or that the 

enzymatic activity of both proteins might be tightly regulated. Therefore, the 

overexpression of one or other protein alone may yield a product that has to be modified 

or need a cofactor (that might not be available) to produce a deregulation in the normal 

function of the protein and to cause a phenotypic change.

5.4.2 Knockdown and loss-of-function mutations in SUVHl and 

SUVH3

In order to gain insights into the function of SUVHl and SUVH3 we use dsRNA 

induced gene silencing. By using constructs expressing a dsRNA homologue of SUVHl 

or SUVH3, we were able to knockdown the expression of both genes. We did not find 

any obvious phenotype in individual SUVHl and SUVH3 knockdown plants. However, 

as shown by northern blot analysis, the efficiency of silencing of SUVHl and SUVH3 in 

the plants analyzed was not absolute and significant levels of endogenous transcripts of 

both genes could be detected, presumably sufficient to carry out the wild-type function. 

The lack of phenotype may be also due to redundancy within SUVH  genes in plants. 

Arabidopsis contains at least nine {SUVH 1-9) SET domain genes that are closely related 

to SUVHl and SUVH3 (Baumbusch et al., 2001). SUVHl and SUVH3 are closely 

related to each other, even their expression patterns are similar, and therefore, they may 

represent an at least partially redundant pair. For these reasons, we engineered double 

knockdown plants by sequential transformation with both dsRNA constructs. In these 

plants we also did not observed a phenotype (data not shown). Northern analysis 

showed a reduction in transcript levels in double knockdown plants that was similar to 

the individual knockdowns. Thus it remained possible that the transcript reduction 

levels of both genes was insufficient to impair their function.

In parallel to knockdowns, loss-of-function mutations were also identified in T- 

DNA insertion lines as shown by the absence of SUVHl and SUVH3 transcripts in the
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corresponding homozygous lines. Phenotypic analyses of these knockout lines reveals 

no difference between the mutants and the wild-t>pe. Neither rosette growth nor 

flowering time was affected by null mutations in these two genes. To eliminate the 

possibility that functional redundancy between SUVHl and SUVH3, was responsible 

for the absence of a phenotype we crossed both knockout lines to obtain double 

knockouts. Again, the double mutants did not display any phenotype indicating that 

knockdown of both genes does not affect growth or development in Arabidopsis. 

Functional redundancy is still possible between SUVHl, SUVH3 and the two other 

genes in orthologuos group 4, SUVH7 and SUVH8 (See Chapter 2). However, this is 

unlikely since the expression pattern of SUVH7 does not at all overlap that of SUVHl 

and SUVH3 (Nga T. Lao, unpublished results) and SUVH8 did not produce a detectable 

signal when analyzed by northern analysis (The Plant Chromatin Database).
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Chapter 6

Materials and Methods

6.1 Materials

6.1.1 Bacterial strains

Escherichia coli strain DH5a; Genotype F' 080d/acZAM15 A(/acZYA-argF) U169 

deo^  recAl endk\ hsdKM  (rk-, mk+) gal~ phoA supEAA X  thi'\ gyrA96 relAl 

(Hanahan, 1983).

Agrobacterium tumefaciens strain AGLl: Genotype C58, RecA, Rif^, Carb* ,̂ Ti 

plasmid type succinamopine, pTiBo542AT-DNA (Lazo et al., 1991)

Agrobacterium tumefaciens strain LBA4404: Genotype Ach5 Rif^, Ti plasmid type 

octopine, pAL4404 Spec* ,̂ Strep*  ̂ (Hoekema et al., 1983)

6.1.2 Plasmids and Binary Vectors

pGUSl a pUC19 based vector containing the GUS gene cassette and restriction sites as 

pTAKl (see below).

pROK219 a pUC19 based vector which contains the CaMV35S promoter and NOS 

terminator cassette from pR0K2 (see below).

pRTL22 (Unpublished vector, kindly provided by James C. Carrington) a high copy 

number plasmid derivative of the pRTL2 expression vector (Restrepo et al., 1990). It
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contains a double CaMV35S promoter fused to the translational enhancer of the tobacco 

etch virus (TEV) and the polyadenylation signal of the 35S gene o f CaMV. A multiple 

cloning site between the promoter cassette and the terminator allows cloning of different 

DNA fragments of interest for high level expression in plant cells.

pBinl9 is a 11777 bp binary vector (GeneBank accession number U09365) developed 

by Bevan (1984), which has been widely used for plant transformation. The vector 

contains the left and right border sequences essential for transfer o f the T-DNA region 

and which delineate the DNA sequences transferred to plant cells. Between the border 

sequences is located a kanamycin resistance gene, nptll, which functions as a selectable 

marker of transformed plant cells, hi addition, a multiple cloning site is located adjacent 

to the selectable marker into which genes of interest can be inserted. Outside its T- 

DNA, pBinl9 contains a broad host-range origin of replication oriV of pRK2 that 

allows replication on E. coli and Agrobacterium, and an nptlll gene, which provides a 

marker for selection in E. coli mdi Agrobacterium (Frisch et al., 1995).

