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ABSTRACT 

The eukaryotic nucleus contains most of the cell’s genetic material and is the primary 

site of many fundamental cellular processes such as transcription, replication and pre-

mRNA processing. A liquid chromatography/mass spectrometry-based (LC/MS) 

analysis on nuclear extracts from Arabidopsis thaliana cell cultures identified more than 

600 putative nuclear proteins, providing the first comprehensive catalogue of a plant 

nuclear proteome. The nuclear proteome of proliferating and stationary phase cells were 

compared using the iTRAQ technology and identified three broad classes of proteins 

based on whether their levels increased, decreased or remained constant.  

 

The majority of proteins remain at approximately constant levels suggesting post-

translational regulation of many functions. Cyclin-dependent kinase C (CDKC), a 

nuclear localised protein kinase, was found to co-localise with splicing factors and a 

component of the exon-junction complex (EJC). Expression of a mutant form of CDKC 

induced re-arrangement of splicing factors into large speckles, particularly in response 

to anoxia.  CDKC2 interacts with and phosphorylates CyclinT1:3 and the C-terminal 

domain of RNA polymerase in vitro. However, no evidence for direct interaction with 

other co-localising proteins could be obtained in vitro, raising the possibility the CDKC 

indirectly regulates splicing factor distribution. 
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Chapter 1 - Introduction  

The present chapter is divided into three major sections. In the first section, I introduce 

the nucleus in more detail, some theories regarding its origin and also describe sub-

nuclear bodies that participate in important functions, particularly mRNA processing. In 

the second section, I introduce the theory and technology of mass spectrometry (MS)-

based analysis of proteins and its application in the study of the nucleus. In the final 

section I introduce cyclin-dependent kinases (CDKs) as regulatory proteins that control 

nuclear structure during the cell cycle and discuss the current knowledge of CDK-

dependent regulation of fundamental processes, such as mRNA transcription, 

processing and translation in mammals and plants. 

 

 

1.1 The nucleus 

The cellular organisation of eukaryotes appears to be much more complex than that of 

prokaryotes. One aspect of increased complexity is the compartmentalisation of the 

eukaryotic cell into multiple types of membrane-bound organelles that have distinct 

functions. One of the most prominent of these organelles is the nucleus, which harbours 

most of the genetic information in the form of chromatin (Harris, 1999). Many 

important cellular functions take place within the nucleus, including pre-mRNA 

processing and ribosome biogenesis (Moore and Proudfoot, 2009; Bentley, 2005; 

Henras et al., 2008; Fromont-Racine et al., 2003). The nucleus forms a continuum with 

the rest of the cell through nuclear pores that traverse the nuclear membrane and 

provide a route for two-way communication between nucleus and cytoplasm (Xu and 

Massague, 2004).  

Another important nuclear function is gene expression. As soon as transcription is 

initiated, parallel multi-stage processing of the nascent pre-mRNA prepares the mature 

transcript for export to the cytoplasm. Pre-mRNA processing consists of 5’UTR–

capping, pre-mRNA splicing and polyadenylation (Kornblihtt et al., 2004; Proudfoot et 

al., 2002). Mature mRNA is exported to the cytoplasm via association with a multi-

protein exon-junction complex (EJC), which binds 21-24 nucleotides upstream of an 

exon-exon junction in mRNA (Le Hir et al., 2000). Components of the ribosome, the 

translation factory of the cell, are assembled in the nucleolus, a distinct subnuclear 
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compartment. Ribosomal subunits are exported to the cytoplasm where they assemble 

into functional ribosomes.  

These nuclear processes are regulated at a number of levels, such as reversible 

phosphorylation, carried out by protein kinases (Vermeulen et al., 2009; Stamm, 2008; 

Calvert et al., 2008; de la Fuente van Bentem et al., 2006). Some protein kinases have a 

solely nuclear localisation profile. Thus, nuclear-localised protein kinases are good 

candidates for dissecting nuclear processes and their dynamics.  

 

 

1.2 Theories of nuclear origin 

There are at least three major theories regarding the origin and evolution of the nucleus.  

One hypothesises that the nucleus evolved from an archaeal endosymbiont taken up by 

a bacterial host. In this scenario, the archaeum’s membrane evolved to be the nuclear 

membrane whereas its cytoplasm became the nucleolus (Lopez-Garcia and Moreira, 

2006).  

A second theory postulates that eukaryote-like organisms were present before the 

appearance of bacteria and archaea (Fuerst, 2005). This theory is supported by the 

observation that members of the planctomycetes bacteria contain membrane-bound 

compartments; a prominent characteristic of a eukaryotic cell. The planctomycetes, 

Gemmata obscuriglobus and Pirella marina, contain two membrane-bound 

compartments; one large compartment that contains proteins, ribosomes and RNA and a 

smaller one, inside the large compartment, that holds DNA, RNA and nucleic acid-

processing proteins (Fuerst, 2005). The membrane around the DNA is double, but not 

continuous and therefore resembles the structure of the nuclear envelope in eukaryotic 

cells. Thus, planctomycetes might be related to eukaryotic progenitor cells but 

alternatively could represent an example of parallel evolution.  

A third theory, “viral eukaryogenesis”, states that the nucleus is the result of viral 

invasion (Bell, 2001). The organisation of some viruses resembles that of the eukaryotic 

nucleus and based on such functional similarities, this theory postulates that a virus 

living in an archaeum provided the necessary material for nucleus establishment (Bell, 

2001). 
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Regardless of which theory (if any) is correct, the separation of chromatin and 

cytoplasm creates complexity and provides opportunities for regulating gene 

expression.  In the next part I will introduce the interplay between nuclear structure and 

function. 

 

 

 

               

Figure 1.1 The plant nucleus. Chromatin regions, nucleolus and other nuclear bodies 

are shown (arrows) (Adapted by Shaw and Brown, 2004 and updated based on the most 

recent discoveries concerning nuclear bodies) 

 

 

 

 

1.2.1 Chromatin architecture 

The genetic material in the nucleus is organised into linear units known as 

chromosomes. Chromosomes define the highest order organisation of DNA and 

represent a complex packaging of the DNA and associated proteins. At other end of the 

scale, DNA threads are formed by DNA molecules wrapping around proteins called 

histones to produce nucleosomes. Gene-rich chromosome pools associate with 

interchromatin granule clusters (IGCs), non-chromatin regions consisting of proteins 
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involved in mRNA metabolism (Shopland et al., 2003; Saitoh et al., 2004), and 

transcription factories (TFs) where RNA PolII machineries reside (Puvion-Dutilleul et 

al., 1997; Osborne et al., 2004). These gene pools are highly dynamic and extensive 

intranuclear repositioning is observed. Upon transcriptional activation, gene pools from 

the nuclear periphery move into the nuclear interior towards the IGCs of TFs (Moen et 

al., 2004; Ragoczy et al., 2006) whereas the opposite movement is observed when 

transcriptional repression occurs (Brown et al., 1997). Thus, the nucleus is structured 

yet highly dynamic. Proteins complexes move within the nucleus interacting with their 

respective targets, while whole chromosome territories rearrange their position to 

facilitate interaction of gene foci with TFs. In the next section, some of the known 

functional domains of the nucleus will be considered. 

 

 

1.2.2 Nuclear bodies in animal and plant cells 

Nucleolus 

The nucleolus is the largest single domain of the nucleus. It is not a sub-nuclear 

organelle per se, as it is not membrane-bound. Its major role is to assemble ribosomal 

units, which will form functional ribosomes (reviewed by Leung and Lamond, 2003; 

Cmarko et al., 2008). The nucleolus is organised around rDNA in tandem repeats 

known as nucleolar organizer regions (NORs). Precursor rRNAs (pre-rRNAs) are 

produced by RNA Polymerase I-driven transcription of rDNA, followed by cleavage 

and modification of pre-rRNAs. Mature rRNAs are assembled into mature ribosomal 

subunits through a multi-complex cascade of interactions involving small nucleolar 

ribonucleoproteins (snoRNPs) as well as non-ribosomal proteins (Tschochner and Hurt, 

2003; Fatica and Tollervey, 2002). The 90S pre-ribosomal unit produced is 

subsequently cleaved into 40S and 60S pre-ribosomal subunits by the SSU processome 

(Schafer et al., 2003) in the nucleolus followed by their export to the nucleoplasm. 

While in the nucleoplasm, the majority of 40S- and 60S-associated factors dissociate 

from their respective subunits and are replaced by export factors that facilitate the exit 

of pre-ribosomal subunits to the nucleoplasm through the nuclear pore. Upon entry to 

the cytoplasm, export factors dissociate from their partners, leading to mature 40S and 
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60S ribosomal subunits (Trotta et al., 2003; Ferreira-Cerca et al., 2005; Hedges et al., 

2005) that assemble to produce functional ribosomes.  

When viewed by transmission electron microscopy (TEM), the nucleolus contains three 

distinctive components; the fibrillar centre (FC), the dense fibrillar component (DFC) 

and the granular component (GC). Even though both mammalian and plant nucleoli 

possess the aforementioned components, their arrangement is different (Figure 1.2). In 

mammalian cells, individual FCs are surrounded by DFCs whereas the rest of the 

nucleolus is filled with GC. In plant cells, multiple FCs are embedded into a large DFC 

and the rest of the nucleolus is filled with FC, whereas in the centre of the nucleolus, 

usually there is a central clear region called the “nucleolar cavity” or “vacuole” that is 

absent from the mammalian nucleolus (Shaw and Brown, 2004). Immunogold EM has 

shown that, in mammalian cells, FCs contain RNA polymerase I (Sheer and Rose, 

1984) whereas transcription sites have been found to correspond to the DFC regions. 

Chromosome spreads show that active transcription sites appear as “Christmas trees”, 

which correspond to nascent pre-rRNAs (Gonzalez-Melendi et al., 2001). Further 

processing of pre-rRNAs and the assembly of pre-ribosomal subunits takes place in the 

GCs. 

Apart from its instrumental role in ribosome biogenesis, other functions of the nucleolus 

include nonsense-mediated decay (NMD) and involvement in virus trafficking (Pendle 

et al., 2005; Andersen et al., 2005; Hori and Watanabe, 2005; Emmott et al., 2008; 

Canetta et al., 2008). Involvement of the nucleolus in NMD has been inferred by the 

identification of exon-junction complex (EJC) proteins in plant and human nucleolar 

proteomes. The EJC recruits NMD-related factors both in animals and plants (Conti and 

Izaurralde, 2005; Arciga-Reyes et al., 2006). Simultaneous identification of mRNA 

populations in whole cells, in the nucleus and in the nucleolus of Arabidopsis, has 

shown that the percentage of aberrantly spliced transcripts is dramatically increased in 

the nucleolus, with 90% being putative NMD substrates (Brown and Shaw, 2008). 

These data suggest either that aberrant mRNAs are stored in the nucleolus to be 

degraded later via NMD in the nucleoplasm or that part of the NMD process itself takes 

place in the nucleolus. 

Some nucleolar proteins, including viral proteins, exhibited characteristic nucleolar 

localisation signals (NoLS) (Emmott et al., 2008). Moreover, viral proteins in plants 
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have been shown to interact with the nucleolar protein fibrillarin and this interaction is 

important for the transport of viral RNAs through phloem (Canetta et al., 2008).  

Thus, nucleolus emerges as an important subnuclear compartment that, apart from being 

the site of ribosome biogenesis, is involved in important processes that regulate cellular 

homeostasis. 
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Figure 1.2. Structural organisation of the nucleolus.  

(A) Organisation of the plant nucleolus. Transcription sites (TS) and fibrillar centres (FC) are surrounded by the dense 

fibrillar component (DFC). At the centre of the nucleolus there is the nucleolar cavity and the rest of the body is filled by 

the granular component (GC). (B) Organisation of the mammalian nucleolus. Like in plants, the GC occupies the 

majority of the nucleolar space. However, the sites of rDNA transcription and processing differ dramatically and an 

organisation into groups can be seen. As shown, TS are surrounded by DFC, which in turn are attached to FC. In this 

way multiple tri-partite groups are formed that are spread around the nucleolar space (Adapted by Shaw and Brown, 

2004). 
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Nuclear speckles 

The majority of protein-coding genes in eukaryotic cells are transcribed as immature 

pre-mRNAs that contain both exons and intervening introns. Before these pre-mRNAs 

are exported from the nucleus, they undergo processing that leads to the production of 

mature mRNAs ready to be translated. The first step of pre-mRNA processing is the 

removal of introns, which is carried out by a multi-protein complex called the 

spliceosome. The spliceosome consists of five snRNPs (U1, U2, U2/U6, U5) and a 

large number of non-snRNP splicing factors (Rappsilber et al., 2002; Zhou et al., 2002; 

Jurica and Moore, 2003). Both in plant and mammalian cells, splicing factors localise to 

nuclear spots, known as speckles, which have an irregular distribution around the 

nucleoplasm (Lorkovic et al., 2004; Lamond and Spector, 2003). Speckles are believed 

to be pools for the storage or assembly of splicing factors that can then be recruited to 

sites of high transcriptional activity and, therefore, may be important for the 

coordination of transcription and pre-mRNA splicing (Misteli et al., 1997; Misteli, 

2000; Sacco-Bubulya and Spector, 2002). Speckle distribution is very dynamic and its 

pattern depends on the transcriptional or phosphorylation status of the cells as well as 

cell type and developmental stage (Misteli, 2000; Docquier et al., 2004; Fang et al., 

2004; Tillemans et al., 2005, 2006).  

Different serine-arginine (SR) splicing factor proteins localise into distinct populations 

of nuclear speckles with no, partial or complete co-localisation depending on the 

proteins under examination (Lorkovic et al., 2008). This diverse localisation profile of 

SR proteins might reflect recruitment of splicing factors to transcription and mRNA-

processing sites of specific genes, depending on the cell type and developmental stage 

of a tissue (Lorkovic et al., 2008). Nevertheless, in some cases co-localisation or not of 

SR proteins could be misleading when considering functional relationships among 

proteins (Rino et al., 2007). Specific SR proteins that did not co-localize in vivo were 

found to interact in yeast two-hybrid and co-immunoprecipitation assays, suggesting 

that splicing factors move freely around the nucleoplasm and that “speckles” are just 

stochastic localised concentrations of these freely moving splicing factors (Rino et al., 

2007). More studies will be needed to decipher the real nature of nuclear speckles.  
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Other nuclear bodies 

Cajal bodies (CB) are structures of about 0.5–1.0 !m in size, not surrounded by a 

membrane and found within the nuclei of most plant and animal cells. They are 

dynamic structures that move, split, rejoin and exchange their contents with the 

surrounding nucleoplasm. The size and number of CBs depend on cell type, cell cycle 

stage, and metabolic activity (Andrade et al., 1993; Boudonck et al., 1998, 1999; 

Platani et al., 2000; Shaw and Brown, 2004).  In plants, a distant homologue of the 

vertebrate coilin was necessary for the formation of CBs and its expression levels affect 

the size of CBs (Collier et al., 2006). It is believed that CBs function in the metabolism 

of different classes of snRNP particles (Nesic et al., 2004; Schaffert et al., 2004) and 

also act as the site of generation of siRNA/protein complexes mediating RNA-directed 

DNA methylation (Li et al., 2006).  

Cyclophilin-containing bodies were identified when the localization pattern of proteins 

containing RS/SP (serine/proline) and cyclophilin domains was determined. The 

cyclophilins, CypRS64 and CypRS92, have the ability to interact with snRNPs and SR 

proteins, suggesting a role in spliceosome assembly (Lorkovic et al., 2004). 

Localisation profile of CypRS64 protein was quite distinct from that of CBs, whereas, 

when co-expressed with SR proteins, CypRS64 tranlocated to SR-containing speckles 

(Lorkovic et al., 2004). This suggested that cyclophilin-containing bodies are storage 

pools for cyclophilins, which translocate to speckles in order to affect SR protein 

structure, and probably facilitate or respond to SR protein phosphorylation (Lorkovic et 

al., 2004; Schiene et al., 2000).  

In plants, processing of microRNAs (miRNAs) is performed in the nucleus, as opposed 

to animal cells where processing occurs in both nucleus and cytoplasm. miRNA 

processing in plants is mediated by the enzyme Dicer-like1 (DCL1), together with other 

proteins such as the zinc finger protein SERRATE (SE) and dsRNA-binding protein 

HYPONASTIC LEAF1 (HYL1) (Chen, 2005; Han et al., 2004). DHL1 and HYL1 co-

localise in D-bodies, which are distinct from both CBs and speckles (Fang and Spector, 

2007). Bi-molecular fluorescence complementation (BiFC) showed that DCL1, HYL1 

and SE interact in the D-bodies and a pre-miRNA was targeted to D-bodies (Fang and 

Spector, 2007) suggesting that they could be the site of pre-miRNA processing and 

biogenesis. Also, since DCL1 is involved in processing of pathogen-induced small-
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interfering RNAs (Navarro et al., 2006), D-bodies might play a role in plant defence 

(Fang and Spector, 2007). 

Li et al. (2008) identified a new class of nuclear bodies in the Arabidopsis nucleus using 

ARGONAUTE4 (AGO4) protein, a regulator of siRNA-mediated gene silencing 

(Zilberman et al., 2003). AGO4 localised into two distinct nuclear body populations; 

one that co-localised with CBs and the other that co-localised with a subunit of the 

plant-specific RNA PolIV, NRPD1b (Li et al., 2006; 2008). This second population was 

called “AB-bodies”. NRPD2 and DNA methyltransferase DRM2 are additional proteins 

that localised in AB-bodies (Li et al., 2008). These nuclear bodies may mediate 

silencing with a possible target being the 45S rDNA loci, since AB-bodies are adjacent 

or overlap with the 45S loci, whereas CBs were never found to be close (Li et al., 

2008).  

 

 

1.3. The nucleus during proliferation and quiescence 

Nuclear structure and function also changes over longer time periods. Thus, 

proliferating nuclei are profoundly different from differentiated or quiescent nuclei.  In 

the next section I consider the definition of the state of quiescence in cell cultures, how 

it is regulated at the genetic level and describe what is known about quiescence in 

Arabidopsis. 