pTAKl (Jefferson et al., 1987) pBinl9 based binary vector that contains a GUS gene 

with a NOS terminator. A multiple cloning site in front of the GUS gene allows the 

cloning of promoter sequences as translational or transcriptional fusions using the GUS 

gene as a reporter.

pROK2 (Baulcombe et al., 1986) pBinl9-based binary vector that contains a CaMV35S 

promoter and the NOS terminator with a multiple cloning site in between. This vector 

allows the expression of cloned DNA fragments of interest under the control of the 

CalVIV35S promoter and the NOS terminator.

pROK/2CaMV (unpublished plasmid) pR0K2 based vector in which the 35 promoter 

has been replaced by the double CaMV35S promoter and the TEV (Tobacco Etch 

Virus) translational enhancer from pRTL22.

pBIB-HYG (Becker, 1990) is derived from pBIN19, in which the neomycin 

phosphotransferase gene (nptll) in the T-DNA is replaced by the hygromycin 

phosphotransferase gene {hpt) allowing selection of transformed cells using 

hygromycin.
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6.1.3 Plant material

Arabidopsis thaliana ecotype Columbia, glabra-1 marker (LEHLE SEEDS, Texas, 

USA, Catalogue number: W T-IA).

Nicotiana tabacum  L. cv Bright Yellow 2 (BY2) cell line (Kato et al., 1972).

6.1.4 Bacterial growth media

LB (Luria-Bertani) media: 10 g/L bacto-tryptone, 5 g/L bacto-yeast extract, 10 g/L 

NaCl; pH 7.0. For LB agar plates 1.5% of bacto-agar was added.

YM (Yeast-Mannitol) media: 0.04% yeast extract, 10 g/L mannitol, 1.7 mM NaCl, 0.8 

mM MgS0 4 , 2.2 mM K2HPO4 .3 H2O; pH 7.0. For YM agar plates, 1.5% o f agar was 

added.

6.1.5 Plant growth media

MS20 media: 4.3 g/L MS salts (Murashige and Skoog, 1962), 2% sucrose pH 5.7. For 

MS agar plates 0.8% of agar was added.

MS30 semi-solid media: 4.3 g/L MS salts (Murashige and Skoog, 1962), 3% sucrose 

pH 5.9 and 0.8% Agar

Root media: 4.3 g/L MS salts (Murashige and Skoog, 1962), IX Gamborg’s vitamin 

solution (Gamborg et al., 1968), 2% sucrose, pH 5.7.

Pre-conditioning media: 4.3 g/L MS salts (Murashige and Skoog, 1962), IX 

Gamborg’s vitamin solution (Gamborg et al., 1968), 1 mg/L 6-benzyladenine, 0.1 mg/L 

naphthalene acetic acid, 3% sucrose and 0.8% Agar.
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BY2 media: MS salts (Murashige and Skoog, 1962), 0.5 g/1 MBS pH 5.8, 30 g/1 

Sucrose, 0.2 g/1 KH2PO4, 100 mg/L myo-inositol, 1 mg/L thiamine and luM  2,4-D. For 

semisolid BY2 media 7 g/1 o f Phytagar was added.

6.1.6 Restriction enzymes

All restriction enzymes and buffers were obtained from New England BioLabs 

Inc., Promega and Roche Molecular Biochemicals. T4 ligase and C alf intestinal alkaline 

phosphatase (CL\P) were purchased from Roche Molecular Biochemicals.

6.2 DNA manipulations

General DNA manipulations such as restriction enzyme digestions and ligations 

were carried out as described by Sambrook et al. (1989).

6.2.1 Agarose gel electrophoresis

Agarose gel electrophoresis was used for routine sizing o f PCR products, 

analysis o f restriction digestions, and for estimating DNA concentration. DNA samples 

were separated on a 0.8% agarose gels stained with ethidium bromide (0.5 mg/ml), 

electrophoresed at 80-100 V for 0.5-1 hour at room temperature (RT) in 0.5X TBE 

buffer (45 mM Tris-borate pH 8.0 and 1 mM EDTA) and visualised with a long-wave 

UV transilluminator (UVP Inc.)

6.2.2 DNA Purification

DNA samples in restriction enzyme or CIAP buffer were purified by extraction 

with an equal volume of TE buffer-saturated phenol, vortexed for 1 minute and 

centrifuged 10,000 rpm for 4 minutes. The aqueous phase was recovered and then salt 

and impurities removed using a Sepharose CL-6B mini-column. These columns were 

routinely used to clean PCR reactions or to change restriction enzyme and ligation 

buffers.

Sepharose CL-6B mini-columns (Murphy and Kavanagh, 1988) were prepared 

as follow: a tiny hole was made at the bottom of a 500 )il microfuge tube using a fine
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needle, and approximately 60 |u,l o f  glass beads that had been sterilised by autoclaving in 

TE (10 mM Tris-HCl, 1 mM EDTA; pH 8.0) buffer was added followed by 

approximately 450 (il o f  a Sepharose CL-6B suspension. The column was placed inside 

a 1.5 ml microfuge tube with the bottom removed and the system was centrifuged at 

slow  speed (-2 0 0 0  rpm) for 3 minutes. Finally the column was washed in 70 p.1 H2O 

and centrifuged again as described. DNA-containing samples (approximately 50 |al) 

were applied to the spin-dried Sepharose CL-6B column and recovered in an intact 1.5 

ml tube following column centrifugation.

6.2.3 DNA Dephosphorylation

Digested plasmid vector DNA was dephosphorylated by treatment with CIAP 

(Roche Molecular Biochemicals) before using in ligation reactions. After CIAP 

treatment the sample was extracted once using TE buffer-saturated phenol and purified 

through a Sepharose CL-6B mini-column.

6.2.4 PCR amplifications

For cloning purposes PCR amplifications were performed in a volume o f  50|o.l 

containing, IX cloned Pfu reaction buffer (Stratagene product containing 20 mM Tris- 

HCl pH 8.0, 2 mM MgCb, 10 mM KCl, 6 mM (NH4)2S0 4 , 0.1% Triton® X -100 and 10 

)ig/ml BSA); 200 |aM o f  each dNTPs, dATP, dCTP, dTTP and dGTP; 0.2 |iM  o f  each 

specific primer; 2.5 units o f  proof-reading Pfu D N A polymerase (Stratagene); and 1-10 

ng o f  plasmid template DNA or 50 ng o f  genomic template DNA. Amplifications were 

carried out either on a MJ Research Inc. Programmable Thermal Controller PTC-100 

without mineral oil, or on a Minicycler^*^ for reactions with mineral oil. The cycle 

conditions used for a standard PCR were as follows: 1 minute at 94°C; followed by 35 

cycles o f  45 seconds at 94°C, 55 seconds at 58°C/60°C and 2 minutes at 72°C; and 

finally 5 minutes at 72°C for the final extension.

For analysis o f  transgenic plants screening and mutant analysis by PCR 

amplifications were performed in a volume o f  25 |il containing, IX  PCR buffer; 200  

(iM o f  each dNTPs, 0.2 jiM o f each specific primers; 2.0 units o f  Tag D N A  polymerase; 

and 30 ng o f  genomic template DNA. Amplifications were carried out on a MJ 

Research Inc. Programmable Thermal Controller PTC-100. The cycle conditions used
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for a standard PCR were as follows: 1 minute at 94°C; followed by 35 cycles o f 45 

seconds at 94°C, 55 seconds at 58°C and 1 minutes at 72°C; and finally 5 minutes at 

72°C for the final extension.

6.2.5 DNA sequencing

DNA sequencing and all sequencing to verify the constructs were performed by 

MWG Biotech AG (Germany).

6.2.6 Plasmid DNA isolation: Miniprep procedure

Plasmid DNA isolation was done using the boiling method (Holmes and 

Quigley, 1981) as follows: single colonies were grown in 10 ml LB liquid medium 

supplemented with suitable antibiotics, shaken overnight at 200 rpm at 37°C. Cultures 

were then centrifuged at 4000 rpm for 10 minutes at 4°C in a Sorvall® RC-5B 

refrigerated centrifuge with a SS-34 rotor. The cell pellet was resuspended in 60 )̂ 1 of 

TS buffer (25% sucrose, 50 mM Tris pH 8.0) and transferred to a microfuge tube 

containing 20 )il lysozyme (10 mg/ml in 250 mM Tris pH 8.0) Tubes were incubated on 

ice for 15 minutes. After that, 500 )il o f M-STED (5% triton X-100, 50 mM EDTA, 50 

mM Tris, 8% sucrose) were added to the tubes and incubated at 37°C for 15 minutes. 

Tubes were then placed in a boiling water bath for 1 minute and centrifuged at 13,000 

rpm for 15-20 minutes. The supernatant was recovered into a new tube and treated with 

4 fil o f RNAase A (10 mg/ml in IX  TE) for 10 minutes at 42°C. The mixture was 

extracted once with one volume o f TE buffer-saturated phenol, and the recovered 

aqueous phase was precipitated with 0.6 volume o f isopropanol at -20°C  for at least 15 

minutes. The precipitate was recovered by centrifugation at 12,000 rpm for 10 minutes 

at RT and the pellet washed once with 75% ethanol. The dried pellet was dissolved in 

40 |il o f sterile water.
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6.3 Bacterial transformation

6.3.1 E. coli DH5a calcium chloride-competent cell preparation and 

transformation

E. coli strain DH5a was streaked from a glycerol stock on LB agar plates and 

incubated overnight at 37°C. A single colony was picked and grown overnight in 5 ml 

o f LB liquid medium. 1 ml of the overnight culture was added to 50 ml o f fresh LB and 

incubated at 37°C with shaking at 200 rpm until the culture reached an ODeoo o f ~0.6- 

0.8. Cells were transferred to a tube and collected by centrifugation at 4000 rpm for 10 

minutes at 4°C in a Sorvall® RC-5B refrigerated centrifuge with a SS-34 rotor. After 

centrifugation, the pellet o f cells was resuspended in 15 ml o f ice-cold 0.1 M CaC ^ and 

incubated on ice for 15 minutes. Cells were then centrifuged at 3000 rpm for 5 minutes 

and resuspended in 2.5 ml o f ice-cold 0.1 M CaCb containing 15% glycerol. At this 

step cells were used for transformation or stored at -70°C in 200 |al aliquots.