 

 

1.3.1 Quiescence in cell cultures 

When nutrients or growth factors become depleted, eukaryotic cells growing in culture 

will exit from the cell cycle and enter a resting phase called “quiescence” or “G0” (Su et 

al., 1996). These terms are also used to describe a cell culture grown to saturation. In 

yeast, “stationary phase” refers to the state of a saturated culture and the term 

“quiescence” refers to the state of the individual cells within the stationary phase culture 

(Gray et al., 2004). The stage of the culture is determined by measuring, for instance, its 

optical density or dry weight at different times, whereas “quiescence” is determined by 

examining cellular processes, like transcription and translational rate or metabolite 

concentrations (Choder, 1991). Re-supplying a stationary phase culture with essential 
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components such as nutrients or growth factors, can induce re-entry into the 

proliferative phase. So, by analogy to the cell division cycle, the cells in such cultures 

can be considered to cycle between proliferation and quiescence (Gray et al., 2004). 

The budding (Saccharomyces cerevisiae) and fission (Schizosaccharomyces pombe) 

yeast have been used as models to study the growth cycle and how cells enter and exit 

from a quiescent state. One major difference between the two species is that, contrary to 

S. pombe cells, S. cerevisiae cells go through a “post-diauxic shift” phase before 

entering the stationary phase, where cells utilize ethanol as an energy source (Herman, 

2002). This basic difference in the culture growth profiles of the two yeast species 

suggests that they respond differently to nutrient limitations and, most probably, employ 

different genetic programs for entering into and exiting from quiescence (Yanagida, 

2009). Analysis of cell division parameters in Arabidopsis suspension cultures 

(Hutchins, 2004) showed that the growth profile of the culture may resemble that of S. 

pombe, since cultures enter directly into stationary phase at days 5-6 (see Figure 1.3), 

where cell division is minimal and culture grows only due to cell biomass accumulation 

(Richard, et al., 2001). 
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Figure 1.3 Cell numbers of yeast and Arabidopsis cell cultures as they progress 

from proliferation to stationary phase 

(A) The cell number profile of S. cerevisiae (-) and S. pombe (--) are shown. Note that 

S. cerevisiae cells go through the “post-diauxic shift” phase that is not observed in S. 

pombe (Yanagida, 2009). (B) The cell number profile of Arabidopsis cell cultures pass 

from the log phase of growth to the stationary phase, resembling the growth profile of S. 

pombe cell cultures (Hutchins, 2004). 

 

1.3.2 Genetics of cell quiescence 

Both nitrogen- and glucose-starvation of S.pombe lead to entry into stationary phase, 

but the cellular responses are distinctly different. In the first case, yeast cells undergo 

two rounds of cell division and acquire a shorter and round shape compared to 
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proliferating cells (Su et al., 1996). In the second case, cells arrest their growth without 

further divisions, do not change their shape, and the number of dead cells gradually 

increases. The latter response resembles cells in a 6-day-old Arabidopsis cell culture as 

they cease growth (Hutchins, 2004). Carbon source depletion also reduces cell division 

and cell cycle regulatory genes  (i,e the G1 cyclin CYCD2 ) are induced very rapidly by 

sucrose addition to a stationary cell culture (Riou-Khamlichi et al., 2000), leading to 

activation of its Cyclin-dependent kinase (CDK) partner CDKA1 which allow cell cycle 

progression. Thus, sucrose may be a key limiting factor for entry into and exit from 

quiescence.  

Target-of-rapamycin (TOR) protein kinases are conserved core regulators of cell 

proliferation in yeast and human cells (Loewith, et al., 2002; Ma and Blenis, 2009). 

Upon sucrose or nitrogen starvation, TOR signalling is inactivated through co-ordinated 

steps of activation and de-activation of target genes (Gasch et al., 2000; Powers and 

Walter, 1999), allowing the cell culture to enter stationary phase. The Arabidopsis 

homologue, AtTOR, is expressed only in meristems, embryo and endosperm of 

Arabidopsis plants but not in differentiated tissues (Menand et al., 2002) and RNAi-

mediated knockout of the gene led to developmental defects such as early senescence, 

growth arrest and reduction of mRNA translation (Deprost et al., 2007). These data 

suggest that TOR kinase in Arabidopsis plays a role in plant development via control of 

mRNA translation. 

Three additional signalling pathways that control entry into quiescence have been 

described in budding yeast; the Protein kinase A, the Protein kinase C and the Snf1p 

pathway. The first pathway may be a negative regulator of entry into quiescence, 

whereas the other two are considered as positive regulators (Gray et al., 2004 and 

references therein). Again, it is not clear if similar pathways exist in plants. 

A genome-wide transcriptomics approach revealed seven distinct gene clusters with 

altered mRNA expression levels as yeast cells exit quiescence in response to re-addition 

of a nitrogen source (Shimanuki, 2007). Down-regulated genes were implicated in 

catabolic and oxidation processes whereas up-regulated genes were involved in 

ribosome biogenesis and protein synthesis. Surprisingly, mRNA levels of genes 

involved in cell cycle, splicing and chromatin modification did not show significant 

changes. Considering the fact that both cell cycle and increased transcriptional activity 
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are resumed after nitrogen addition, genes involved in these processes are most 

probably regulated at the post-translational level.  

In plants there are two studies that analyze transcriptome response upon sucrose 

removal (Contento, et al., 2004) or sucrose addition (Menges et al., 2003) in 

Arabidopsis cell cultures. In both studies, genes involved in protein synthesis, ribosome 

biogenesis and transcription were inversely regulated indicating that Arabidopsis cells 

probably modify the activity of common cellular processes as they enter or exit 

quiescence, albeit via the regulation of different genes. Despite these studies, no data 

have been published yet about the transcriptomic response of subcellular organelles, 

like the nucleus, in sucrose addition or removal. 

 

 

1.3.3 Nuclear  size and morphology during the growth cycle 

Nuclear size and morphology varies between proliferating and quiescence cells, and 

some differentiated cell types contain nuclei with extreme nuclear phenotypes. In this 

section I will first describe some of the variation in nuclear morphology associated with 

differentiation and then discuss which features are associated with quiescence.  

 

 

1.3.3.1 Variation in nuclear size and morphology associate with the switch between 

proliferation and quiescence/differentiation 

The majority of eukaryotic cells contain round or elliptic nuclei. However, specialized 

cells often contain nuclei of altered shapes. For example, spermatid cells contain highly 

elongated nuclei, neutrophil cells have extremely lobed nuclei that is associated with 

loss of lamin A/C and expression of lamin B receptor. The precursor stem cells have 

large and round nuclei that lack lamin A protein. These structural alterations may cause 

chromatin repositioning, which could increase the accessibility of the transcriptional 

machineries to tissue-specific genes or, conversely, prevent unnecessary genes from 

being transcribed (Dahl et al., 2008). Diseases collectively called laminopathies are due 

to defects in genes encoding lamins A and C and are associated with deformed nuclei 

and changes in chromatin organization as well as sensitivity to mechanical stress 

(Hoffmann et al., 2002; Olins et al., 2008; Rusinol and Sinensky, 2006). Lamins also 
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directly regulate the transcription of certain genes as well as DNA binding and activity 

of transcription factors (Lammerding et al., 2004; Ivorra et al., 2006). 

Nuclear shape and structural nuclear proteins may be directly related to other cellular 

phenotypes For example, collagen synthesis and epithelial cell tissue morphogenesis are 

dictated by nucleus shape rather that cell shape. Shape of the nucleus, and not cell 

morphology, was found to be strongly correlated with the breast cancer cell phenotype 

as well as other cancer types (Thomas et al., 2002; Lelievre, et al., 1998; Zink et al., 

2004). 

Plant nuclei lack lamins (Moreno Diaz de la Espina et al., 1991; Meier, 2007), and 

presumably the cell wall protects nuclei from shear stresses. However, their shape and 

size vary in ways reminiscent of animal nuclei. Meristematic plant cells tend to contain 

round nuclei, whereas differentiated tissues such as leaves and trichomes contain 

elongated nuclei. In Arabidopsis, nuclear size positively correlates with cell size, even 

though the causal link between the two phenotypes has not been fully explained (Breuer 

et al., 2009; Sugimoto-Shirasu et al., 2005: Sugimoto-Shirasu and Roberts, 2003). The 

“karyoplasmic ratio” theory states that cell size is coupled to the size of the nucleus and, 

consequently, to ploidy levels (Sugimoto-Shirasu and Roberts, 2003). DNA content is 

increased by the process of endoreduplication; successive rounds of DNA replication 

without intervening mitoses. However, it is not clear whether the size of the plant cell 

controls the final size of the nucleus or vice versa. Experimental evidence in 

mammalian cells supports the first case, as early experiments on transplantation of 

small nuclei into the cytoplasm of nuclei-depleted HeLa cells resulted in their 

enlargement (Harris, 1967). Since cytoplasmic factors in mammalian cells are 

responsible for retaining a constant ratio of cell to nuclear volume (Gregory, 2005; 

Kiseleva et al., 2007), it is implied that nuclei size can be altered without change in the 

DNA content. It is not clear if this is also the case in plants.  

The ratio between cell volume and nuclear volume may be important for the correct 

timing of cell cycle entry (Futcher, 1996) and alterations in this ratio are associated with 

certain types of cancer (Zink et al., 2004). Also, there is strong correlation between the 

nucleus size, transcriptional activity and cell size, suggesting that larger cells need 

larger nuclei in order to accommodate the requirement for high rate of transcription 

(Schmidt and Schibler, 1995). So far, no alterations to the karyoplasmic ratio is reported 
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for plants, so no conclusions can be drawn on the importance of nucleus size to cellular 

functions.  

 

 

1.3.3.2 Variation in nuclear compartments associated with transcriptional activity 

Proliferating cells tend to be more active transcriptionally than quiescent cells (Menges 

et al., 2003; Contento, et al., 2004; Liu et al., 2007). Many aspects of nuclear structure 

are directly or indirectly related to transcription and other aspects of gene expression. 

For example, the non-random distribution of chromosomal DNA into chromosome 

territories (Cremer et al., 2006) and localised distribution of nuclear bodies and protein 

complexes involved in gene expression, suggest that gene positioning is functionally 

important for regulation of gene expression (reviewed in Fraser et al., 2007; Kumaran et 

al., 2008). In animal cells, nuclear lamina proteins and peri-nucleolar chromatin (PNC) 

are believed to form a transcriptionally repressive region in the nucleus that is 

maintained by recruitment of heterochromatin proteins, histone deacetylases and other 

transcriptional repressors or, in the case of PNC, via the action of non-coding RNAs 

(ncRNAs). On the other hand, nuclear pore complexes (NPCs), promyelocytic 

leukaemia (PML) nuclear bodies and nuclear speckles are believed to be sites of active 

gene transcription (Zhao et al., 2009 and references therein). Extensive chromosomal 

re-organisation, including recruitment of euchromatin-rich promoter regions to the 

NPCs, is caused by a global increase of acetylation, whereas PML bodies are believed 

to induce local changes in the chromatin architecture via interaction with other factors. 

Other nuclear bodies, such as nuclear speckles, have been consistently found to 

associate with transcriptionally active genes, even though there are reports suggesting 

that this association is stochastic and occurs only after gene activation (Brown et al., 

2008). Conclusively, the nuclear neighbourhoods clustered around genes are 

structurally specialised to mediate either gene transcription or suppression (Zhao et al., 

2009).  

Changes of the transcriptional status in both plant and mammalian nuclei induce 

redistribution of nuclear speckles and the portion of RNA Polymerase II associated with 

speckles (Bregman et al., 1995). Upon drug-induced transcriptional inhibition, PolII and 

splicing factors aggregate into 5-8 “mega-speckles” in the nucleus (Phair and Misteli, 
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2000; Tillemans et al., 2006; Fang et al., 2004), imposing a dramatic change in the 

nuclear structure. Thus, under unfavourable conditions in the nucleus, transcriptional 

machineries are sequestered away from their transcription sites and stored in speckles, 

until the physiological conditions in the cell are in favour of transcription resumption. 

Distribution of splicing factors also depends on the developmental status of the cell. In 

meristematic cells splicing factors show a diffused localisation pattern whereas in 

differentiated cells they acquire a more speckled localisation. These different protein 

localisation profiles were attributed to different transcriptional status of the cells (Fang 

et al., 2004). In meristematic cells, transcription rate is high and thus larger amounts of 

splicing factors are recruited from speckles to transcriptionally active sites, compared to 

differentiated cells where the transcription rates are low. This increased recruitment 

results to the observed diffused localisation profile. Moreover, topological reasons also 

preclude the formation of large number of speckles in the meristematic cells; high 

transcription rates result to highly decondensed chromatin and, thus, smaller 

interchromatin spaces that hinder the formation of smaller bodies, like speckles (Fang et 

al., 2004: Docquier et al., 2004).  

The organisation of chromosome domains also varies between proliferating and 

quiescent mammalian cells (Galiova et al., 2008; Kuroda et al., 2004; Bridger et al., 

2000; Meaburn et al., 2007; Mehta et al., 2010). Such chromosomal movements can be 

very rapid and take place within 15 minutes after serum removal, whereas when 

quiescent cells re-enter the proliferation phase by repeated addition of serum, is 

considerably slower and takes up 24 to 36 hours (Mehta et al., 2010). These 

chromosome movements are linked to active gene transcription, since they are sensitive 

to inhibition of RNA polymerase II activity (Heard and Bickmore, 2007). In 

Arabidopsis, chromosome positioning does not differ significantly among nuclei of 

similar shape that originated from different organs or different cell types and that non-

specific interactions were sufficient to explain the position of heterochromatin and 

nucleolus in nuclei (Berr and Schubert, 2007). This stochastic assembly of 

chromosomes and the nucleolus in the Arabidopsis nucleus suggests that regulation of 

gene transcription is not mediated by the movement of chromosomal DNA to 

transcriptionally-permissive regions, as in mammalian cells (Zhao et al., 2004).  
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1.4 Methods for studying nuclear proteome dynamics 

1.4.1 Live cell imaging 

The nucleus is a highly dynamic organelle whose structure alters in ways that reflect its 

activity. Live cell imaging has proven very useful for monitoring the protein 

movements and protein-protein interactions that mediate nuclear activity.  

Fluorescence-imaging methods have been developed for detecting protein-protein 

interactions both in time and space with high resolution. These methods include 

fluorescence recovery after photobleaching (FRAP) and quantum dots (QDs) for 

detecting protein movement (Brown et al., 1999; Michalet et al., 2005) and 

fluorescence resonance energy transfer (FRET) and fluorescence correlation 

spectroscopy (FCS) for detecting interaction between two proteins fused to different 

fluorophores (Jares-Erijman and Jovin, 2003; Haustein and Schwille, 2007). 

Modifications of these methods along with others led to the development of a repertoire 

of live cell imaging fluorescent techniques with high temporal and spatial resolution 

(reviewed in Lidke and Wilson, 2009).  

 

 

1.4.2 Biochemical methods for monitoring protein dynamics 

As the largest organelle, physical isolation of the nucleus has allowed its composition to 

be investigated at the biochemical level. Subcellular fractionation, coupled to western 

blotting, can provide information on how nuclear protein composition changes through 

time along a developmental sequence. Protein-protein interactions can be followed 

directly in such nuclear preparations using immunoprecipitation assays or indirectly 

using the yeast two-hybrid system and complementation assays. However, such 

methodologies have limitations, including low sensitivity, and difficulties in terms of 

scaling. Recently, the development of mass spectrometry-based protein identification 

methods has provided the means to survey complex protein mixtures with high 

sensitivity. 
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1.4.3 Mass spectrometry-based analysis of nuclear protein dynamics 

High quality genome annotation has tremendously increased the potential of using mass 

spectrometry (MS)-based technologies for assessing the proteome. Subcellular 

fractionation to isolate the organelle of interest further improves this approach by 

reducing the complexity of the protein sample and has revealed the nuclear proteome in 

mammalian and plant cells (Andersen et al., 2005; Saitoh et al., 2004; Schirmer et al., 

2005; Pendle et al., 2005; Bae et al., 2003; Calikowski et al., 2003). Due to the 

robustness of mass spectrometry as a tool for identifying large numbers of proteins and 

its potential in uncovering novel roles of an organelle, like the nucleus, in the next 

sections I will discuss the methodology used in MS-based proteomics experiments and 

how MS data are used in downstream analysis. 

 

 

1.4.3.1 An introduction to mass spectrometry 

MS-based protein analysis is a multi-step process and a flowchart of the different steps 

involved is shown in Figure 1.4. In the following subsections I will describe mass 

spectrometry methods for peptide fragmentation and subsequent sequence 

determination, the emergence of quantitative proteomics as a powerful tool for studying 

proteome dynamics and a method for the automated analysis of MS spectral data.



Chapter 1 – Introduction 

 

 20 

 

 

Figure 1.4 Flow-chart of MS-based proteomics analysis 

MS-based protein identification starts with protein extraction from whole cells, subcellular organelles or complete organs, 

Protein extracts are then digested and samples for relative quantification can be labelled with different isobaric chemical 

tags and mixed. HPLC separation of these labelled peptides gives multiple less complex fractions, which can be separated 

more fully by an on-line HPLC on the front of an electrospray mass spectrometer. Separated peptide ions enter the mass 

spectrometer and eventually lead to the generation of mass spectra, which are fed into search engines to achieve protein 

identification by querying databases of theoretical mass spectra (see Section 1.4.3.2 for details). 
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1.4.3.2 MS-based methods for protein identification 

Ionization methods 

A major technological advance in the field of MS-based proteomics came about with 

the development of the “soft” ionization methods, electrospray ionization (ESI) (Fenn et 

al., 1989) and matrix-assisted laser desorption/ionization (MALDI) (Karas and 

Hillenkamp, 1988). In the case of the MALDI method, the analyte is mixed with an 

UV-absorbing matrix and positioned on an inert surface as discrete spots. Each spot is 

then irradiated with a laser leading to instant vaporisation of the matrix that transfers the 

non-volatile analyte into the gas phase (Figure 1.5A). Each time the laser fires, a packet 

of ions is accelerated, by electric potentials, down the flight tube and detected (see Ion 

Separation Methods in this Section). The spectra from many hundreds of shots are 

summed together to give the final spectrum.  