Transformation was done using 70 )il o f calcium chloride-competent cells that 

were added to 10 |il ligation mixture and incubated on ice for 20 minutes. The solutions 

were then heat shocked at 42°C for 1 minute and 500 |il o f fresh LB medium was 

added. Samples were incubated at 37°C for 1 hour, after which cells were centrifuged at 

8000 rpm for 1 minute at RT in an lEC Micromax (Bio-Sciences) microfuge. 

Approximately 400 |il o f the supernatant was discarded before plating the remainder on 

LB agar medium supplemented with suitable antibiotics and incubated at 37°C 

overnight.

6.3.2 Agrobacterium electro-competent cells preparation and 

transformation

Agrobacterium tumefaciens strains AGLl or LBA4404 was streaked from a 

glycerol stock onto YM agar plates containing suitable antibiotics and incubated at 

28°C for 48 hours. A single colony was inoculated into 10 ml YM liquid medium 

containing suitable antibiotics as above and shaken overnight at 200 rpm at 28°C. 1 ml 

o f overnight pre-culture was diluted into 100 ml o f  fresh YM liquid medium, shaken at 

220 rpm, at 28°C until the culture reached an ODeoo ~ 0.5-0.7. Cells were collected by
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centrifugation at 7000 rpm for 10 minutes at 4°C, resuspended gently in 10 ml o f ice- 

cold 1 mM HEPES pH 7.0 and centrifuged again using the conditions described above. 

Cells were suspended in 10 ml of cold 10% glycerol, 1 mM HEPES pH 7.0, and 

centrifuged again. An additional washing was performed then in 5 ml o f ice-cold 10% 

glycerol, 1 mM HEPES pH 7.0. Cells were collected by centrifugation and finally 

gently suspended in 0.5 ml of cold 10% glycerol, 1 mM HEPES pH 7.0. Cells were 

used for electroporation or stored in 60 |il aliquots at -70°C .

Electroporation was done using 20 ^1 o f competent cells that had been prepared 

as described above, and 1 )ul o f binary vector that contains approximately 50 ng DNA. 

The electroporation was carried out using GIBCO cell-porator system following the 

manufacturer’s instructions. Cells were plated on YM agar plates supplemented with 

suitable antibiotics and incubated for 48 hours at 28°C.

6.4 Generation of Arabidopsis thaliana transgenic plants

6.4.1 “Floral Dip” transformation

After confirming the presence o f the binary vector in Agrobacterium, by plasmid 

isolation and restriction analysis, an Agrobacterium  colony containing the verified 

binary vector construct was used to transform Arabidopsis thaliana ecotype Columbia. 

Plants that had been grown in a green house under normal conditions (25°C and 16 

hours photoperiod) were transformed by the “Floral Dip” method (Clough and Bent, 

1998) as follows: Arabidopsis seeds were germinated in small pots in soil covered with 

a mesh. Once plants started flowering (after approximately 4 weeks) the first bolts were 

clipped to encourage proliferation o f many secondary bolts. Plants were ready for 

transformation at roughly 5-7 days after clipping. Agrobacterium tumefaciens strain 

AGLl carrying the binary vector construct were grown in 10-15 ml o f YM liquid 

medium for 48 hours at 28°C. The pre-culture was then diluted in 400-600 ml o f LB 

liquid medium with selective antibiotics and grown until an ODeoo o f 1.0-1.8. 

Agrobacterium  cells were then centrifiiged at 7000 rpm for 30 minutes and resuspended 

to an ODfioo o f 0.8 in a 5% sucrose solution. Approximately 200 ml o f Agrobacterium  

solution was used for dipping three pots o f Arabidopsis. Immediately before dipping, 

Silwet L-77 was added to a concentration o f 0.05% (500 (il/L) and mixed well. Above-
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homogenized parts o f  the plant were dipped in the Agrobacterium  solution for 30 

seconds, with gentle agitation. Dipped plants were then covered with plastic bags to 

maintain high humidity and placed overnight under the green house bench to avoid 

direct light. The next day the excess o f  sucrose solution in the plants was washed o ff  

with water, and plants were allowed to set seeds. Dry seeds were harvested and stored in 

microfuge tubes.

6.4.2 Selection of putative transgenic plants

A rabidopsis  seeds were surface sterilized using the vapor-phase method, which 

was adapted from Ye and colleagues (1999) as follows: seeds in open vials or 

microfuge tubes were placed inside a dessicator jar. A 250 ml beaker that contains 50 

ml o f  bleach was also put in the dessicator, which in turn was placed in a fume hood. 

Prior to sealing the desiccator, 3 ml o f  concentrated HCl was carefully added to the 

bleach. The desiccator with chlorine fumes remained sealed for 4 to 15 hours. Then 

seeds were sprinkled on M S20 plates containing appropriate antibiotics to select for 

transgenic seedlings, incubated at 4°C during 2 days and germinated under in vitro 

conditions (25°C and a 12 hours light/dark cycle). After 10-14 days o f  growing resistant 

seedlings were transferred to soil.

6.5 Biolistic transformation

6.5.1 Preparation tungsten particles for biolistic transformation

1 ml o f  ice-cold 70% special grade ethanol was added to 30 mg o f  accurately 

weighted tungsten powder (Tungsten M -17, average particle size 1.1 |im) and the 

suspension was vortexed vigorously for 5 min followed by 15 min soaking on ice. The 

tungsten was then gently sedimented by spinning at 8000 rpm for 5 seconds in a 

microfuge and the ethanol was removed using a pipette. The tungsten particles were 

then washed three times by adding 1ml o f  sterile doubly distilled H2 O, vortexing 

vigorously for 1 min and microfuging at 8000 rpm for 3 seconds before removing the 

H2 O. During the third wash a further 3 second 8000 rpm spin was performed to ensure 

as a much as possible o f  the H2 O was removed. 500 jul o f  sterile 50% glycerol was
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added and the suspension w as stored at -2 0 °C  until use for a m axim um  period o f  one 

week.

6.5.2 Coating washed tungsten particles with DNA

The glycerol stock w as vortexed vigorously for five  m inutes and 50 ^1 o f  

w ashed tungsten particles were removed to a 1.5 m l m icrofuge tube before the tungsten  

had a chance to settle. W hile vortexing vigorously the fo llow in g  w ere added to the 

tungsten aliquot in the order given: 5 |xl o f  a 1-2 ^ig/^1 plasm id D N A  solution; 50 (il o f  

2.5 M CaCl2 solution and 20 |il o f  0.1 M sperm idine (SIG M A; free base; tissue culture 

grade) solution. Plasmid D N A  was isolated using the Q IAG EN Plasm id M idi-K it and 

the solution was m icrofuged for 5 min at 14,000 rpm im m ediately before use to 

sedim ent residual insoluble matter. The C aC b solution w as prepared fresh, filter 

sterilized and stored on ice before used. The sperm idine solution w as prepared from a 

IM  stock solution that have been filter-sterilized and stored at -2 0 °C  for a period no 

longer that one month. The tungsten particles were then vortexed v igorously  for 30 min  

at 4 “C. After vortexing the particles were allow ed to settle for 1 min before being  

sedim ented by m icrofuging for 2 seconds at 8000 rpm. The liquid was rem oved and 

discarded and 140 |il o f  100% special grade ethanol w as added. The ethanol was 

rem oved without disturbing the sedim ented tungsten and 48 |il o f  100% ethanol was 

added. The tungsten was gently resuspended by tapping the side o f  the tube and by low  

speed vortexing. The D N A  coated particles w ere stored on ice and w ere used  

im m ediately or within a few  hours o f  preparation. Particles w ere resuspended by gentle  

vortexing before loading on the flying disc (macrocarrier).

6.5.3 Biolistic transformation of tobacco leaf tissue

N icotiana tabacum  (tobacco) cv  Petit Havana plants w ere grown in vitro in 

plastic cups in 50 ml o f  M S30 sem isolid  m edium  and kept in a grow th room  under a 16 

hour light/8 hour dark cycle at 23-25°C . Three to four w eeks after transfer to fresh 

m edium , uniform -sized leaves (about 3 cm in width) w ere cut o f f  from the plants and 

placed on pre-conditioning medium in a 20  x 15 mm  Petri dish. The leaves were 

preconditioned on this medium for 1 day prior to gene delivery.
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Biolistic transformation was carried out as described in the Bio-Rad manual for the 

DuPont PDS 1000/He Particle delivery System. The abaxial side of the leaves was 

bombarded and the following settings were used for tobacco leaf transformation:

(1) Helium pressure at the tank regulator 1300-1400 psi

(2) 1100 psi rupture discs

(3) Flying disc assembly: level 2 from the top

(4) Flying disc (macrocarrier) was 6 mm from the stopping screen

(5) Petri dish holder: Level 2 from the bottom

(6) Vacuum at the time of shot: 28 in. Hg

(7) The leaf was placed in a Petri plate containing pre-conditioning media to 

cushion the blast.

Following bombardment the leaf was turn, the petiole was pushed into the 

medium and the plate was sealed and stored in the growth room for 24 hours.