During ESI, liquid is sprayed from the tip of a needle, in the presence of a high 

electrical field, leading to the dispersion of ionized droplets (Figure 1.5B). Solvent in 

these airborne droplets gradually evaporates bringing the charged ions closer, up to the 

point where Coulomb forces are stronger than the surface tension of the solvent and the 

droplets explode into ever-smaller ones. Successive rounds of solvent evaporation and 

droplet explosion ideally result in solvent droplets containing only one ion. Due to the 

nature of ionization, ESI produces a range of multiply charged ions. Following 

ionization, individual ions are packaged into the ion separation device, where they are 

separated based on their mass-to-charge ratio, and then exit to the mass spectrometer 

detector. One major difference with ESI is that MALDI produces singly charged ions, 

which can affect the degree of ion resolution by the mass spectrometer.  

 

Sample prefractionation methods 

In the case of complex protein mixtures, there are advantages in reducing the 

complexity of the sample prior to peptide ionization, in order to obtain the highest 

number of protein identifications later on in the mass spectrometer. The most common 

method used is the pre-fractionation of the peptide mixture using a high performance 

liquid chromatography (HPLC) column packed with a negatively charged resin that 

binds positively charged ions [i.e. a strong cation exchanger (SCX)]. This is done off-

line away from the mass spectrometer. Increasing salt concentration is used to 
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progressively displace bound cations (peptides) based on charge. Fractions are dried out 

to remove organic compounds (25% acetonitrile is usually added to denature peptides 

and make them bind more reproducibly), redissolved in aqueous buffer and loaded onto 

an HPLC system with a reverse phase (RP) column on-line to an ESI mass 

spectrometer. The RP column is packed with a hydrophobic material (e.g. C18 resin) 

that binds peptides with an affinity proportional to a peptide’s hydrophobicity. A novel 

on-line approach called “Multi-dimensional Protein Identification Technology” 

(MudPIT; Link et al., 1999), where the SCX and RP column phases are packed into a 

single column, affords full on-line automation of the separation of peptides prior to the 

ESI mass spectrometer. This has been widely applied to the identification of complex 

protein mixtures in mammals (reviewed in Yates et al., 2009) and plants (Lohrig et al., 

2009; Feng et al., 2009; Maor et al., 2007). 

All of these methods have their advantages and disadvantages. In MALDI the discrete 

spots of sample/matrix on the target can be archived and the user can come back later 

and repeat the analysis on exactly the same sample. For ESI, the sample is gone and to 

repeat the same analysis requires a replicate injection that may not be identical. MALDI 

is often not compromised by salty samples whereas ESI requires samples to be desalted 

first. For the aims of this project (see Section 1.8) I used the nano-ESI method (Brugger 

et al., 1997) that allows for the use of minimal amounts of sample without a 

compromise in the resolution of the analysis.  
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Figure 1.5 Ionization of a peptide mixture prior to mass spectrometry analysis 

(A) The MALDI ionization method. A UV laser is fired at a mixture of co-crystallised peptides and matrix. UV ablation of the mixture 

results in the generation of mostly singly charged ions that are channelled to the mass analyzer. (B) The ESI ionization method. As the 

acidified peptide analyte exits the capillary,positively charged droplets are produced in the presence of high electric field. Heated 

gasevaporates the solvent and eventually singly- or multiply-charged ions are left which are guided into the mass analyzer. 
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Ion separation methods 

Following ionisation in the source of the mass spectrometer, ions are moved into the 

analyser of mass spectrometer. There are three main types of analyser used for peptide 

work; Time-of-Flight (ToF), quadrupole and Orbitrap. In the first case, ions of equal 

energies enter a cylindrical tube under vacuum and their time of flight (ToF) along the 

length of the tube is measured. Since the ions are of equal energy, the ToF will depend 

on the mass of each ion (Figure 1.6!). Quadrupole mass analyzer consists of four 

cylindrical rods arranged in parallel to each other (Figure 1.6B). Opposite rods are 

connected electrically and a fixed radio frequency is applied to both pairs, superimposed 

by a direct current (DC) voltage (de Hoffmann and Stroobant, 2003). Depending on the 

mass-to-charge ratio, and for a given DC value, an ion can either reach the detector or 

collide with the rods. In this way, specific ions can be selected. A more advanced 

version is the quadrupole ion trap (Douglas et al., 2005) where ions are confined within 

the four rods and those of a specific mass-to-charge ratio are selectively released. The 

third type of ion separation system, the Orbitrap, consists of one cylindrical electrode 

and an inner spindle-like electrode (Figure 1.6C; Makarov, 2000; Hu et al., 2005). 

Injected ions orbit around the inner electrode in the presence of an electric field and the 

attraction of the ions to the inner electrode is balanced out by the centrifugal forces. In 

addition to cycling, ions oscillate along the axis of the inner electrode at a frequency 

inversely proportional to the square root of the mass-to-charge ratio (Makarov, 2000). 

The system detects the frequency of each oscillation and Fourier transformation is used 

to deconvolute the individual masses. Of the three ion-separation methods described, 

the Orbitrap generally has the highest mass accuracy (1-2ppm or better) and the highest 

resolving power (up to 200,000) (Makarov et al., 2006). Modern tandem mass 

spectrometers often use a combination of the above analyser types e.g. Quadrupole-

Time-of-Flight machines (Q-ToFs) or Time-of-Flight / Time-of-Flight (ToF/ToF) 

combinations. 

  

Protein identification 

Mass spectra of peptides can be output as text files and act as input to specialist MS-

based search engines. These can match and therefore identify mass spectral profiles by 

comparison with in silico digests of a proteome. Depending on the tool, mass spectral 
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matches are assigned a statistical value that indicates the significance of that match. The 

identified peptide is assigned to a protein or proteins and, based on the number of 

assigned peptides and scores given to each peptide, each protein is assigned a different 

significance score that is included in the program result output. Programs used for 

protein identification include Mascot™ (Perkins et al., 1999), SEQUEST (Gentzel et 

al., 2003), X!Tandem (Fenyo and Beavis, 2003) and each one of these uses a different 

algorithm for scoring peptide and protein identifications.  

 

 

 

 

Figure 1.6 Commonly used ion separation methods (analysers) for proteomics 

analysis 

(A) Time-of-Flight (ToF) ion separation method. Three ions are shown that have the 

same charge but different masses. The lighter ion reaches the detector first, followed by 

the middleweight ion and the heaviest ion reaches the detector last. (B) Quadrupole-

based ion separation method. The beam of ions passes through the four rods and, based 

on the DC applied some ions will reach the detector and other will collide with the rods. 

(C) Orbitrap ion separation method. Cycling and oscillating ions around the spindle-like 

electrode process unique frequencies that relate to their mass-to-charge ratio, and these 

frequencies are used as a measure for mass analysis. Source of image in (C) is: 

http://upload.wikimedia.org/wikipedia/commons/8/8a/Orbitrappe.png 
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Because each of the search engines uses different scoring values comparison of results 

is difficult. PeptideProphet (Keller et al., 2002) overcomes this problem by converting 

the score from each of the programs into values on the same scale. PeptideProphet is 

now part of the Scaffold™ software (www.proteomesoftware.com) and was used for the 

proteomics analysis in Chapters 5 and 6. Since this algorithm provides important 

statistical strength to my results, it will be useful to briefly introduce the reader with the 

methodology followed by the PeptideProphet for assigning scores to peptides. Peptide 

score values from SEQUEST, X!Tandem or Mascot are converted by PeptideProphet to 

a “discriminant score”, through the use of conversion equations that are specific for 

each search engine (see also Scaffold software manual). Plotting of the discriminant 

scores and curve fitting allows the algorithm to assign matches as “incorrect” and 

“correct”, assuming that both types follow a normal distribution (Figure 1.7). After 

curve fitting, the algorithm uses Bayesian statistics to identify the discriminant score 

that matches the minimum probability (in my case this was 99%) for assigning a peptide 

as “correct” (this is denoted with the black vertical line in Figure 1.7). 

 

 

Figure 1.7 Assignment of discriminant score to mass spectra 

Search results using the SEQUEST search engine were loaded into Scaffold and, using 

the PeptideProphet algorithm, a discriminant score was assigned to each of the spectra. 

This is followed by the determination of “correct” and “incorrect” identification of 

peptides. The black line matches the discriminant score with the lowest peptide 

probability (set by the statistics and in my case it was 99%) at which the peptide is 

assigned as “correct”. 
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1.4.4 Quantitative proteome dynamics 

Determination of organelle proteomes using MS-based technology has the potential to 

provide new insights into protein dynamics within those organelles. To study proteome 

dynamics, accurate quantitative analysis is required. Relative quantitative methods can 

be broadly grouped into 4 groups: gel-based methods, label-free methods, metabolic 

labelling methods and chemical labelling methods. Since I used a chemical labelling 

method (iTRAQ), I will refer briefly to the first 3 groups of quantitative methods and 

focus in more detail on the last one. 

 

 

1.4.4.1 Gel-based approaches for protein quantification 

Gel-based methods were the first approach used in protein quantification (Unlu et al., 

1997). In the classic 2D gel approach, samples are separated on different gels, spot 

intensities compared, spots excised, digested with trypsin and identified by MS. In the 

Differential in Gel Electrophoresis (DIGE) approach, two samples are labelled with 

different fluorescent dyes [Cysteine-3 (Cys-3) and Cys-5] and then mixed before 

separation on a single 2D gel, overcoming the reproducibility problem inherent to 

previous gel-based approaches. Relative protein quantification depends on the ratio 

between fluorescence intensities of the two dyes within a given spot, which is then 

excised for MS analysis. Plant biologists have used these approaches extensively to 

quantify proteome responses to stress and characterise organelle proteome dynamics 

during growth (Nilo et al., 2010; Ingle et al., 2007; Bae et al., 2003; Kleffmann et al., 

2007; Majeran et al., 2008). Nevertheless, protein quantification using DIGE analysis 

has some disadvantages. First, protein identification and protein quantification are not 

coupled; that is, differentially expressed spots should be first excised and then go 

though MS analysis for protein identification, increasing labour time. Second, loss of 

quantitative information may occur, due to the fact that one spot could contain more 

than one proteins. In this case, if one of the proteins is up-regulated under a treatment 

and the other one is down-regulated then the colour of the spot will not change. This 

will lead to missing of quantitative information for potentially important proteins for the 

processes under study. These inherent disadvantages, led me to decide on using 

chemical labelling (Section 1.3.4.4) of peptides that could be coupled to LC/MS and 
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achieve a high resolution quantitative analysis of the Arabidopsis nuclear proteome, as 

cells move from proliferation to quiescence. 

 

 

1.4.4.2 Label-free approaches for protein quantification 

In label-free approaches, quantification is made at the level of either the protein or the 

peptide. In the first case, the parameter used is the average ion count of total peptide 

spectra identified for a given protein in each sample, whereas in the second case the ion 

intensity of each peptide is measured by calculating the peak volume corresponding to 

each identified peptide at a given m/z ratio. In this way peak volumes for each peptide 

can be calculated across the LC-MS/MS runs within an experiment, and then be 

quantitatively compared with the same dataset from a different sample, outputting an 

average quantitative value for the corresponding protein. Despite limitations (Old et al., 

2005), the label-free approach has been employed different tissues in Arabidopsis, 

revealing dominant gene models and tissue-level proteome dynamics (Baerenfaller et 

al., 2008).  

 

 

1.4.4.3 Metabolic labelling methods in quantitative proteomics 

Metabolic labelling refers to the labelling of the whole cell proteome during active 

cellular metabolism. The label can be either a heavy isotope, such as 
15

N in the form of 

15
N-ammonium salts (Conrads et al., 2001), or an amino acid containing a stable 

isotope, such as lysine containing 
13

C [SILAC (stable isotope labelling of amino acids 

in culture; Ong et al., 2002)], and they are supplied during the growth of a cell culture. 

Following label incorporation, labelled and unlabelled protein samples are mixed at the 

earliest stage before any other type of processing commences, thus minimising technical 

variance issues. SILAC has been used many times in mammalian cells for studying e.g. 

signalling, protein-protein interactions, protein dynamics and micro-RNA-dependent 

proteome changes (reviewed in Schulze et al., 2010). In plants, a single study used 

SILAC-mediated phospho-proteomic analysis of Arabidopsis cell cultures, but the 

efficiency of label incorporation was too low for reliable quantification (Gruhler et al., 

2005). An alternative labelling method grows cells in either normal nitrogen (
14

N) or 
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with the heavier isotope 
15

N and compares the two samples. Almost 100% 
15

N 

incorporation was achieved in Arabidopsis cell cultures (Lanquar et al., 2007) as well as 

in Arabidopsis and tomato plants (Hebeler et al., 2008). In the case of plants, the 

labelling method is called either SILIP (stable isotope labelling in planta; Schaff et al., 

2008) or HILEP (hydroponic isotope labelling of entire plants; Bindschedler et al., 

2008). Thus, heavy isotope labelling is a very robust method for studying proteome 

dynamics in plants during normal growth or alterations of physiological conditions.  

 

 

1.4.4.4 Chemical-based labelling methods 

A wide range of chemical reagents has been generated for chemical labelling of proteins 

but only a few have been used in biological research (reviewed in Ong and Mann, 

2005). Two widely used methods are the “isotope-coded affinity tag” (ICAT; Gygi et 

al., 1999) and the “isobaric tag for relative and absolute quantification” (iTRAQ; Ross 

et al., 2004). The chemical reagent used in ICAT contains a reactive group that targets 

cysteines, a linker region and a biotin group that allows the recovery of labelled 

peptides. However, the lack of cysteines in some peptides compromises coverage and 

gives lower confidence in the quantification results. Also, the ICAT method is limited 

to only two samples per experiment, rendering it less flexible for experimental designs 

employing multiple treatments such as, time-course experiments. 

iTRAQ can label up to 8 independent samples, using a unique reagent for each sample, 

thus allowing for the design of multi-sampled experiments. Each iTRAQ reagent labels 

primary amines of amino acids, generating a population of peptides that are labelled at 

their amino terminus as well as at any lysine residues. The general structure of the 

reagent consists of an amine-reactive group, a charged reporter group that is unique for 

each of the eight reagents and a balance group as a linker between the reporter and 

amine-reactive groups (Figure 1.8). The masses of the individual reporter ions range 

from 114 to 121Da whereas the linker group masses range from 31 to 24Da, so that the 

total mass of the isobaric tag in each of the eight iTRAQ reagents is 145Da. This special 

mass combination facilitates peptide quantification in the MS/MS mode of the mass 

spectrometry analysis (see below).  
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Figure 1.8 Structure of the iTRAQ™ reagent. 

The structure of the reagent is divided into 3 parts. The first part is the peptide reactive 

group; this is attached to the balance group followed by the reporter species. In total, the 

balance and reporter groups have a mass of 145kDa. During MS analysis the balance 

group is cleaved from the amino acid reactive moiety. When parent ions enter the 

MS/MS mode, the vast majority of balance-reporter pairs break at the joining point 

releasing the reporter ion. (Source: iTRAQ manual, Applied Biosystems) 

 

 

ICAT and iTRAQ also differ in that in the former method, as mentioned above, 

quantification is undertaken in the MS mode whereas for iTRAQ it occurs in the 

MS/MS mode. Upon peptide ionization, iTRAQ-labelled peptides that are common 

between the different samples are indistinguishable at the MS mode due to the addition 

of the isobaric tag to their sequence. Upon parent ion fragmentation by collision-

induced dissociation (CID), the singly charged reporter group is cleaved from the 

isobaric tag and the neutral linker group is lost. The reporter ions from the isobaric tag 

are detected at the low end of the mass spectrum, (at an m/z between 114 and 121 

depending on which reagent has been used) and at the same time peptide identification 

is taking place. The ion abundance of the reporter groups for the same peptide from 

different samples give a relative quantitative ratio and, consequently, quantitative 

information for the amount of protein present in each sample (Figure 6.2). At least two 

peptides, preferably many more, from each protein are needed for reliable protein 

quantification. Complete labelling of all peptides in a mixture ensures that all the 
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proteins in the sample can be potentially quantified, in contrast to ICAT where only 

cysteine-containing peptides are labelled. Also, complete peptide labelling with iTRAQ 

may facilitate simultaneous quantification of post-translational modifications (PTMs).  

The iTRAQ approach has been used to determine protein distributions across different 

sub-cellular organelles and structures (Zhu et al., 2009; Dunkley et al., 2006), to 

determine quantitative changes in plant proteomes during biotic or abiotic stresses 

(Marsh et al., 2010; Lippert et al., 2009; Schneider et al., 2009; Nuhse et al., 2007; 

Patterson et al., 2007; Jones et al., 2006) and to follow proteome changes during 

physiological processes, such as fruit ripening (Lucker et al., 2009).  

 

 

1.4.5 Plant nuclear proteomics  

Systematic analysis of the nucleolar proteome, using LC/MS combined to in vivo 

validation with the use of fluorescence-tagged proteins, has allowed systematic analysis 

of the nucleolar proteome (Pendle et al., 2005) and the same is potentially possible for 

the nucleus. Up to date, a considerable amount of studies of nuclear proteome in plants 

has been published, and these include nuclei from leaves and cultured cells of 

Arabidopsis (Jones et al., 2009), from rice endosperm (Bae et al., 2003), from chickpea 

seedlings and from Medicago seeds (Calikowski et al., 2003; Khan and Komatsu, 2004; 

Pandey et al., 2006; Repetto et al., 2008). The number of proteins identified in these 

studies varied (Table 1.1) but they illustrate the potential to provide a deeper 

understanding of how the nuclear proteome is related to metabolic processes. For 

example, in Medicago seeds just prior to seed filling, almost 30% of the nuclear 

proteome consists of ribosomal and RNA processing proteins (Repetto et al., 2008), an 

indication of the high translational activity associated with storage protein 

accumulation. Conversely, in nuclear extracts from Arabidopsis leaves and chickpea 

seedlings, these types of proteins were less abundant whilst proteins related to cell 

organization and carbohydrate metabolism, which are necessary for sustaining plant 

development, are relatively more abundant (Bae et al., 2003; Pandey et al., 2006). 

However, with the exception of nucleolus (Pendle et al., 2005), these studies fail to 

capture the expected complexity of the nucleus, and this complexity is part of my work 

at this thesis aims to reveal (Section 1.8). 
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Table 1.1 List of proteomic studies of the plant nucleus 

 

 

 

1.4.6 Proteomics of the nucleolus 

The most prominent region inside most nuclei is the nucleolus, which is the site of 

transcription, processing and assembly of ribosomal RNAs (rRNAs) into ribosomal 

subunits before their export to the cytoplasm (Fatica and Tollervey, 2002) and these 

features provide a means for physical isolation. A comprehensive study of the 

Arabidopsis nucleolar proteome (aNP) identified 217 proteins (Pendle, et al., 2005). 

Comparison of the plant nucleolar proteome with the human nucleolar proteome (hNP; 

Andersen et al., 2002, 2005) identified both conserved and organism-specific proteins. 

Initial protein homology comparisons indicated that 69% of the identified plant 

nucleolar proteins have a counterpart in the hNP. Another 23 putative plant-specific 

proteins provided a possible basis for known structural differences between plant and 

animal nucleoli (Shaw and Jordan, 1995), such as differences in rRNA gene 

transcription/regulation and the presence of a nucleolar cavity in plants. The plant-

specific proteins included putative DNA-interacting proteins, perhaps reflecting 

differences in rDNA gene transcription. Exon-junction complex (EJC) proteins were 

Plant species Material Proteome Method No. of proteins Reference

Arabidopsis thaliana cell culture
nuclear 

phosphoproteome
SCX;LC-MS/MS 317 Jones et al., 2009

Arabidopsis thaliana leaf nuclear
2D-SDS; MALDI-ToF-

ToF
54 Bae et al., 2003

Arabidopsis thaliana cell culture nucleolus LC-ESI-Q-ToF 217 Pendle et al., 2005

Arabidopsis thaliana cell culture nuclear matrix

1D-SDS; ESI-Q-ToF 

* 2D-SDS; MALDI-

ToF-ToF

36
Calikowski et al., 

2003

Medicago trancatula seed nuclear 1D-SDS; ESI-Q-ToF 143 Repetto et al., 2008

Cicer arietinum seedling nuclear 2D-SDS; ESI-Q-ToF 150 Pandey et al., 2006

Cicer arietinum seedling

nuclear-

dehydration 

stress

2D-SDS; ESI-Q-ToF 147 Pandey et al., 2008

Oryza sativa cell culture nuclear
2D-SDS; MALDI-ToF-

ToF
190

Khan and Komatsu, 

2004

Oryza sativa cell culture

chromatin 

proteome and 

phosphoproteome

2D-SDS; MALDI-ToF-

ToF
269 Tan et al., 2007

Oryza sativa endosperm nuclear SCX; MALDI-ToF-ToF 468 Li et al., 2008
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also found in the plant nucleolar preparation and this was confirmed by expressing GFP 

fusion proteins in living cells (Pendle, et al., 2005). The association of some EJC 

components with the nucleolus in animal cells was also reported (Andersen et al., 

2005). The above studies demonstrate the importance of high-throughput proteomics 

studies at identifying novel roles of a structure or an organelle, as well as identifying 

inter-connectedness between cellular compartments.  

 

 

1.5 Regulatory kinases as components of nuclear bodies  

Many nuclear-based processes, such as DNA replication and gene expression, are 

controlled by reversible phosphorylation (Vermeulen et al., 2009) and many protein 

kinases are known to reside in the nucleus. Some, such as CDKA from Arabidopsis are 

present both in the cytoplasm and in the nucleus (Weingartner et al., 2001), but others 

reside solely in the nucleus. For example, CDKC1, CDKC2, CDKD1 and CDKD3 in 

Arabidopsis are nuclear proteins that locate to speckle-like structures (Kitsios, 2007; 

Kitsios et al., 2008) and do not have a direct role in cell cycle progression (Menges et 

al., 2003). Understanding the role of these nuclear kinases would help us to obtain a 

more holistic view of the functional importance of the CDK family in plants. In the 

following sections I will present a literature review about the role of CDKs in important 

nuclear processes of the eukaryotic cell. 

 

 

1.5.1 Cyclin dependent protein kinases 

Cyclin-dependent kinases (CDKs) are a large family of heterodimeric serine/threonine 

kinases that belong to the CMGC group of eukaryotic protein kinases. Apart from 

CDKs, this group includes mitogen-activated kinases (MAPKs), glycogen synthase 

kinases (GSKs) and CDK-like kinases (CLKs) (reviewed by Champion et al., 2004; 

Hanks, 2003; Manning et al., 2002;). By definition, CDKs require the binding of cyclins 

for their activity (although additional proteins bind and activate CDKs in the absence of 

cyclins (reviewed by Nebreda, 2006). Cyclins function as the regulatory subunit of the 

cyclin/CDK complex whereas CDKs act as the catalytic subunit.  
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1.5.1.1 Discovery of the first cyclin dependent protein kinase 

The first comprehensive description of cell division was published by Strasburger in 

1880, revealing that nuclear division immediately precedes division of the cell. DNA 

replication occurs much earlier in the cell cycle (Swift, 1950). The non-mitotic stages 

are collectively known as interphase (see below), a term that was coined by H. 

Lundergardh in 1913, whereas the process of nuclear division was called “mitosis”. 

Mitosis is divided into five different stages: prophase, metaphase, anaphase, telophase 

and cytokinesis (Strasburger in 1884, “telophase” was introduced by Martin Heidenhain 

in 1894).  Interphase also has several distinct stages including Gap1 (G1), DNA 

synthesis or replication (S) and Gap2 (G2). During G1 and G2 stages, the cell may 

monitor its size and physiological environment and can “decide” whether to progress to 

S phase and mitosis, respectively, or to delay progression or to exit the cell cycle and 

enter quiescent or differentiated states.  

In 1968, Van't Hoff observed that when pea root tip were starved of sucrose the cells 

stopped dividing. When sucrose was re-supplied to the root tips the cells resumed cell 

division. He suggested that cells have an inherent mechanism that allows them to 

monitor nutrient levels and then “decide” whether these levels are adequate for 

progressing to division. This mechanism is known as a “checkpoint”. During the 

eukaryotic cell cycle, there are at least 3 checkpoints; the G1/S checkpoint, the G2/M 

checkpoint and spindle assembly checkpoint. Amongst other things, cell size is checked 

at G1/S before the cell proceeds to DNA replication. At the G2/M checkpoint, the 

fidelity and completeness of DNA replication is assessed before the cell enters mitosis. 

The spindle assembly checkpoint is responsible for making sure that chromosomes are 

properly aligned to the equatorial plane before any attempt is made to separate them. 

A revolution in the understanding of cell cycle control came with the discovery of the 

first core cell cycle regulator in fission yeast (Schizosaccharomyces pombe) (Nurse and 

Bissett, 1981). The gene was called cell division control-2 (CDC2), encoded for a 

protein kinase and it was found to control progression during both G1/S and G2/M 

checkpoints (Nurse and Bissett, 1981). Subsequent to the discovery of CDC2, Evans et 

al., (1983) described a protein in sea urchin that was destroyed every time the cell 
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divided. Due to its cyclic behaviour, the protein was called cyclin.  A decade after its 

discovery, cyclin was shown to bind and regulate CDC2 activity. This discovery led to 

the adoption of a new nomenclature regarding CDC proteins, and subsequently 

discovered CDC2-related proteins were named cyclin-dependent kinases (CDKs). 

 

 

1.5.1.2 Structure of cyclin-dependent kinases 

Crystallographic studies of CDKs have provided insight into their protein structure and 

the conformational changes that occur upon binding to cyclin partners or other CDK-

associated proteins (Day et al., 2009; Lu et al., 2006; Lolli et al., 2004; Brotherton et 

al., 1998; De Bondt et al., 1993). The core catalytic domain of all protein kinases 

consists of 250-300 residues and it has a structure similar to that of human cyclic-AMP 

(Knighton et al., 1991) and CDK2 (De Bondt et al., 1993).  

Mammalian CDK2 was the first CDK whose crystal structure was resolved (De Bondt 

et al., 1993). As all CDKs are structurally related, I will use the structure of CDK2 for 

describing the basic structure of the CDK protein family. The catalytic core of the 

CDK2 structure consists of an N-terminal lobe and a C-terminal lobe (Figure 1.9), 

characteristic of all protein kinases. The two lobes are separated by a stretch of 40 

amino acids that form the catalytic cleft of the kinase, where ATP and substrate binding 

sites reside. The N-terminal lobe consists of five anti-parallel "-strands and a single #-

helix, whereas the C-terminal lobe has six #-helices and a small ribbon (De Bondt et al., 

1993). The N-terminal lobe contains a glycine-rich motif and the PSTAIRE motif both 

of which are important for kinase activity. The glycine-rich sequence facilitates binding 

of the kinase to ATP phosphates and also contains two conserved residues, Thr14 and 

Tyr15, whose phosphorylation state is important for CDK activation (Gu et al., 1992; 

Morgan, 1995). The PSTAIRE motif is a CDK hallmark peptide sequence and defines 

part of the site where cyclin binds.  Whereas the N-terminal lobe is the CDK activation 

domain, the C-terminal lobe is responsible for the catalytic activity of the kinase. The 

C-terminal lobe contains the catalytic loop, which is responsible for the transfer of a 

phosphate group from ATP to the substrate protein. The T-loop acts as an inhibitor of 

CDK activation until the conserved threonine residue (hence the name “T-loop”) is 
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phosphorylated and allows access of the substrate to the catalytic cleft (Jeffrey et al., 

1995).  

 

 

1.6 Cyclin-dependent kinases have diverse cellular functions 

Cyclin-dependent kinases are well-established regulators of the eukaryotic cell cycle 

(Nigg, 1995; Morgan, 1997; Nurse, 2002) and have profound effects on nuclear 

structure and function. Activation of the mitotic CDKA leads to disassembly of many 

nuclear structures, including the nucleolus and many other structures involved in gene 

expression. Other CDK’s appear to have roles in specific aspects of nuclear function, 

including gene transcription, pre-mRNA processing, translation and DNA damage 

responses. In this section I will focus on these “non cell cycle” roles of CDKs. The roles 

of each CDK group and the respective homologues in plants, yeast and animals are 

collectively presented in Table 1.3 at the end of this section and can be used in reference 

to the text. Also a phylogenetic tree of all the CDKs involved in pre-mRNA processing 

is provided at Figure 1.12, in order to visualise sequence-based relationships between 

the different CDK families. 
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Figure 1.9 Graphical representation of domain organisation in a eukaryotic kinase. 

The catalytic domain of the kinase consists of an N- and a C-terminal lobe. In total, there are 12 domains (numbered with latin 

numerals) separated by less conserved amino acid sequences (yellow bars). Conserved motifs and functionally important 

amino acids for CDK activity are shown above the sequence (see text). Amino acids are numbered based on the human CDK2 

sequence.

I  II    III IV V  VIA VIB  VII  VIII  IX     X  XI 

    N-terminal lobe     C-terminal lobe 

 T160 

PSTAIRE 
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1.6.1 CDKs and transcription initiation 

Gene transcription is a highly complex and multi-step process involving chromatin 

modification, assembly of transcription initiation complexes on gene promoters, pre-

mRNA transcript initiation, elongation and termination. The first step for transcription 

initiation is the formation of the pre-initiation complex  (PIC) on the promoter DNA of 

the gene. Assembly of the PIC is a step-by-step process (Buratowski et al., 1989; 

Ranish and Hahn, 1996; see Figure 1.10). Assembly of the transcriptional apparatus for 

transcription initiation begins with the recruitment of general transcription factors 

(GTFs) to gene promoters. TFIID is first recruited and binds to the DNA promoter, 

followed by TFIIA and TFIIB and then RNA Polymerase II associated with TFIIF. PIC 

is finally established with the loading of TFIIE and TFIIH. Even though PIC is 

sufficient to drive transcription in vitro, it is unable to respond to activators. This 

observation suggested the existence of a bridge complex that responds to activator 

molecules and signals the PIC to initiate transcription. This complex was first isolated 

in yeast and termed “Mediator” (Kelleher et al., 1990; Flanagan et al., 1991; Kim et al., 

1994). The Mediator complex is conserved from yeast to plants and mammals and is 

important in mediating the activation of RNA Polymerase II that leads to promoter 

clearance and transcript elongation (Boube et al., 2002; Max et al., 2007). 

RNA Polymerase II (PolII) is the enzyme responsible for pre-mRNA transcription in 

eukaryotic cells. It is composed of two large subunits and a collection of smaller 

subunits. The unique characteristic of PolII is the presence of a domain at the C-

terminus of its large subunit, comprised of tandem repeats of the consensus sequence 

Tyr-Ser-Pro-Thr-Ser-Pro-Ser (Corden, 1990) and termed the C-terminal domain (CTD). 

The number of this hepta-peptide repeat varies across eukaryotes, from 26-27 in yeast, 

42 repeats in Caenorhabditis elegans, 44 in Drosophila melanogaster to 25 in 

Arabidopsis thaliana. 

Reversible phosphorylation of the CTD is an important regulatory mechanism for 

transcription initiation, pre-mRNA processing and transcription termination. The 

phosphorylation status of the CTD dictates its binding specificity (Hirose and Manley, 

2000). The CTD is phosphorylated by the TFIIH and positive transcription elongation b 

(P-TEFb) transcriptions factors. In mammals, the catalytic subunit of TFIIH is the 

CDK7/CyclinH whereas for P-TEFb is the CDK9/CycT (Serizawa et al., 1995; 
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Marshall et al., 1996). Further to the involvement of CDK7- and CDK9- containing 

complexes in the regulation of gene transcription, new CDK/Cyclin complexes have 

been found to contribute to the complex regulatory network of gene transcription, pre-

mRNA processing and mRNA translation. In the next sections I will discuss the role of 

each CDK/Cyclin complex in this fundamental cellular process. 

 

1.6.2 The CDK7/CyclinH group 

CDK7/CyclinH complex exhibits a dual role in eukaryotic cells. One role is to act as a 

CDK-activating kinase (CAK) by phosphorylating Cdc2/CyclinA and Cdc2/CyclinB 

complexes in Drosophila embryos leading to their activation (Larochelle et al., 1998). 

The second role is to participate in the TFIIH transcription factor complex as the 

catalytic subunit that phosphorylates the Ser-5 of the CTD in PolII (Serizawa et al., 

1995; Shiekhattar et al., 1995). Substrate specificity is dictated by its interaction with 

the assembly factor MAT1; in the absence of MAT1, CDK7/CylinH complex shows 

CAK activity but when in association with MAT1, it participates in the TFIIH factor 

and phosphorylates the CTD (Rossignol et al., 1997; Yankulov et al., 1997). In yeast, 

the Kin28 protein is the catalytic subunit of TFIIH and was found to phosphorylate the 

Ser-5 of the PolII CTD domain and to have a CAK activity (Feaver et al., 1994; 

Hengartner et al., 1998).  

Binding of unphosphorylated CTD to components of the PIC, such as the TATA-

binding protein (TBP) and the Mediator complex, recruits PolII to gene promoters 

(Usheva et al., 1992; Myers and Kornberg, 2000). Also, unphosphorylated CTD has 

high affinity for DNA and the CTD/DNA complex is a better substrate for 

CDK7/CyclinH than free CTD (Lolli, 2009). Upon phosphorylation at Ser-5, CTD 

dissociates from DNA and from components of the PIC, licensing PolII to initiate 

transcription (Kobor and Greenblatt, 2002; Oelgeschlager, 2002). Transcription 

initiation-competent PolII is not allowed to proceed to elongation due to its association 

with DRB (5,6-dichlorobenzimidazole 1-!-D-ribofuranoside)-sensitivity-inducing 

factor (DSIF) and the negative elongation factor (NELF), the two inhibitors of the 

elongation phase of transcription (Wada et al., 1998). Transcript elongation is 

established when DSIF and NELF dissociate from PolII after being phosphorylated by 

CDK9/CyclinT complex (see Section 1.5.5 and Figure 1.10). 
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Figure 1.10 A simplified model of nascent transcript initiation in the mammalian nucleus. 

Upon PIC assembly, PolII and TFIIH are recruited to the gene promoter where PolII binds to TATA-binding protein (TBP) 

in a Mediator-dependent manner (1).  In the next step, the catalytic subunit of TFIIH transcription factor, CDK7/CycH, 

phosphorylates the Ser-5 of the CTD domain and licences PolII for promoter clearance (2). Phosphorylation on the Ser-2 of 

CTD by the CDK9/CyclinH complex (3), the catalytic subunit of the pTEF-b transcription factor, initiates transcript 

elongation (4). 
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In a phylogenetic analysis of eukaryotic CDK protein sequences, a group of plant CDKs 

was found to share high homology with the mammalian CDK7 (Guo and Stiller, 2004). 

Based on proposed nomenclature by Joubes et al., (2000) this group was designated as 

CDKD and consisted of three Arabidopsis CDK7-like proteins (AtCDKD1-3) and a rice 

CDK7-like protein (OsCDKD1). OsCDKD1 was found to phosphorylate the rice 

homolog of CDK1, acting as a CAK, and the Arabidopsis PolII CTD domain (Hata, 

1991; Yamaguchi et al., 1998). Thus, OsCDKD1 was the first identified ortholog of 

mammalian CDK7 in plants. The presence of three CDK7-like proteins in Arabidopsis 

indicated a more diverse role for this protein family in plants. Indeed, the three 

members were found to have considerable functional divergence. CDKD2 and CDKD3 

were both found to have CAK and CTD-kinase activities that were enhanced in vitro 

when incubated with AtCyclinH;1, the plant homolog of human CyclinH (Yamaguchi et 

al., 2000; Shimotohno et al., 2003, 2004, 2006). On the other hand, CDKD1 showed 

very low affinity for binding AtCyclinH1 in vitro and exhibited very low kinase activity 

in vivo. These data suggest that the functional role of CDKD1 has diverged from the 

other two members of the family, with its role still remaining unresolved. 

 

 

1.6.3 The CDK8/CyclinC group 

The mammalian CDK8 protein binds to CyclinC and, together with Med12 and Med13 

proteins, form active CDK8-CyclinC complexes that can directly affect the activity of 

major components of the PIC, such as TFIIH transcription factor and PNA PolII 

(Hengartner et al., 1998; Akoulitchev et al., 2000). In mammals, CDK8-CyclinC was 

found to suppress transcriptional re-initiation not by acting on the CTD, but by 

preventing Mediator-PolII complex formation (Elmlund et al., 2006; Knuesel et al., 

2009a). Disruption of the Mediator-PolII complex resulted in improper assembly of the 

PIC on gene promoters and, thus, inhibition of transcription re-initiation. Thus, CDK8-

CyclinC provides a fine-tuning, allowing the cell to readily activate/reactivate or 

suppress gene transcription in response to internal or external stimuli (Knuesel et al., 

2009a). Contrary to its indirect inhibition of transcription in mammalian cells, the yeast 

CDK8 homologue, Srb10, was found to directly phosphorylate CTD-Ser of PolII prior 
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to the CTD binding to the DNA and, thus, preventing formation of PIC (Hengartner et 

al., 1998).  