6.6 Nuclei acids gel-blot analyses

6.6.1 Plant genomic DNA extraction protocol

Total DNA was extracted from rosette leaves of 4 weeks-old Arabidopsis plants 

grown under greenhouse conditions. Approximately, 500 mg of leaf tissue was collected 

and 500 |̂ 1 of plant extraction buffer (0.1 M Tris-HCl pH 8.0, 50 mM EDTA, 50 mM 

NaCl, 2% SDS, 0.75% P-mercaptoethanol) was added and the tissue homogenized using 

a mortar and pestle. One volume of TE buffer-saturated phenol was then added to the 

resulting homogenate and mixed by vortexing. Two phases were the separated by 

centrifugation at 14,000 rpm for 5 minutes in a tabletop microcentrifuge and the upper 

aqueous phase transferred into a new microfuge tube. One volume of phenol:chlorofom 

(1:1 v/v) was then added, mixed and centrifuged again. The collected supernatant was 

then treated with RNaseA for 20 minutes at 37°C. After that a phenol:chloroform 

extraction followed by a chloroform extraction was carried out as above. The DNA in 

the collected supernatant was then precipitated by the addition of 1/10 volume of 3 M 

CH3C00Na pH 5.2 and 2.5 volumes of ethanol and incubated at -20°C for at least 1 

hour. The DNA precipitated was recovered by centrifugation at 14,000 rpm for 15 

minutes at RT following by a washing with 75% ethanol. The supernatant was
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discarded and the pellet was allowed to dry. The pellet was finally dissolved in 50 )al of 

TE buffer.

DNA concentration was determined by measuring the absorbance of the sample 

at 260nm using a Shimadzu UV-VIS spectrophotometer, model UV mini 1240. In 

addition, the integrity of the DNA was assessed by agarose gel electrophoresis

6.6.2 RNA extraction protocol

Total RNA was extracted from leaves, flowers, stems and green siliques of 

mature Arabidopsis plants grown under greenhouse conditions (25°C and a 16 hours 

light: 8 hours dark photoperiod). Roots were grown in MS-Gamborg liquid medium in a 

flask shaken at 100 rpm in total darkness, and RNA was isolated after 2 weeks. 

Seedlings were grown on MS agar plates under in vitro conditions, and RNA was 

isolated after one week. The RNA extraction protocol was adapted from Eggermont et 

al. (1996) as follows: Approximately 500 mg of tissue was homogenized to a fine 

powder in liquid nitrogen using a pestle and mortar and then homogenized in 500 |il 

plant extraction buffer (0.1 M Tris HCl-pH 7.5, 50 mM EDTA-Na2, 50 mM NaCl, 2% 

SDS, 0.75% P-mercaptoethanol; where possible solutions were treated with 0.1% 

diethylpyrocarbonate (DEPC) and autoclaved) and 500 |il of phenol. The supernatant 

was collected by centrifugation at 13,000 rpm for 5 minutes followed by one extraction 

with phenol, two with phenol:chloroform (1:1 v/v) and one with chloroform. Total RNA 

in the supernatant was then precipitated by the addition of 0.5 volumes of 8 M LiCl. 

Precipitation was enhanced by incubation at -20°C for at least 1 hour. The RNA was 

then collected by centrifiigation at 12,000 rpm for 15 minutes, washed with 75% ethanol 

and suspended in 30 fxl TE buffer.

RNA concentration was determined by measuring the absorbance of the sample 

at 260 nm using an Ultraviolet-Visible spectrophotometer. The integrity of the RNA 

was assessed by agarose gel electrophoresis.

6.6.3 Generation of DIG-labelled probes by PCR

DNA fragments were labelled with digoxigenin (DIG) using a PCR DIG Probe 

Synthesis Kit (Roche Molecular Biochemicals). Doubled-stranded probes were 

generated using 5-50 pg of plasmid template DNA and the recommended primer
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concentration whereas for single-stranded probes, 1-10 ng of plasmid DNA, and 0.01 

|j,M of forward and 1 |aM of reverse primers were used. PCR reactions were carried out 

as recommended by the manufacturer. The resulting PCR products were purified using 

Sepharose CL-6B mini-columns and then quantified by agarose gel electrophoresis. The 

incorporation of DIG-dUTP nucleotides into the probe was assessed by a change in the 

electrophoretic migration of the product compared with that of the unlabelled control.

6.6.4 Southern blot analysis

To detect a single copy DNA fragment in the Arabidopsis genome 3 ^g of total 

DNA were digested to completion using 20 units of restriction enzyme in 50 |il of total 

volume. The digested DNA was then electrophoresed at 20V overnight in a 1% agarose 

gel in 0.5 X TBE buffer (45 mM Tris-borate pH 8.0 and 1 niM EDTA). After 

electrophoresis gels were washed with distilled water and then denatured in 1.5 M 