Recently, a surprising additional property of CDK8 ia histone kinase activity that led to 

transcriptional activation, contrasting with the well-known inhibitory effect of CDK8 in 

gene transcription (Knuessel et al., 2009a, b). CDK8 phosphorylated the Ser-10 of 

histone H3; a histone modification known to favour transcriptional activation (Nowak 

and Corces, 2000; Knuesel et al., 2009b). Thus, CDK8-CyclinC appears to regulate 

gene transcription either in association with Mediator, or in its own right functioning at 

the level of chromatin. Since most transcription factors target the Mediator complex, 

CDK8-CyclinC association with the Mediator implies regulation of gene transcription 

over multiple transcriptional sites (Knuessel et al., 2009b).  

Apart from acting as a switch affecting global gene transcription, CDK8 also 

specifically regulates the Wnt/!-catenin pathway that is aberrantly activated during 

colorectal cancer development. Ip-regulation of the !-catenin pathway is CDK8 

dependent and leads to proliferation of colon cancer cells (Firestein et al., 2008). 

Moreover, CDK8 suppresses expression of the transcription factor, E2F1, a 

transcriptional target of retinoblastoma (RB) tumour suppressor protein (Morris et al., 

2008). E2F1 is a suppressor of !-catenin-dependent transcription and, thus, an inhibitor 

of colon cancer development. The suppression of E2F1 transcription suggests that 

CDK8 is an oncogene, involved in regulating both Wnt/!-catenin and pRB-signalling 

pathways in favour of proliferating colon cancer cells (Morris et al., 2008). 

 

 

1.6.4 CDK8-like proteins in plants 

In plants, the closest homolog of CDK8 is CDKE (Joubes et al., 2000). The Arabidopsis 

CDKE, encoded by the HUA ENHANCER 3 (HEN3) gene, regulates leaf cell 

expansion and cell fate specification in floral
 
meristems (Wang and Chen, 2004). 

Similarly to yeast Srb10, CDKE exhibits a CTD kinase activity and hen3 mutants 

showed transcriptional up-regulation of floral homeotic genes AGAMOUS, APETALA1 

and APETALA2, suggesting that CDKE inhibits gene transcription. An interesting 

difference between Arabidopsis CDKE and its animal counterpart is that, instead of 
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binding to a C-type cyclin, CDKE interacts with a D-type cyclin in yeast two-hybrid 

(Wang and Chen, 2004).  

Gonzalez and colleagues (2007) found a Mediator/CDK8-subcomplex in Arabidopsis 

that mimics the function of CDK8 in suppressing gene transcription. Identification of its 

role was achieved by studying the mechanism of action of the transcriptional co-

repressor LEUNING (LUG), a member of the Gro/TLE transcription co-repressor 

family conserved in all eukaryotes. Repressor activity was found to be impaired in a 

yeast strain depleted in the Srb10, the yeast counterpart of CDK8, suggesting that 

activity of LUG depends on the presence of CDK8 (Gonzalez et al., 2007). 

Identification of proteins homologous to mammalian Mediator and CDK8-

subcomplexes in Arabidopsis suggested that LUG exerts its repression activity in a 

similar fashion to its mammalian counterpart. Moreover, evidence from yeast two-

hybrid assays and in vivo interaction assays showed that CDKE interacted with LUG 

and SEUSS; a mediator of LUG interaction with transcription factors (Gonzalez et al., 

2007; Sridhar et al., 2004, 2006). Thus, LUG may act as a transcriptional repressor by 

interacting with the plant Mediator via CDKE, mirroring the mechanism of widespread 

transcriptional repression in mammals. 

 

 

1.6.5 The CDK9/CyclinT group 

Mammalian CDK9 has been found to interact with two types of cyclins, T-type and K-

type, with T-type being its predominant partner (Garriga et al., 1996; Peng et al., 1998). 

CDK9 is the catalytic subunit of the positive transcription elongation factor b complex 

(P-TEFb) that is responsible for Ser-2 phosphorylation at the CTD domain of PolII 

(Marshall et al., 1996; Price, 2000). Ser-2 phosphorylation is the decisive step in the 

process of producing an elongation-competent PolII holoenzyme, with the first step 

being the phosphorylation of CTD at the Ser-5 position by the CDK7/CyclinH complex 

(see Section 1.3.2). DNA binding of the unphosphorylated CTD, upon recruitment of 

PolII to the PIC by the Mediator, assures the ordered phosphorylation of the CTD by 

TFIIH and P-TEFb at the Ser-5 and Ser-2 sites, respectively. Binding of the CTD to 

DNA makes the Ser-2 residue inaccessible to the CDK9/CycT complex. Dissociation of 

the CTD/DNA complex is achieved via phosphorylation of Ser-5 by the CDK7/CyclinH 
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complex that shows high affinity for binding CTD/DNA complexes, compared to free 

CTD (Loli, 2009).  

Interest in the mammalian P-TEFb complex has been intense due its potential as an anti-

HIV drug target. The CDK9/CyclinT complex has been found to regulate the 

transcription of HIV genes via binding to the HIV transcription factor TAT (Garriga et 

al., 1998; Wei et al., 1998) whereas incubation of mammalian cells with the P-TEFb-

specific inhibitor, flavopiridol, suppressed the HIV transactivation.  

Budding yeast contains two P-TEFb homologs; the Ctk1/CtDk-I (kinase/cyclin 

respectively) and Bur1/Bur2. The two complexes act in sequence, with Bur1/Bur2 being 

the catalytic unit that acts first, followed by the second P-TEFb homolog. Bru1/Bru2 do 

not have any CTD-kinase activity but mediate chromatin modifications by catalyzing 

ubiquitination of histone H2B and trimethylation of H3K4 (Wood et al., 2005). H2B 

ubiquitination acts as a signal for SAGA-associated ubiquitin protease that removes 

ubiquitin from histone H2B and allows recruitment of Ctk1/Ctdk-I (Wyce et al., 2007). 

Upon its recruitment, Ctk1/Ctdk-I phosphorylates the Ser-2 of the CTD domain 

initiating transcript elongation (Wood et al., 2005). 

Plant homologs of CDK9 were identified as members of the CDKC family (Joubes et 

al. 2000), whereas the plant homolog of mammalian CyclinT interacts with Arabidopsis 

CDKC1/CDKC2 proteins in yeast two-hybrid and immunoprecipitation assays (Barroco 

et al., 2003). CDKC/CyclinT complexes phosphorylate the CTD domain of PolII in 

Arabidopsis and Medicago (Cui et al., 2007; Fulop et al., 2005), suggesting a role in 

transcriptional regulation similar to that of the mammalian CDK9/CyclinT complex. In 

agreement with this hypothesis, cdkc2/CDKC1:RNAi or CyclinT1;4/CyclinT1;5 double 

mutants are extremely resistant to the Cauliflower Mosaic Virus (CaMV) indicating that 

the CDKC2/CyclinT complex is indispensable for the transcriptional activation of 

CaMV viral genes (Cui et al., 2007).  In addition to viral resistance, the double mutants 

exhibited developmental defects such as altered leaf growth and trichome architecture 

as well as delayed flowering, suggesting a role of the plant P-TEFb in other aspects of 

plant development.  
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1.7 Other CTD-kinases 

1.7.1 CDK10-like proteins 

The mammalian CDK10 and CDK11 proteins have been implicated in PolII-dependent 

transcription. Even though CDK10 contains a variant of the PSTAIRE motif, no 

cognate cyclins have been found. CDK10 associates with the N-terminal domain of the 

Ets2 transcriptional activator and inhibits its action (Kasten and Giordano, 2001). Ets2 

inhibition was not dependent on the activity of the kinase, as both wild type and an 

inactive kinase mutant of CDK10 impose the same level of inhibition. CDK10 may 

affect the activity of Ets2 by interfering with the binding of Ets2 to members of the 

transcription apparatus (Kasten and Giordano, 2001). Ets family members regulate the 

expression of genes involved in tumour development and cancer, functioning either as 

trans-activators or suppressors (Graves, et al., 1998; Graves and Petersen, 1998; Buggy 

et al., 2006). CDK10-dependent regulation of Ets2 trans-activation suggests that this 

kinase could affect signalling pathways involved in cancer development. Indeed, 

CDK10 is an important determinant of resistance to endocrine therapy for breast cancer 

patients (Iorns et al., 2008), since RNAi silencing of CDK10 resulted in elevated 

resistance of breast cancer cells to tamoxifane, an anti-cancer agent that targets estrogen 

signalling.  

 

 

1.7.2 CDK11-like proteins 

CDK11 proteins contain the PITSLRE variant motif and associate with L-type cyclins 

(Dickinson et al., 2002). In humans, three isoforms of CDK11 proteins have been 

described; CDK11
p46

, CDK11
p58

 and CDK11
p110

, where the numbers correspond to the 

size of respective polypeptides in kilodaltons (Bunnell et al., 1990; Xiang et al., 1994; 

Gururajan et al., 1998). The first two isoforms were found to be involved into apoptosis 

and mitosis, respectively, whereas the third one has been implicated in pre-mRNA 

transcription and splicing (Lahti et al., 1995; Bunnell et al., 1990; Trembley et al., 

2003). In this section, I discuss only the CDK11
p110

 isoform and refer to it hereafter as 

CDK11. CDK11 co-immunoprecipitates with transcription elongation factors and PolII 

but casein kinase 2 (CK2), and not CDK11, is the kinase responsible for 

phosphorylating the PolII, whereas CDK11 is also a substrate of CK2 itself (Trembley 
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et al., 2003). These data suggest that CDK11 participates in complexes that include 

CK2 and that its activation might be the important step in co-ordinating pre-mRNA 

transcription and processing. CDK11 was found to be part of the Mediator complex in 

humans and that its kinase activity inhibited viral activator VP16-dependent 

transcriptional activity (Tsutsui et al., 2008). In the same report, CDK8 knockout had 

the opposite effect on transcriptional activation suggesting that, even though members 

of the same complex, CDK11 and CDK8 play distinct roles in transcriptional 

regulation. 

Comparative genomic analysis of the evolution of CTD-kinases in animals, plants, yeast 

and protists, identified three plant proteins that were grouped into the CDK11/CDK10-

like phylogenetic clade; two from Arabidopsis and one from rice (Guo and Stiller, 

2004). The Arabidopsis genes correspond to CDK-like protein kinases CDKG;1 and 

CDKG;2 (Menges et al., 2005) whereas the rice gene corresponds to Os04g0488000 

locus. Even though they were grouped into the CDK10/CDK11 clade, all three proteins 

were more closely related to CDK11. CDKG1 mRNA expression is up-regulated during 

cell cycle re-entry whereas CDKG2 mRNA levels remain stable all the way through the 

cell cycle (Menges et al., 2005). Cell cycle exit or re-entry, that is the transition from 

G1 to G0 stage and vice versa, is controlled by the suppression/transactivation of E2F-

type transcriptional activators that recruit chromatin modification factors to gene 

promoters (Takahashi et al., 2000; Trimarchi and Lees, 2002). That CDKG1 is up-

regulated at the G0/G1 transition (Menges et al., 2005) and is also related to the 

mammalian CDK11, suggests that CDKG1 probably has an important role in 

resumption of transcriptional activity during the cell cycle re-entry. Moreover, GFP 

protein localization data showed that CDKG1 fusion protein localizes into nuclear 

speckles suggesting involvement into transcription and splicing (Kitsios, 2007). 

 

 

1.8 CDKs and pre-mRNA processing 

Production of a mature mRNA that is ready to be exported to the cytoplasm and 

translated by the ribosome, involves three major processing steps: capping, splicing and 

polyadenylation. Transcription and pre-mRNA processing are concomitant events that 

take place as PolII progresses through the coding region of the gene. Most interestingly, 
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the link between pre-mRNA transcription and processing is mediated, at least partially, 

by CDK-dependent phosphorylation events in yeast and mammals (Guiguen et al., 

2007; Chen et al., 2007; Loyer et al., 2005; Pei et al., 2003, 2006; Ko et al., 2001). 

 

 

1.8.1 P-TEFb and pre-mRNA processing 

As discussed in Section 1.3.5, PolII-dependent transcript elongation is regulated by the 

P-TEFb transcription factor in eukaryotes. Recruitment of yeast P-TEFb onto the PolII 

holoenzyme is dependent on the presence of mRNA capping factors cap 

methyltransferase Pcm1 and RNA triphosphate Pct1  (Guiguen et al., 2007; Pei et al., 

2003, 2006), suggesting a link between pre-mRNA elongation and processing. Loss of 

Pcm1 from yeast cells causes dephosphorylation of CTD at Ser-2 position whereas 

chromatin immunoprecipitations from depleted cells show a dramatic decrease of 

chromatin-bound P-TEFb complex (Guiguen et al., 2007). Also, the CDK9/Pch1 

complex in fission yeast, the homolog of mammalian P-TEFb, interacts with the RNA 

triphosphate Pct1 and phosphorylates the elongation factor Spt5 (Pei et al., 2003). Pct1 

is necessary for the formation of the cap complex whereas the Spt5 factor belongs to the 

DSB-sensitivity inducing factor (DSIF) complex. Upon phosphorylation of CTD Ser-5 

by TFIIH, DSIF complex binds Pcm1 and Pct1 in fission yeast and suppresses transcript 

elongation (Pei and Shuman, 2002).  

In conclusion, transcript initiation and pre-mRNA processing are co-ordinated (see 

Figure 1.11). Upon phosphorylation of CTD Ser-5 by CDK7/CycH CTD tail is released 

from the DNA and PolII leaves the promoter, pausing soon after due to association with 

the DSIF and NELF inhibitor proteins (Wada et al., 1998). This temporary pause allows 

the loading of the capping complex to the 5’-end of the nascent pre-mRNA. The cap 

complex recruits the P-TEFb factor by interaction with Pcm1 and Pct1 capping proteins 

and then the catalytic subunit of P-TEFb phosphorylates the Spt5 protein component of 

the DSIF complex, the RD subunit of NELF (Fujinaga et al., 2004) and the Ser-2 of 

CTD. These phosphorylation events lead to relief of PolII by inhibitory factors and 

establishment of transcript elongation. 
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1.8.2 CDC2-like proteins and splicing 

A family of mammalian cdc2-like proteins associate with spliceosomal components, 

suggesting a CDK role in pre-mRNA splicing. These CDKs share the PITA(I/V)RE 

cyclin binding motif and contain a serine/arginine-rich (RS) motif at their N-terminus, 

which is a typical feature of kinases that phosphorylate SR-splicing factors (Marques et 

al., 2000). In humans, the cdc2-related protein CrkRS/CRK7 might be a link between 

splicing and transcription as it co-localised with the splicing factor SC35 and 

phosphorylated in vitro the CTD domain of PolII (Ko et al., 2001). The rat homologue 

of CrkRS was renamed CDK12 and both its isoforms, CDK12(L) and CDK12(S), 

interact with CyclinL1 and CyclinL2 and are involved in alternative splicing (Chen et 

al., 2006). L-type cyclins also interact with the mammalian CDC2L5, renamed to 

CDK13, and regulate alternative splicing as CDK12 (Chen et al., 2007). Even though 

regulation of splicing by CDK12 and CDK13 involves the ASF/SF2 splicing factor, the 

mechanism of action seems to differ between the two complexes. The effect of 

CDK12/CyclinL complex on splicing was counteracted by over-expressing the splicing 

factor, and this alteration did not involve phosphorylation events. This suggests that 

CDK12/CyclinL complexes affect splicing by ASF/SF2 sequestration, leading to 

inhibition of its splicing activity (Chen et al., 2006).  

Conversely, CDK13 directly phosphorylates the ASF/SF2 splicing factor and positively 

regulates alternative splicing of viral mRNAs (Berro et al., 2008). Inhibition of CDK13 

activity was achieved by interaction of the kinase complex with the splicing inhibitor 

protein p32, leading to sequestration of CDK13 away from ASF/SF2 substrate (Berro et 

al., 2008; Even et al., 2006; Petersen-Mahrt et al., 1999).  

Even though inhibition of ASF/SF2 phosphorylation eventually blocks splicing, 

ASF/SF2 dephosphorylation is a necessary step for the first trans-esterification event in 

the splicing process in vitro (Cao et al., 1997). Therefore, CDK13-mediated ASF/SF2 

phosphorylation is the first step in initiating splicing, followed by a step of ASF/SF2 

dephosphorylation. However, inhibition of CDK13 activity by binding to p32, does not 

allow the phosphorylation/dephosphorylation cycle to resume leading eventually to 

splicing inhibition.  

Taken together, CDK12 and CDK13 complexes seem to be a part of an ASF/SF2-

dependent network of splicing regulation but act in different ways. CDK12 inhibits 
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splicing by sequestering splicing factors away from their interacting proteins whereas 

CDK13 promotes it by directly phosphorylating components of the splicing machinery. 

 

1.8.3 CDK11 protein family and pre-mRNA processing 

CDK11 (PITSLRE proteins) may affect the activity of spliceosomal components, in 

addition to its role in transcription regulation (Trembley et al., 2004). From the three 

CDK11 isoforms produced, CDK11
p110

,
 
CDK11

p58
 and CDK11

p46
, only the p110 one 

has been related to splicing regulation. The other two isoforms, p46 and p58, are 

involved in the regulation of apoptosis and mitosis, respectively (Lahti et al., 1995; 

Bunnell et al., 1990). 

The first indication of CDK11
p110

 isoform (hereafter, called CDK11) involvement in 

splicing was the finding that the protein co-localized with the splicing component SC35 

in nuclear speckles in human cells (Loyer et al., 1998). A yeast two-hybrid assay 

identified novel splicing interactors of CDK11 among which was the splicing factor 

9G8, which is an in vivo substrate of CDK11, whereas splicing assays with CDK11-

immunodepleted protein extracts confirmed the importance of CDK11 in the splicing 

process (Hu et al., 2003). In Section 1.4.2, I discussed the involvement of CDK11 in 

transcriptional activation. The above-presented CDK11-dependent regulation of pre-

mRNA splicing suggests that CDK11, along with CrkRS, might be a link between 

transcription and splicing. The identification of the RNPS1, an RNA-binding protein 

with an RS-rich motif that is characteristic of splicing factors, as an interactor of 

CDK11 supports this idea (Mayeda et al., 1999). When RNPS1 was over-expressed in 

human cells it altered the normal distribution of nuclear speckles causing aggregation of 

most nuclear speckles into 5-6 “large speckles” (Loyer et al., 1998), mimicking the one 

generated when cells are treated with transcription inhibitors. 
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Figure 1.11 Coupling of transcription to pre-mRNA processing. 

P-TEFb complex is recruited to PolII holoenzyme by the combinatory effect of the capping complex (PCT1/Pcm1 in 

yeast) and the phosphorylated CTD tail at Ser-5. Upon binding, the catalytic subunit of P-TEFb, CDK9/CycT, 

phosphorylates Ser-2 of the CTD and inhibitor protein complexes DSIF and NELF, releasing PolII and initiating 

transcript elongation. 
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Since RNPS1 is also a component of the EJC, responsible for mRNA export and 

nonsense-mediated decay of aberrant mRNAs (Le Hir et al., 2000), it can be suggested 

that CDK11 kinase constitutes a link between splicing, transcription and mRNA export 

in mammals. 

 

1.8.4 Plant CDKs and mRNA processing 

Phylogenetic analysis of CTD-kinases grouped plant CDKC proteins (AtCDKC1 and 

AtCDKC2, OsCDKC1) into a sub-group of the CDK9-like protein clade, containing the 

human CrkRS and CDK12/CDC2L5 kinases (Guo and Stiller, 2004). Positioning of the 

CDKC family within the CDK9-like group is in agreement with the suggestion that 

CDKC/CyclinT complexes in Arabidopsis are the mammalian homolog of P-TEFb 

(Barroco et al., 2003; Fulop et al., 2005). However, a more detailed phylogenetic 

comparison with known regulators of splicing activity in eukaryotes suggested that 

CDKC2 might be involved in splicing regulation as well; and therefore be functional 

homologs of the mammalian CrkRS as the link between transcription and splicing. 

Indeed, experimental data generated support this idea; Arabidopsis CDKC2 was found 

to co-localize with SR-splicing factors and the co-localization persisted when the 

transcriptional status of the cell was altered (Kitsios et al., 2008). Moreover, 

abolishment of CDKC kinase activity altered the speckled localization of both the 

kinase and the splicing factors to “mega” speckles, resembling localization profiles seen 

after drug-induced inhibition of transcription (Kitsios et al., 2008). This suggests that, at 

least in Arabidopsis, CDKC proteins control transcription and splicing. 

 

 

1.8.5 Summary 

Following their discovery as core regulators of the cell cycle in eukaryotes, CDKs have 

been found to affect many aspects of cellular homeostasis and especially gene 

expression. A summary of CDK families from human, yeast and Arabidopsis and their 

various functions is shown in Table 1.2. A phylogenetic tree of CDK proteins, based on 

amino acid sequence similarity across the three different organisms, is showed in Figure 

1.12. In the following section, I present the rationale of my project and the aims of my 

research. 
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Table 1.2 Eukaryotic CDKs and their role in gene transcription and pre-mRNA 

processing. 

The first column indicates kinase families, members of which affect transcription and/or pre-

mRNA processing. The second column contains homologs of budding yeast (red), human 

(green) and Arabidopsis (blue) of kinase families, the third column mentions the mechanism 

of action and the forth column the effect that the respective action has on transcript 

processing, if known.  

At: Arabidopsis thaliana, Hs: Homo sapiens, Sc: Saccharomyces cerevisiae, Sp: 

Schizosaccharomyces pombe 

 

”-“: no homologs identified, “(?)”: no mechanism of action or effect determined for 

identified homologs, “N/A”: verified functions that are not related to transcription and/or 

transcript processing 
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Figure 1.12 Phylogenetic tree of CDK proteins involved in different aspects of pre-

mRNA processing 

The multiple alignments of proteins were generated using the ClustalX program 

(www.clustal.org) and the phylogenetic tree was constructed using the TreeView X 

software (http://darwin.zoology.gla.ac.uk/~rpage/treeviewx/index.html). 
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1.9 Aims of the project 

 

The mammalian nucleus is well known to be a highly dynamic organelle both 

structurally and in terms of protein composition, but few similar studies have been 

undertaken on plant nuclei. A major aim of my PhD research was to characterise the 

Arabidopsis nuclear proteome using subcellular fractionation, followed by high 

performance liquid chromatography (HPLC) coupled to mass spectrometry (MS)-based 

protein identification. Comprehensive identification of nuclear proteins would provide 

the necessary framework to study proteome dynamics. As a first application of the 

newly obtained Arabidopsis nuclear proteome for studying organellar dynamics, I used 

MS-based methods to follow changes of the nuclear proteome as Arabidopsis cell 

cultures progress from proliferation to quiescence. 

One major mechanism of controlling nuclear processes at the molecular level is post-

translational modifications of proteins, which do not necessarily change protein 

abundance. One type of modification is protein phosphorylation. Therefore, my second 

aim was to study the role of nuclear-localised protein kinases, specifically CDKC2, in 

different nuclear processes, using live cell imaging and biochemical techniques to 

follow protein dynamics and identify possible substrates, respectively.  

Overall, my ambition is that my PhD research will provide a protein framework of the 

Arabidopsis nucleus that will allow future research on the specific roles of identified 

proteins in a wide range of nuclear processes and also obtain, for the first time, 

quantitative information on nuclear proteome behaviour between proliferation and 

quiescence. Moreover, shedding light on the specific roles of a nuclear-localized protein 

kinase will give us an insight on how this protein can affect certain nuclear processes in 

Arabidopsis. 
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Chapter 2 - Material and Methods  

 

2.1 Biological material  

2.1.1 Cell culture material 

Arabidopsis cell lines used were: Landsberg erecta cell line MM2d (May and Leaver, 

1993) and Columbia-0 (Col-0; Mathur and Koncz, 1998). The tobacco Bright Yellow-2 

cell line (BY-2; Kato et al., 1972) was also used. 

 

 

2.1.2 Plant material 

The following T-DNA insertion and overexpression lines were used. One T-DNA line 

was SALK_029546 that contains an insertion in the 8th exon of the CDKC2 gene 

(At5g64960) and thereafter called cdkc2;2. The second one was SAIL_269_C02 that 

contains a T-DNA insertion into the first intron of Magoh gene (At1g02140). Seeds 

from both lines were purchased from ABRC (Colombus, USA). I also used seeds from a 

line overexpressing a GFP fusion of Magoh protein in a Col-0 background, a gift from 

Ali Pendle (John Innes Centre, UK). The cdkc2;2/CDKC1;RNAi line was a kind gift 

from Dr. Zhixiang Chen (Purdue University, Indiana, USA). 

 

2.2 Growth conditions of plants 

2.2.1 Growth of plants in the greenhouse 

Seeds were germinated directly on soil. A small number of seeds were spread over 

Arabidopsis compost and an 8 cm x 8 cm pot was transferred to a 4oC chamber for seed 

stratification. After 3-4 days, the pot was transferred into the greenhouse and covered 

with cling film to retain the soil humid until germinated seedlings are adapted to 

greenhouse conditions. After seedling emergence, the required number of seedlings 

were pricked out and transferred into multi-cell trays (40 cm x 25 cm) for further 

growth. 

 

2.2.2 Growth of plants in growth rooms 

When growing plants aseptically in growth rooms, seeds were surface-sterilized using 

5% (v/v) sodium hypochlorite  (Parozone, UK) for 5 minutes. After washing thoroughly 
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with sterilized water, seeds were placed on Murashige and Skoog (MS) medium 

containing 0.8% agar, using a pipette. Petri dishes were sealed with micropore tape (3M 

Healthcare, Germany), covered in foil and transferred at 4oC for 2 days to synchronize 

germination. Petri dishes were transferred in a growth room at 20oC with 16h light. 

 

 

2.3 Growth and maintenance of plant cell cultures 

2.3.1 Arabidopsis thaliana cell cultures 

Landsberg erecta cell cultures were grown on a shaker at 150 rpm under constant light 

at 22oC. Sub-culturing was done by transferring 7 ml of 7-days-old culture into 100 ml 

of fresh AT media (4.42 gr MS+GB5 (Duchefa), 30 gr sucrose in 1 litre of distilled 

water and pH adjusted to 5.7 using 1M KOH). Columbia-0 (Col-0) cell cultures (Mathur 

et al., 1998) were grown on a shaker at 120 rpm in darkness at 25oC. 15 ml of a 7-days-

old culture was added into 35 ml of ATN media [4.3 g MS (Duchefa), 30 g sucrose, 

100mg myo-inositol, 1mg nicotinic acid, 1mg pyridoxine, 10mg thiamine supplemented 

with 1 mg 2,4-Dichlorophenoxyacetic acid (2,4-D)]. The pH of the medium was first 

adjusted to 5.7 with 1 M KOH and 2,4-D was added after autoclaving the medium.  

 

 

2.3.2 Nicotiana tabacum cell culture  

BY-2 cell cultures were grown on a shaker at 150 rpm in darkness at 22oC. Subculturing 

was by transferring 5 ml of a 7-days-old culture into 100 ml of fresh BY2 media (4.3 g 

MS salts, 20 !l 1 mg/ml 2,4-D and 3.4  !l of 100 mg/ml KH2PO4. The pH was adjusted 

to 5.8 with 1M KOH and the volume made up to 1 litre with water). 

 

 

2.4 Molecular biology work 

2.4.1 Bacterial cultures 

The E. coli strains used were DH5a (Hanahan, 1983) and BL21 (Stratagene), both from 

Invitrogen. E. coli cultures were grown on a shaker (200 rpm) at 37oC in LB media (1% 

(w/v) bacto-tryprone, 0.5% (w/v) bacto-yeast extract, 1% (w/v) NaCl, adjusted to pH 

7.0)) supplemented with the required antibiotics. 
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The Agrobacterium tumefaciens strain used was GV3101 (Koncz and Schell, 1986). 

The GV3101 strain is resistant to rifampicin (20!g/ ml) and gentamycin (25 !g/ ml) and 

growth of cell cultures was at 28oC at 200 rpm for 24h. When growing Agrobacterium 

cells on plates, the incubation time was 48 hours. 

 

 

2.4.1.1 Preparation of chemically competent E. coli cells (Inoue et al., 1990) 

A starter culture was prepared by inoculating a single colony into 5 ml of LB plus 

appropriate antibiotics, depending on the antibiotic resistance of the plasmid, and grown 

at 37oC overnight. All 5 ml of the overnight culture was added to 500 ml of LB plus 

antibiotics and grown at 37oC until the absorbance of the culture at 600nm (OD600) was 

0.6. Then cell suspension was incubated on ice for 10 min, spun at 2,500xg for 10min at 

4oC in a SS-34 rotor centrifuge. The supernatant was discarded and pellet was gently 

resuspended, using a plastic Pasteur pipette, into 80 ml of ice-cold transformation buffer 

(10 mM PIPES, 15 mM CaCl2 and 250 mM KCl, adjusted to pH6.7 with KOH and then 

MnCl2 added to a final concentration of 55 mM). This suspension was spun as above 

and finally resuspended using 2 ml of ice-cold transformation buffer. Dimethyl 

sulfoxide (DMSO) was added to a final concentration of 7% (v/v), mixed and incubated 

on ice for 10min. The mixture was aliquoted into 50, 100 or 200 ml in 1.5 ml eppendorf 

tubes, flash frozen in liquid nitrogen and stored at -80oC until needed. 

 

 

2.4.1.2 Transformation of E. coli competent cells (Merrick et al., 1987) 

Chemically competent E. coli cells (-80oC) were thawed on ice for 5-10min. 50 !l of 

cells and 1 ml of a plasmid or 2 - 5 !l of a ligation reaction were used for a single 

transformation reaction. Both components were added into an ice-cold eppendorf and 

the tube was gently flicked to mix and then incubated on ice for 30min, heat-shocked by 

incubating for 45sec at exactly 42oC and returned to ice for 10min. Then 900 !l of pre-

warmed 37oC SOC medium (2% (w/v) bacto-tryptone, 0.5%, (w/v) yeast extract, 10 

mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose) were added 

and the tube was shaken at 150 rpm at 37oC for 1h to allow for induction of plasmid's 

antibotic resistance gene. After 1h, the tube was spun at 16,200xg and the bacterial 
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pellet was resuspended into 100 !l of SOC medium and pipetted onto the centre of a 

Petri dish containing LB medium supplemented with the appropriate antibiotic. Cells 

were spread on the dish using a sterile glass spreader. Then dishes were grown 

overnight at 37oC. Individual colonies (2-3) were picked with a sterile pipette tip and 

tested by PCR. For the positive ones, a 5 ml liquid culture overnight was grown and 

glycerol stocks prepared (Section 2.4.1.5). 

 

 

2.4.1.3 Preparation of Agrobacterium tumefaciens competent cells  

A small amount of frozen cells, scraped from a frozen glycerol stock, was streaked on 

an LB agar plate (supplemented with 20mg/ ml rifampicin and 25mg/ ml gentamycin) 

and grown at 28oC for 24 hours. An isolated colony was transferred into 5 ml of LB 

medium (supplemented by 20!g/ ml rifampicin and 25!g/ ml gentamycin) and grown 

for 24h at 28 oC shaking at 150 rpm. From this culture, 4 ml was inoculated into 500 ml 

of LB medium (containing antibiotics) and allowed to grow for approximately 6h at 

28oC, until the O.D. of the culture was 0.6. The culture was placed on ice for 10min and 

spun at 3,000xg for 5min at 4oC. Pellet was resuspended in 10 ml of 20 mM CaCl2, 

aliquoted (200 !l or 500 !l) into chilled eppendorf tubes, flash frozen and stored at -

80oC. 

 

2.4.1.4 Transformation of GV3101 cells – Freeze-thaw method (An et al., 1988) 

An aliquot of GV3101 competent cells (from -80oC freezer) was allowed to thaw on ice. 

(To 100 ml of thawed suspension, 0.5-1!g of plasmid DNA was added and briefly flash 

frozen in liquid nitrogen, then thawed at 37oC for 5 min. Then, 1 ml of LB medium was 

added without antibiotics and allowed to grow for 2.5-3 hours at 28oC with 150 rpm 

shaking. After incubation, the suspension was spun on a bench centrifuge at 16,100xg 

for 30 sec, and the pellet gently resuspended in 100 ml of LB medium without 

antibiotics. Using a sterile glass rod, the suspension was spread onto a LB agar plate 

containing rifampicin and gentamycin (Agrobacterium selection) and an appropriate 

antibiotic selecting for the plasmid and grown at 28oC for 48 hours. After confirmation 

of positive colonies by PCR, a liquid culture was grown and glycerol stocks prepared 

and stored as described in Section 2.4.1.5 
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2.4.1.5 Preparation of glycerol stocks 

The same method was used for preparing glycerol stocks for E. coli or A. tumefaciens 

cells. Six hundred microlitres of an overnight bacterial culture was added into 200 !l of 

80%(v/v) glycerol in 1.5 ml eppendorf tube. The mixture was vortexed vigorously and 

frozen in liquid nitrogen. 

 

 

2.4.2 Gene cloning 

2.4.2.1 Conventional cloning  

Gene cloning using restriction enzymes was used for introducing the cDNA sequence of 

CDKC2, CDKC2_D182N, CDKC2_F118G, Magoh, Magoh_T57A, and Magoh_T57E 

into the pGEX4T-3 vector (GE Healthcare; Figure 2.1) to produce N-terminal 

Glutathione-S-transferase protein fusions. Firstly, primers were designed for amplifying 

each cDNA sequence and, at the same time, incorporating restriction sites at the 5' and 

3' end of the sequence (See Table 2.1). PCR products were purified using the PCR 

purification kit (Qiagen), following manufacturer’s instructions, and I used a 2 !l 

aliquot to perform a TA cloning to a pGEM-T easy vector (Invitrogen). The principle of 

TA cloning is based on the T4 DNA ligase-mediated ligation between a PCR product 

with adeninine (A) overhangs at its 5’ ends and a linearized pGEM-T easy vector with 

thymidine (T) overhangs at its 3’ ends. The resulting ligation reaction was transformed 

into DH5a E. coli (Section 2.4.1.2). The transformation reaction was spread onto LB 

plates containing 100 !g/ml ampicillin, 0.5 mM IPTG (Melford Laboratories) and 80!g/ 

ml X-gal (Melford Laboratories) and grown overnight at 37oC. Plasmids were isolated 

from white colonies and an aliquot was digested with restriction enzymes to release the 

cDNA insert. The digest was analysed with horizontal gel electrophoresis. One plasmid 

was selected on the basis of insert size, and the rest of the aliquot was digested again 

with the same restriction enzymes to release larger amounts of the cDNA insert for 

transfer to the pGEX4T–3 vector. 
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Table 2.1 Primer names and respective sequences. The primers contain restriction 

enzyme recognition sites that are highlighted in bold within each primer sequence. 

Modified products were used for conventional cloning using the pGEM-T-easy vector 

system (Section 2.4.2.1) 

 

 
pGEX – for : 5’ – GGG CTG GCA AGC CAC GTT TGG TG – 3’ 

pGEX – rev: 5’ – CCG GGA GCT GCA TGT GTC AGA GG – 3’ 

Figure 2.1 Map of the pGEX4T – 3 vector. 
(Details of vector features are available at www.gelifesciences.com/pGEX. Below the vector, 

the sequences of primers used for sequencing and PCR screening are given)  
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Purified digested products were quantified at 280nm absorbance using the nano-drop 

spectrophotometer ND-1000 (Labtech International) and 60ng from each was ligated to 

20ng of digested pGEX4T-3 vector using the Rapid Ligation kit (Roche) following 

manufacturer’s instructions. Five microlitres of the ligation reaction were transformed 

into E. coli, spread on LB plates containing 100 µg/ml ampicillin and grown overnight 

at 37oC. Colonies were selected and tested using colony PCR with the pGEX-forward 

and pGEX-reverse primers (Figure 2.1). I isolated plasmid DNA using the Plasmid 

Miniprep kit (Qiagen) from positive colonies and then sent them for sequencing 

(Genome Laboratory, JIC) to confirm the presence of the CDKC2 cDNA sequence, that 

the sequence is free of errors and in frame with the N-terminal GST tag. 