NaCl, 0.5 M NaOH for 15 to 30 minutes with gentle shaking followed by neutralization 

in 1.5 M NaCl, 0.5 M Tris, pH 7.5 for 60 minutes. The gel was then blotted overnight 

onto a Biodyne® B membrane by capillary transfer using 20X SSC (3 M NaCl, 0.3 M 

Sodium citrate, pH 7.5) according to Sambrook et al. (1989). DNA was fixed to the 

membrane by exposing both sides to UV light for 15 seconds in a CL-1000 UV 

crosslinker. Pre-hybridization and hybridization were carry out in DIG Easy Hyb 

hybridization buffer (ROCHE Molecular Biochemicals). Fixed membranes were pre

hybridized for 4 hours and hybridized overnight at 42°C. Double-stranded DNA probes 

labelled with digoxigenin were diluted in 100 |o,l of DNA buffer (10 mM Tris pH 8.0, 10 

mg/ml salmon DNA) and denaturated by incubation at 100°C for 10 minutes in a hot 

plate and a quick transfer to ice for 5 minutes. Denaturated probes were then added to a 

concentration of 20 ng/ml in hybridization buffer during hybridization. After 

hybridization the membrane was washed twice in 2X SSC, 0.1% SDS at RT for 5 

minutes and twice with 0.3X SSC, 0.1% SDS at 68°C for 15 minutes. To detect the 

probe hybridized to the DNA, the membrane was pre-incubated for 45 minutes in 

blocking solution (0.1 M Maleic acid, 3 M NaCl, 2% blocking reagent, pH 7.5) and then 

incubated for 30 minutes with anti-DIG-AP conjugate (diluted 1:10,000 in blocking 

solution). A 4X 10 minutes washing step (wash buffer: 0.1 M maleic acid, 3 M NaCl, 

0.3% Tween®20) was followed by equilibration in detection buffer (100 mM NaCl, 100
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mM Tris-HCl, pH 9.5) for 5 minutes. Detection was performed with a 

chemiluminescent substrate CSPD® (Roche Molecular Biochemicals). Exposure times 

with X-ray films ranged from 2 minutes to 15 hours.

6.6.5 Northern blot analysis

All solutions were treated with 0.1% DEPC at 37°C overnight, and then 

autoclaved. All apparatus were soaked on 0.1 N NaOH for at least 2 hours and then 

rinsed in DEPC-treated water (DEPC-H2O). Total RNA was extracted and its integrity 

assessed by agarose gel electrophoresis. 10 |^g o f each RNA sample were used for 

electrophoresis in formaldehyde/agarose gels in NBC buffer (50 mM Boric acid, 1 mM 

Sodium citrate, 5 mM NaOH; pH7.5) and blotted onto Biodyne® B membranes 

(Gelman Laboratory) by capillary transfer using 20X SSC (3 M NaCl, 0.3 M Sodium 

citrate, pH 7.0). RNAs were fixed to the membrane using a UV cross-liker.

The membrane was then pre-hybridized in High SDS concentration 

hybridization buffer (7% SDS, 50% formamide, 5X SSC, 2% blocking reagent, 0.1% N- 

laurylsarcosine, 50 mM sodium phosphate, pH 7.0) at 50°C for 4 hours. For the 

hybridization step, 10 ml o f High SDS concentration hybridization buffer to which had 

been added the denaturated single-stranded DIG-labelled probe (to a final concentration 

o f 25 ng/ml) was used per 100 cm^ o f membrane. The hybridization proceeded 

overnight at 50°C. The hybridized membrane was then washed twice for 5 minutes in 

2X SSC and 0.1% SDS at RT and then twice for 15 minutes in 0.3X SSC and 0.1% SDS 

at 68°C. The hybridization detection step was performed as described above.
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General discussion and future perspectives

Molecular evolution of plant SUVH  genes

As a result of extensive genome duplication, SUVH  genes encode the largest 

sub-group of SET domain proteins found in plants (Baumbusch et al., 2001; Springer et 

al., 2003). Moreover since many of these genes are transcribed, they may have adopted 

unique functions following duplication (Baumbusch et al., 2001; Springer et al., 2003; 

The Plant Chromatin Database). In this work we show that SUVH  genes can be 

subdivided into orthologous groups, which likely behave as true orthologs in the 

different species. More importantly, functional diversification may still be occurring in 

the more recently duplicated SUVH genes identified in three of the four species studied. 

Orthologous group 4 for example has acquired an additional domain (the AT-hook) and 

motif (FDXXRRR) not found in the other groups. At least four functional orthologous 

genes seem to have arisen from duplications of an ancestral gene before the divergence 

between monocots and dicots. Analysis of evolutionary constraints indicates that new 

SUVH  functions may have arisen by positive selection of mutations in the SRA domain 

while the SET domain remained under strong purifying selection. This suggests that all 

SUVH proteins may possess a HKMTase activity with the same specificity as that 

found in other SU(VAR)3-9 proteins and that the SRA domain may be responsible for 

targeting this activity to different regions of the genome.