 

2.4.2.2 Gateway cloning 

Generation of protein fusions for expression in cell cultures and plants employed 

Gateway Cloning (Invitrogen), which uses a two-step strategy for generating constructs 

containing the gene of interest fused to the desired tag. A flowchart of the procedure is 

shown in Figure 2.2. Briefly, the first step involves the generation of a PCR product 

flanked by site-specific recombination sites, attB1 and attB2. This attB-flanked PCR 

product is then introduced into the entry vector pDONR207 (Invitrogen; Figure 2.2) that 

harbours a cassette flanked by site-specific recombination sites, called attP1 and attP2 

sites. The recombination reaction is performed by the site-specific recombination 

enzyme, BP clonase. Part of the reaction (half of the amount in my case) was 

transformed into competent E. coli cells (Section 2.4.1.2) and the resultant “entry” 

clones are then used for performing the LR reaction. The recipient or “destination” 

vector is, in most cases, a binary vector whose cassette is flanked by attR1 and attR2 

sites. Analogous to the BP reaction, the LR reaction is mediated by the LR clonase. 

After transformation into DH5a cells (Section 2.4.1.1) clones containing recombinant 

plasmids are selected using an appropriate antibiotic. Colony PCR using recombinant 

site-specific primers was used to check for insert and positive plasmids used to 

transform GV3101 cells (Section 2.4.1.4). Destination vectors used during this project 

contained the cauliflower mosaic virus (CaMV) 35S promoter and a variety of 

fluorescent or non-fluorescent tags, leading to either N- of C-terminal fusions. Maps of 

destination vectors used in this project are shown in Figure 2.3. 
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2.5 Site-directed mutagenesis 

Mutations leading to amino acid substitutions on coding sequences were made using the 

Gene Tailor site-directed mutagenesis kit (Invitrogen). A list of primers used for the 

mutagenesis reactions is given in Table 2.2. 

 

 

        
Table 2.2 Primer names and their respective sequences used for achieving amino acid 

substitution. The nucleotide triplet corresponding to the new amino acid is indicated in 

bold in the forward primer. 

 

 

2.6 Protein overexpression in BL21 E. coli cells 

For protein overxpression, the BL21(DE3)pLysS strain of E. coli was used with the 

genotype E. coli B F– d cm ompT hsdS(rB
- mB

-) gal "(DE3) (GE Healthcare). This strain 

is resistant to chloramphenicol and induction of overexpression is achieved with the 

addition of IPTG into the culture. IPTG activates T7 polymerase promoter that, in turn, 

drives the expression of the gene of interest.  Constructs used to transform the BL21 

cells are shown in Table 2.3; including induction conditions and expected protein sizes. 

Plasmids were transformed into BL21 as described above (Section 2.4.1.2). After 
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obtaining positive colonies, confirmed by PCR and gene sequencing, I prepared 

glycerol stocks for future use.  

 

 

2.6.1 Induction method 

For protein expression experiments, liquid cultures were grown in LB liquid medium 

(supplemented with 100 µg/ml ampicillin and 34 µg/ml chloramphenicol) at 37oC 

overnight. Two millilitres of overnight culture from each construct was added into 100 

ml of LB medium (supplemented with 100 µg/ml ampicillin) and allowed to grow until 

O.D. was 0.8-1.0. Protein expression was induced by adding the required amount of 

IPTG for each construct (Table 2.3). Just before adding IPTG, 1 ml of liquid culture 

was removed to serve as a non-induced control.  

 

2.6.2 Extraction of expressed proteins 

I used two methods for isolating the expressed protein. During the pilot experiments, 

where the optimal conditions for each construct were determined, I boiled bacterial 

pellets into 1X Sample buffer (1% (w/v) SDS, 10% (w/v) glycerol, 5% (v/v) #-

mercaptoethanol, 0.002% (w/v) bromophenol blue, 62.5 mM Tris-HCL, pH 6.6) and 

monitored protein expression on SDS-PAGE (Section 2.10.3). When optimal induction 

conditions were determined, I used a protocol for native protein isolation. Cell cultures 

containing expressed proteins were spun down at 3,000 rpm for 15min and the 

supernatant discarded. Cell pellets were either used directly for protein extraction or 

stored at -20oC for future use. For native protein isolation, cell pellets were resuspended 

completely into ice-cold 1xPBS containing 1 tablet of Complete EDTA-free Protease 

Inhibitor Cocktail (1 tablet per 50 ml of buffer; Roche) at 1:10 ratio of PBS to initial 

cell culture. After resuspending pellets, 0.2 mg/ml Lysozyme (Sigma) was added to 

facilitate bacterial cell lysis. After incubation on ice for 5 minutes, I sonicated protein 

extracts in SANYO™ Soniprep 150 sonicator on ice for 3x10 sec and 10 sec intervals. 

This step helps to increase the yield of soluble protein and reduce the viscosity of the 

solution by shearing the DNA. Sonicated samples were spun using a Sorvall Evolution 

RC centrifuge, in a SS-34 rotor at 13,000 rpm for 15 minutes at 4oC. The supernatant 

was transferred into a 15 ml sterile plastic tube (Starlab UK, Ltd) and kept on ice. 
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2.6.3 GST- and His-tagged protein purification 

Purification of GST-tagged and His-tagged proteins was performed using Glutathione 

Sepharose 4B beads (GE Healthcare) and HisPur Cobalt Resin (Pierce), respectively. 

For the pull downs, I used 200 ml of bead slurry (equal to 150 ml bead volume) per 100 

ml of initial cell culture. Beads were washed twice in 1.5 ml of ice-cold 1XPBS, plus 

protease inhibitors, by spinning on a tabletop centrifuge for 30sec at 13,000 rpm. After 

the last wash, 1 bead volume of ice-cold 1XPBS was added resulting in 300 �l of bead 

slurry per 100 ml of initial cell culture. After having equilibrated the beads in PBS, I 

added the native protein extracts (Section 2.4.5.2) 200 µl of bead slurry per 100 ml of 

initial cell culture. Mixtures were incubated for 30 min at 4oC on a rocking platform, 

spun on a RT6000B centrifuge for at 2,500 rpm for 5min at 4oC. The supernatant was 

discarded and the pellet was resuspended in 15 ml 1XPBS and spun again. This wash 

was repeated two more times. Finally, bound protein/proteins were eluted by incubating 

for 10min on ice in 200 ml of GST elution buffer [50 mM Tris (pH8.0), 10 mM reduced 

glutathione] or His elution buffer (50 mM sodium phosphate, 300 mM sodium chloride, 

150 mM imidazole; pH 7.4). Elution was done twice and eluates for each protein were 

combined, ending up with 400 ml of eluate per expressed protein. Eluates were 

concentrated using Microcon columns (Milipore) with 10kDa molecular weight cut-off, 

following manufacturer’s instructions. The yield was 5-10 ml of overexpressed protein 

containing an estimated 100 – 200 mg of protein.  

 

 

2.7 Nuclei isolation (Adapted from Pendle et al., 2005) 

A graphical illustration of the procedure is given in Figure 2.3. Two hundred mls of 

Arabidopsis (L. erecta) cells were aliquoted into 50- ml plastic tubes (Starlab, UK) and 

spun at 800 rpm for 5 min on a RT6000B centrifuge; cell pellets were resuspended into 

a total of 100 ml of cell wall digestion medium (Table 2.4) and protoplasts were 

generated by gently shaking for 2-3 hours at 25oC. Cell wall digestion was frequently 

inspected under an inverted stereo microscope and terminated when the majority of 

cells were converted to spherical and individual protoplasts, The protoplasts were 

centrifuged as above and the protoplast pellet was kept on ice. [The digestion medium 

was removed and stored at -20oC for future use (each batch of medium was reused up to 
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three times)] Percoll gradient density medium (GE Healthcare) was used to manually 

generate the gradient: protoplasts from each tube were resuspended into 20 ml of 

floatation buffer (FB; Table 2.4) and gently overlaid with 5 ml of 45% FB, 5 ml of 35% 

FB and 5 ml of resuspension buffer (RB; Table 2.4). The gradient was spun at 500 rpm 

for 5min at 4oC and at the end of centrifugation, protoplasts formed a layer at the 

0%/35% interface (see Figure 2.4). Protoplasts were removed, using a plastic Pasteur 

pipette, and transferred to a new 50 ml plastic tube. They went through one round of 

washing in RB and the resulting pellet was resuspended again in RB. At this stage, 

protoplasts were kept on ice. To determine their concentration I used a HAE2012 

haemocytometer (Scientific Laboratory Ltd.), following manufacturer's instructions. 

The protoplasts were harvested and resuspended in nuclei isolation buffer (Table 2.4) at 

a concentration of 1x106 protoplasts per ml of medium. 

 

 

Table 2.4 Composition of buffers used for the isolation of nuclei from Arabidopsis L. 

erecta cell cultures 

Buffer Recipe

10mM 2-(N-morpholino)ethanesulfonic acid (MES; 
Sigma), pH5.5 with 1M KOH

1mM CaCl2

0.5M Sorbitol

2% (w/v) cellulase Onozuka R-10 (Yakult) in RB

0.01% (w/v) pectolyase Y-23 (Melford Laboratories) in 
RB
10mM MES pH5.5
1mM CaCl2
0.44M sorbitol
60% Percoll (GE Healthcare)
7.5ml 60% FB
2.5ml RB
5.83ml 60% FB
 4.17ml RB
10mM MES pH5.5
0.2M sucrose
2.5mM EDTA
2.5mM DTT
0.1mM spermine (Sigma)
10mM NaCl
10mM MgCl2
0.5mM spermidine (Sigma)

0.5mM sodium orthovanadate (Sigma)
25mM sodium fluoride (Sigma)
1mM phenylmethylsulphonyl fluoride (Sigma)
0.3% Triton X-100 (Sigma)

10ml of 35% FB

Nuclei isolation buffer 
(NIB)

Resuspension buffer 
(RB)

Cell wall digestion 
medium

60% Floatation buffer 
(FB)

10ml of 45% FB
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The protoplast suspension was incubated on ice for 5-7min and then poured into a 

stainless steel homogenizer where, by using a close-fitting plastic rod, I homogenized 

the suspension to rupture protoplasts and release nuclei (this step was further optimised; 

see Chapter 3). The number of homogenizations depended on the efficiency of nuclei 

release, which was assessed under an inverted stereomicroscope. After completion of 

the nuclear release, the suspension was spun at 1000 rpm for 5min at 4oC and the 

supernatant, containing cytoplasmic proteins, was discarded. The nuclei pellet was 

resuspended in 5-7 ml of nuclei isolation buffer without any Triton X-100 to reduce 

remnants of cytoplasmic material. A small amount (50 !l) of nuclei suspension was 

kept for DAPI staining in order to assess the purity and integrity of nuclear preparation. 

The rest of the suspension was either aliquoted into 1.5 ml eppendorf tubes, spun down 

as above, or spun down as a whole. Resulting pellets were flash-frozen in liquid 

nitrogen and stored at -80oC until needed. 

 

 

2.8 Genetic transformation of plants and plant cell cultures 

2.8.1 Genetic transformation of plants: floral dipping method (Clough and Bent, 

1998) 

10 ml of LB, supplemented with 20!g/ ml rifampicin, 25 !g/ ml gentamycin and 50 !g/ 

ml kanamycin, was inoculated with an Agrobacterium colony harbouring constructs 

containing N-terminal YFP fusions of CDKC2 and CDKC2_D182N. Cultures were 

shaken at 28 #C for 48 h and 5 ml used to inoculate a new 500 ml of LB culture, 

supplemented with kanamycin only that was grown for 1 – 18 hours. When the OD600 of 

the culture was 0.8-1.2 cells were spun at 6,000 rpm for 10 min at room temp, using a 

SLC-1500 rotor in a Sorvall Evolution RC (Thermo Scientific) centrifuge and 

resuspended in 400 ml dipping solution (5% (w/v) aqueous sucrose in H2O), to an 

OD600 of 1.0-1.2, 200 !l of Vac-in-Stuff / Silwet L-77 (Lehle Seeds) was added and the 

mixture poured into a plastic beaker.  

Flowering plants were dipped vertically into the solution for 1-3 min, laid horizontically 

for 2 min on blue towel horizontally and placed in clear plastic autoclave bags (with 

corners cut off to allow ventilation). After 3 days, the floral dipping was repeated to 

increase the number of transformed seed. Re-dipped plants were re-sealed for 1 day into 
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bags and then transferred into the containment glasshouse and allowed to set seeds. 

Seeds were collected and sowed by the greenhouse personnel on large trays containing 

F2-based compost. When the two first real leaves appeared, seedlings were sprayed 

with 0.25% (v/v) Basta (Harvest). Spraying was repeated after one week and, 

eventually, resistant plants were allowed to set seed. 

 

 

2.8.2 Transient transformation of Arabidopsis seedlings (Adapted from Marion et 

al., 2008) 

Seeds of different genotypes were prepared as described in Section 2.2.2. For the 

transformation, I used 8-well plates containing MS medium + 0.8% agar and a piece of 

autoclaved sterile filter (Saatitech, pore size 0.5 mM) sitting on the top of the medium. 

Sterile seeds were laid on the top of the filter, plates sealed with micropore tape and left 

at 4oC for 2 days before being transferred to a 20oC growth room with 16h light. Two 

days later, I set up a liquid culture by growing Agrobacterium in 5 ml LB medium plus 

appropriate antibiotics at 28oC overnight. One millilitre of the overnight culture was 

used to inoculate 30 ml of LB medium plus antibiotics early in the morning and allowed 

to grow until the O.D.600 of the culture was 5 (approx. 24h). Cultures were centrifuged 

at 5000 rpm for 15min; the pellet was resuspended into 2 ml of 5% (w/v) sucrose and 

O.D.600 was determined again. Suspensions were diluted to O.D.600 = 2 in 5% sucrose 

plus 200"M acetosyringone. In the case of co-transformation of seedlings with two 

constructs, each Agrobacterium strain was diluted to O.D.600 4 and then mixing equal 

volumes in order to have each construct at O.D.600 2. Four-days-old seedlings were 

covered with Agrobacterium in 5% (w/v) sucrose and vacuum was applied twice for 

2min each using a vacuum pump. Excess Agrobacterium solution was removed, the 

plates were re-sealed with micropore tape and returned to the culture room. Transiently 

transformed cotyledons were visualised under a CCD microscope (Section 2.11). 

  

2.8.3 Transformation of plant cell cultures 

2.8.3.1 Stable transformation of tobacco BY-2 cell cultures 

1.5 ml of LB medium was inoculated with Agrobacterium strain GV3101 containing 

CDKC2 or CDKC2_D182N in pGFPNBIN, supplemented with rifampicin (20 !g/ ml), 
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gentamycin (35 !g/ ml) and kanamycin at 50 !g/ ml and grown for 24h at 28 0C. 

Agrobacterium and BY-2 cells were co-cultivated in deep Petri dishes (100x20 mM, 

Falcon), using 4 ml of 3-day-old BY-2 cells and 100 ml of Agrobacterium suspension. 

Petri dishes were sealed with Micropore tape, covered with foil and transferred to 25oC, 

for 2 days without agitation. After co-culturing, the BY-2 cells were washed x3 to 

remove the Agrobacterium (8 ml of BY-2 medium was added into the co-culture and 

mixed using a Pasteur pipette, was centrifuged at 1000 rpm for 1minute and the 

supernatant discarded. After the final wash, the BY-2 cell pellet was resuspened in 1 ml 

of BY-2 medium and spread over a deep Petri dish containing MS + 4% phytagel 

(Sigma) plus appropriate antibiotics to select transformed calli, 500 !g/ ml carbenicillin 

(Melford Laboratories) to prevent Agrobacterium overgrowth and 20 !g/ ml rovral 

(Sigma) as a fungicide. The plates were sealed with Micropore tape and incubated 

horizontally in the dark at 250C. After 3-4 weeks, spherical calli were transferred into 

new phytagel plates containing antibiotics. At the same time, pieces of calli ( 1-2  cm 

across) were transferred to 50- ml conical flasks containing 20 ml of BY-2 media plus 

antibiotics and carbenicillin and allowed to grow at 25oC on a shaker in the dark.  When 

shaken cultures became thick with BY-2 cells (1 – 2 weeks), they were sub-cultured at a 

rate of 1 – 10 ml in 100 ml fresh media. The amount used was estimated, depending on 

the density of the initial culture.  Carbenicillin selection was maintained for at least 3 

rounds of sub-culturing (weekly 3-4 ml in 100 ml) in liquid medium to ensure that 

Agrobacterium was completely eliminated.   

 

 

2.8.3.2 Transient transformation of Arabidopsis Col-0 cell cultures 

On the day of subculturing a 7-days-old Arabidopsis cell culture, a 5 ml liquid culture 

of Agrobacterium containing the construct of interest was allowed to grow overnight at 

28oC. The next day, 3 ml of the overnight culture was placed into 100 ml of LB medium 

and grown at 28oC until O.D. = 0.6. When the bacterial culture (or cultures) had reached 

the required O.D., it was spun down at 3,000 rpm for 10min and supernatant discarded. 

The bacterial pellet was resuspended into 1 ml of transformation buffer [10 mM MES, 

pH5.5 (with 1M KOH), 10 mM MgCl2, 200!M acetosyringone (Sigma)] per 50 ml of 

bacterial cell culture. The resultant 1 ml suspension was added into 50 ml of 1-day-old 
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Col-0 culture and allowed to grow for 3 days as described above (Section 2.3.1). In the 

case of co-transformation, where two constructs were transformed into the same Col-0 

culture, 500 !l of each bacterial suspension was used. 

 

 

2.9 Immunolabelling of BY-2 cell cultures 

2.9.1 Cell fixation 

500 !l of a 3-days-old BY2 cell suspension was fixed with an equal volume of 4% 

(w/v) paraformaldehyde (PFA) in microtubule stabilizing buffer [MSB; 50 mM 2-[4-(2-

sulfoethyl)-piperazin-1-yl]ethanesulfonic acid (PIPES; Sigma), 5 mM EGTA (Sigma), 5 

mM MgSO4, pH 7.0, adjusted with KOH] for 25 minutes. Cells were collected by 

centrifugation at 1,000 rpm for 30 sec on a tabletop centrifuge, resuspended in 500 !l of 

4% PFA in MSB and aliquots of the suspension were transferred onto 8-well slides 

(ING Biomedicals Inc, Ohio, USA). Slides were placed inside a square Petri dish on 

wet paper and incubated for 35 min at room temperature. Following fixation, samples 

were washed with MSB / 0.1% (v/v) TritonX-100 (Sigma) 5x10 min and with distilled 

water (5x10 min).  