Expression oiSU VH l and SUVH3

Northern blot analysis and promoter-GUS fusions indicated that SUVHl and 

SUVH3 are expressed in proliferating cells in different plant organs throughout the life

cycle of Arabidopsis. This suggests a broad function for these genes during growth and 

development. Both genes showed overlapping expression patterns, which considering 

their overall nucleotide and amino acid similarity, suggests a possible redundancy in 

function. Nevertheless their expression patterns differed in some respects indicating 

some degree of specialization may have occurred after the duplication event that gave 

rise to both genes. Thus, at least in this particular case it seems that the generation of
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novel functional SUVH genes has been achieved by two mechanisms; positive selection 

of mutations in the SRA domains and partitioning of expression patterns.

A series of deletions in the full-length SUVH3 promoter indicated that intron 1 

was largely responsible for constitutive and strong expression in leaves, roots, flowers 

and siliques. Intron 1 may therefore contain important regulatory elements determining 

the expression characteristics of SUVH3. The nature of these regulatory elements still 

remains to be investigated. Further deletion analysis o f intron 1 and mutagenesis of 

some elements such as the splice site signals and the polypyrimidine motifs may 

facilitate a more detailed understanding of the mechanisms involved in intron-mediated 

control of gene expression. Furthermore, the effect of this intron on the expression of a 

heterologous promoter should be investigated in order to determine whether the intron 

acts independently of regulatory elements located in the 5’NTR.

Subcellular localization of SUVHl and SUVH3

SUVHI-GFP and GFP-SUVH3 fusion proteins were constitutively located 

inside the nucleus where they were distributed as discrete particles or speckles. During 

mitosis both fusion proteins were associated with condensed chromosomes. These 

observations confirm the prediction, based on amino acid sequence analysis, that both 

genes encode nuclear proteins which may target multiple regions in the Arabidopsis 

genome. Although, we have observed some speckles located at the periphery of the 

nuclei, this needs to be confirmed by confocal laser scanning microscopy. The 

determination of the peri-nuclear position of these speckles will provide important 

information about the nature of the chromatin with which these speckles are associated. 

Because of the differences in heterochromatin content between Arabidopsis and tobacco 

it would be appropriate to analyze the sub-nuclear distribution of the fusion proteins in 

Arabidopsis cells. Furthermore deletion analysis of the ftision protein should be done in 

order to determine the regions or domains of the protein involved in nuclear targeting, 

chromatin localization and chromosome association.
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Functional analysis oiSUVHl and SUVH3

Both proteins were able to repress the activity of a reporter gene when they were 

artificially targeted to its promoter, most probably by affecting the local H3-K9 

methylation status or by recruiting other silencing proteins. This repressor activity has 

also been shown for the SUV39H1 and G9a human proteins (Firestein et al., 2000; 

Tachibana et al., 2002). More importantly it was proven that this repressor activity is 

dependent on the HKMTase activity of the SET domain (Firestein et al 2000; Tachibana 

et al., 2002). It remains to be determined whether the repressor activity of SUVHl and 

SUVH3 is dependent on their SET domains, the SRA domain or both. It would also be 

very interesting to investigate the mechanism of transcriptional repression mediated by 

SUVHl and SUVH3. Antibodies against methylated H3-K9 and H3-K4 are 

commercially available and the chromatin immunoprecipitation (ChIP) technique could 

be used to determine whether the SUVH1 and SUVH3 proteins affect the methylation 

state of histones at the promoter driving reporter gene expression. In addition the 

methylation state of cytosine residues in the promoter could be analysed by Southern 

blotting combined with the use of methylation-sensitive enzymes. It would be important 

to determine whether SUVHl and SUVH3 can induce CpNpG and more importantly 

CpG methylation of the promoter. To perform these analyses, individual transgenic 

lines expressing the fusion proteins (preferably under inducible control) and the reporter 

should be generated and then crossed to bring the reporter and effector constructs 

together.

To generate information about the role of SUVHl and SUVH3 during the 

Arabidopsis life-cycle, we produced transgenic plants overexpressing both genes. 

Despite the high expression levels of SUVHl and SUVH3 achieved in transgenic plants 

no phenotype was observed, indicating that overexpression of both proteins did not 

affect growth or development. In addition, knockdown and knockout mutants in SUVHl 

and SUVH3 were obtained. Knockouts of SUVHl or SUVH3 or both genes did not seem 

to have any effect on plant growth or development suggesting that the SUVHl and 

SUVH3 proteins may not be directly involved in the control o f these processes. Another 

possibility is that because several layers of epigenetic control exist it is possible that 

target genes of SUVHl and SUVH3 are also under the influence o f other epigenetic 

mechanisms such as CpG DNA methylation. Thus, release o f silencing in these target 

genes would require the down-regulation of other epigenetic mechanisms. The
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identification o f the genes or genomic regions targeted by SU VH l and SUVH3 remains 

to be determined and the loss-of-function mutants obtained in this work will be an 

invaluable source to identify these targets. For instance, in order to find out which 

regions have lost H3-K9 methylation in the single and double mutants ChlPs 

experiments using antibodies against methylated H3-K9 combined with microarray 

analysis (Ren et al., 2000) could be done. These target regions could also be 

additionally analysed for DNA methylation using Southern blots and cleavage o f DNA 

with methylation-sensitive enzymes.
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