 

 

2.9.2 Enzymatic digestion and DMSO treatment 

Cell-wall degrading enzymes (2% (w/v) cellulase Onozuka R-10 and 0.5% (w/v) 

Pectolyase Y-23) were dissolved in MSB / 0.1% Triton X-100 and spun at 13,000 rpm 

for 1 min to remove any non-dissolved particulates. Samples were digested for 20 min 

at RT and then washed 5 times, 10 min each wash, with MSB / 0.1% Triton X-100.  

After cell wall digestion, cell were incubated in 10% (v/v) DMSO / 3% (v/v) NP-40 in 

MSB for 50 minutes and then washed thrice in MSB / 0.1% Triton X-100; 10 min each 

wash. 

 

 

2.9.3 Antibody labelling and signal detection 

Cells were incubated with 2% (w/v) BSA in MSB for 30 min at 32oC, then in the 

primary antibody; anti-PolII (Abcam) at 1:100 dilution in 3% (w/v) BSA / MSB for 
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overnight incubation at 4oC, washed C. 5 times for 10 min each with MSB / 0.1% 

Triton X-100 and then incubated in the secondary antibody; 1:200 dilution of a mouse 

Alexa Fluor 488 (Sigma) in 3% BSA/ MSB for 2h at room temperature. After washing 

and mounting in antifade solution Citifluor (Citifluor Ltd), signal was visualized using a 

CCD microscope comprised of Nikon Eclipse 600 microscope coupled to a Hamamatsu 

Orca HQ cooled CCD digital camera. GFP was viewed using a standard FITC filter 

block and Alexa Fluor 488 using a TRITC filter (Section 2.11). 

 

 

2.10 Protein methods 

2.10.1 Protein extraction 

2.10.1.1 Plant cell cultures 

Cell suspensions were spun at 1,000 rpm for 5 min and the pellet was briefly dried on 

Whatman filter paper. Dried pellets were weighed and homogenized in a mortar with 

pestle and liquid nitrogen. Homogenized powder was transferred either into a 1.5 ml 

eppendorf tube or a 15 ml tube. 1 ml or 1.5 ml of protein extraction buffer [100 mM 

Hepes (pH7.5), 5% (v/v) glycerol, 50 mM KCl, 5 mM EDTA, 5 mM NaF, 0.1% (v/v) 

Triton-X 100, 15 mM sodium b-glycerophosphate, 0.5 mM sodium vanadate; plus 

protease inhibitor cocktail and 1 mM DTT just before use] was added per 1gr of dried 

powder, and the mixture allowed thawing on ice (around 30min). After thawing, the 

mixture was homogenised with a glass or plastic rod attached to an electric drill head, 

(still on ice). The homogenate was spun at 13,000 rpm at 4oC for 30 min. The 

supernatant was filtered using a 0.2 !m syringe filter (Sartorius UK, Ltd) to further 

clarify the extract. Aliquots of the extract were prepared, flash-frozen in liquid nitrogen 

and stored at -80oC until needed.  

 

 

2.10.1.2 Nuclear protein isolation 

Frozen nuclear (Section 2.6) pellets (-80oC) were placed on ice and 600-700 µl of 

extraction buffer [0.1M HEPES pH7.5 (adjusted with 1M HCL)], then high 

salt/detergent solution (7M urea, 0.3M NaCl, 50 mM NaH2PO4, 1 mM PMSF, 1 mM 

DTT) were added I and the thawed contents were homogenized on ice for 10-15 sec 
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using a plastic pestle attached to a mechanical pestle homogenizer. The whole mixture 

was transferred into another eppendorf containing another nuclear pellet and the 

procedure was repeated until all nuclear pellets were homogenized. The homogenate 

was incubated for 30 min on a rocking table at 4oC (to increase protein solubilization). 

Following incubation the homogenate was spun on a tabletop centrifuge at 13,000 rpm 

for 30 min at 4oC. The supernatant was recovered and used for protein precipitation, 

whereas the resulting insoluble pellet was stored at -80oC, 

Removal of urea was imperative for the downstream proteomics analysis. To 600-700 

!l of extract, 4 volumes of methanol was added, vortexed well, then 4 volumes of 

chloroform was added and vortexed again and finally. Three volumes of sterile distilled 

water were added followed by further vortexing. The mixture was centrifuged for 1 min 

at 3,000 rpm on a RT6000B centrifuge and the top aqueous layer removed and 

discarded. Then 4 volumes of methanol was added, the mixture vortexed and spun for 5 

min at 3,000 rpm. The resulting pellet was re-suspended (as a suspension) in 5 volumes 

of ice-cold 80% (v/v) acetone and spun for 5 min at 3,000 rpm and the supernatant 

discarded. I repeated the acetone wash 3-4 times and finally re-suspended the protein 

pellet in 80% (v/v) acetone. The acetone suspension was stored at -20oC until used for 

proteomics analysis (Section 2.12) 

 

 

2.10.2 Bradford assay 

The concentration of extracted proteins was estimated with the Bradford assay 

(Bradford, 1976). A standard curve for protein concentration was created using BSA 

(Albu min Bovine Serum). BSA solution was diluted with sterile water to obtain a 

concentration of 1mg/ ml. In a plastic 96-well plate 0 – 8 !g of BSA were added, in 1 

!g step increase, in duplicates. For the experimental samples 1 !l of protein extract was 

used in duplicates. Two hundred microlitres of Bradford reagent (BioRad) was added in 

each well and the absorbance was measured at 595nm on a 96-well compatible 

spectrophotometer. 
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2.10.3 SDS polyacrylamide gel electrophoresis (Laemmli, 1970) 

Protein extracts were separated using the Discontinuous Sodium dodecyl sulphate 

(SDS) – Polyacrylamide Gel Electrophoresis” (SDS-PAGE) (Laemmli, 1970). The 

system is called “discontinuous” because it uses two different types of buffers; the 

stacking gel buffer and the resolving gel buffer. The SDS-coated proteins in the sample 

are pushed through a gel of high porosity (stacking gel) by a moving boundary created 

when an electric current is passed between electrodes. At the end of the stacking gel, 

SDS-protein complexes accumulate as a very thin line on the surface of resolving gel 

allowing high degree of resolution based on protein sizes 

 

 

2.10.3.1 Preparing and running the SDS-PAGE gel 

Acrylamide was purchased as a 30% (w/v) solution, mixed with N,N’-methylene-bis-

acrylamide (bis-acrylamide) at a ratio 37.5:1 (Severn Biotech Ltd.). The donor of 

oxygen free radicals for polymerization of acrylamide is a mMonium persulfate (APS) 

and the catalyst used for the production of radicals is N,N,N',N'-

tetramethylethylenediamine (TEMED).  

Glass plates and spacers were washed with distilled water and carefully cleaned with 

ethanol. They were sandwiched together and fir mly fitted in a stable base. Firstly, the 

resolving gel was prepared and then the stacking gel (Table 2.5; indicated amounts for 

preparation of 10% resolving gel and 4.5% stacking gel). After pouring the resolving 

gel between two plates it was overlaid with water-saturated butanol to prevent oxygen 

from diffusing into the gel and inhibiting polymerization. The resolving gel was poured 

so that at least 1 cm was left available for the stacking gel (mini-gel system; Bio Rad). 

After polymerization of the resolving gel, butanol was removed by multiple washes 

with distilled water. A five percent stacking gel was poured on the top of resolving gel 

and the comb was inserted carefully into the stacking gel making sure not to trap air 

bubbles. After polymerization, the comb was removed and the assembled gel inserted 

into the electrophoresis tank. The inner and outer chambers of the tank were filled with 

1X running buffer [0.33M Tris-base, 1.92M Glycine and 10% (v/v) SDS]. Mini-gels 

were always run at 200V for 45-60 minutes. 
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Reagent Resolving gel (10%) Stacking (4.5%) 

Acrylamide 6 ml 900 !l 

1.5M Tris pH 8.8 4.5 ml - 

0.5M Tris pH 6.6 - 1.5 ml 

Distilled water 7.5 ml 3.6 ml 

APS 80 !l 20 !l 

TEMED 10 !l 10 !l 

 

Table 2.5 Chemical reagents and their respective amounts for preparing 10% resolving 

and 4.5% stacking gel. 

 

 

 

2.10.3.2 Gel staining  

Coomassie-based dyes, Coomassie Brilliant Blue R-250 (Sigma) and colloidal 

SimplyBlue Safestain coomassie (Invitrogen), were used for staining of protein gels. A 

solution of the first dye was prepared by adding 25 mg of the powder in 100 ml of 40% 

(v/v) methanol / 10% (v/v) acetic acid and filtering the solution using Whatman filter 

paper. The colloidal Coomassie was purchased as a ready-to-use solution from 

Invitrogen. When Coomassie Brilliant Blue R-250 was used for gel staining, the gel was 

transferred into a square Petri dish containing 50-75 ml of the dye solution and allowed 

to stain for 1.5 hours with gentle agitation. After that, the dye solution was poured into a 

container and re-used up to 3 times. For destaining, the gel was soaked in a solution of 

30%methanol / 10% acetic acid in the presence of a piece of foam rubber, used for 

absorbing the dye. When most of the background staining was removed, the gel was 

washed thoroughly in distilled water.  

In the case of colloidal Coomassie, the dye was poured on the gel and allowed to stain 

for 1 hour. The gel was destained with distilled water.  The gel was then either 

photographed or used for blotting 



Chapter 2 - Material and Methods 

 85

 2.10.4 Western blot 

Western blot (Tobin et al., 1979) was used for transferring electrophoretically separated 

proteins from a gel to a membrane, usually nitrocellulose or polyvinylidene difluoride 

(PVDF), where they could be probed using specific antibodies.  

After having separated proteins using SDS-PAGE, the unstained gel was washed in 1X 

blotting buffer (37.5 mM Trizma base, 0.3M glycine, 20% (v/v) methanol) for 30 

minutes. After equilibration in blotting buffer the gel was assembled in the blotting 

apparatus with the order shown in Figure 2.5. The membrane I used was a Protran 

BA85 nitrocellulose membrane (Whatman, Schleicher and Schuell). After assembling 

the apparatus, the case was closed and put vertically into the case holder and both put 

into the buffer tank. A plastic box containing ice was placed touching the tank in order 

to prevent the buffer from over-heating. The buffer tank was filled with 1X blotting 

buffer and a magnetic stirrer was put at the bottom of the tank to ensure that the 

temperature of the buffer does not fluctuate. Protein transfer was carried out at 200 

Volts for 60 minutes. After transfer, the membrane was removed and washed twice for 

5 min each in distilled water. Protein transfer was verified by staining with PosceauS 

solution [0.1% (w/v) PonceauS (Sigma) in 5% (v/v) acetic acid] for 5 min. Destaining 

was done by washing in distilled water until sufficient background was removed.  

The destained membrane was incubated in 5% (w/v) blocking solution [Marvel$ milk 

powder in 1xTBS (50 mM Tris-HCl, pH 7.4, 150 mM NaCl)) / 0.01% Tween-20] for 30 

min to block non-specific antibody binding sites. During the blocking, I prepared 10 ml 

of an anti-mouse or anti-rabbit primary antibody at 1:1000 dilution in 1% (v/v) blocking 

solution, supplemented with 0.01% NaN3 (Sigma) to prevent microbial outgrowth. 

Antibody solution was poured over the membrane and allowed to bind to target protein 

overnight at 4oC on a shaker, making sure that the membrane is completely covered by 

the solution. Next day, antibody was returned into a plastic tube and stored at 4oC for 

future use. The membrane was washed thrice with 1xTBS/0.01% Tween-20, 5 min each 

wash. I added the secondary antibody (mouse or rabbit HRP-conjugated) at 1:1000 

dilution in 1% (v/v) blocking solution and incubated the membrane for 1 hour. After 

incubation, the membrane was washed again as above and then developed using the 

SuperSignal West Pico kit (Pierce); equal amounts (400 !l) from the peroxide and  

luminal enhancer solutions were pipetted up down on the whole surface of the 
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membrane for 5 minutes. The membrane was placed between two acetate sheets, sealed 

around with tape and transferred into a photographic cassette and placed HyperfilmTM 

autoradiography film (GE Healthcare) on the membrane and exposed until the band/s of 

interest appeared. Exposure times varied for 5 min to 2 hours, depending on the amount 

of target protein present or the amount of antibody used. 

 

 

 

 

 
 

Figure 2.5 Illustration of the western blot transfer apparatus. 

 

 

 

2.10.5 Kinase assay 

Kinase assays were performed using expressed proteins produced as described in 

Sections 2.7.5.1 and 2.7.5.2. The components used for the assay and respective amounts 

are given at Table 2.5. The composition of kinase buffer (KB) was: 20 mM HEPES-

pH7.5, 15 mM MgCl
2
, 5 mM EGTA and 1 mM DTT. For preparation of the reaction 
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cocktail (RC) 200 !l KB, 2 !l 10 mM ATP was mixed with 4 !l $-
32

P-ATP 

(Amersham). Each component was added into individual 0.5 ml PCR tubes. After 

preparing the mixtures PCR tubes were transferred into a PCR machine and incubated at 

30oC for 30 minutes. After the kinase assay was completed, the content of each PCR 

tube was transferred into respective screw-top eppendorfs containing 2X sample buffer, 

and boiled at 95oC for 5 minutes. Boiled samples were spun at 13,000 rpm for 1 min 

and either stored at -20oC or used directly on SDS-PAGE. All of each sample (25 !l) 

was loaded on a 15% gel and run at 200V for 1 hour. After running, gel was dried 

overnight using the Gel Drying Kit (Promega) and following manufacturer’s 

instructions. Briefly, the gel was soaked into 40% (v/v) methanol, 10% (v/v) glycerol 

and 7.5% (v/v) acetic acid for no more than 5 minutes. Then, the gel was placed 

between two moistened sheets of clear cellulose film and the sandwich was clamped 

between two plastic frames. The gel was allowed to dry overnight in the fume hood and 

behind a crop protective Plexiglas screen. The next day, the dried gel was cut out and 

placed into a photographic cassette for exposure to photosensitive photographic film. In 

order to increase the sensitivity of the detection, the dried gel was covered with a 

Biomax Transcreen HE intensifying screen (Kodak) and the photographic film (Kodak) 

was put between the two sheets of the screen. The amplification screen receives the 

signal transmitted by the gel, it amplifies it and transfers the much stronger signal to the 

photographic film. When the film was to be exposed for more than 2 hours, the whole 

cassette was put in a bag and stored at -80oC.  

 

 

2.11 Microscopy and image handling 

Plants, BY2 and Col-0 cells expressing GFP and mRFP fusions were visualised using 

the Cairn CCD system, consisting of a Nikon Eclipse 600 microscope with a 

Hamamatsu Orca HQ cooled CCD digital camera. GFP was viewed using a standard 

FITC filter block, while mRFP was visualized using the TRITC filter block. Images 

were recorded with a mounted Nikon E995 digital camera. Acquired images were 

deconvolved using the Metamorph deconvolution software. Further processing was 

done using the ImageJ  (version 1.38x) and Adobe
 
Photoshop (CS3 extended)

  software. 
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2.12 Proteomics methods 

2.12.1 Proteolytic digestion of nuclear extracts 

Tryptic digestion was performed on protein extracts initially resuspended in 80% (v/v) 

acetone (Section 2.9.1.2). For tryptic digest, the protein suspensions (described in 

Section 2.10.1.2) were spun at 16,200xg for 5 min to pellet the protein and the acetone 

was removed. The pellet was then dissolved in 100 µl of 0.5 % (v/v) RapidGest SF™ 

(Waters Ltd), 0.2 M triethyla mMonium bicarbonate (TEAB), pH 8.0 and mixed by 

pipetting. The suspension was heated in a water bath at 80-95 ºC for 10 min; 10 µl DTT 

reducing agent was added; the solution was incubated at 60 ºC for 1 h and then 5 µl of 

200 mM iodoacetamide (IAA) was added. This was incubated for 30 min at room 

temperature in the dark. Trypsin was prepared by dissolving 20 !g in 20 !l of water, 

and 8 !l was used for the digestion. Digestion was allowed to continue overnight at 37 

ºC and then concentrated in a SpeedVac™ down to 30 !l and used directly for MS 

analysis or used for iTRAQlabelling (Section 2.12.2). 

 

 

2.12.2 iTRAQ labelling 

For quantatitive labelling, an iTRAQ Reagents kit was used (Applied Biosystems). 

First, iTRAQ reagents were equilibrated to room temperature and then dissolved in 70 

µl of 100% ethanol. The reagent was added to the 30 !l concentrated digest (Section 

2.11.1) and the mixture left to stand for 1 h at room temperature. After labelling, the 

solution was dried using a Speedvac™. The dried sample was redissolved in 0.5% (v/v) 

trifluoroacetic acid (TFA), left for 10 min at room temperature and then spun using a 

benchtop microcentrifuge at maximum speed to remove any precipitate. The 

supernatant was transferred to another tube and stored at -20 oC until used. 

 

2.12.3 Liquid chromatography and MS (undertaken by Dr. Mike Naldrett and Dr. 

Gerhard Saalbach) 

2.12.3.1 Strong cation exchange 

To reduce the complexity of peptides loaded on the mass spectrometer, strong cation 

exchange (SCX) chromatography was performed using a PolySULFOETHYL A™ 

column (5 !m, 200 Å, 1 mM i.d. x 150 mM; PolyLC, Columbia, MD, USA). Digested 
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peptides were equilibrated in buffer A (10 mM KH2PO4, 20 % acetonitrile, pH 2.7) and 

elution was performed by increasing the amount of buffer B (10 mM KH2PO4, 20 % 

acetonitrile, 1 M KCl, pH 2.7) using the following gradient: 0 % B over 20 min, 0-6 % 

B over 5 min, 6-16 % over 16 min, 16-50 % over 5 min, hold at 50 % for 5 min, then 

50-100 % over 1 min and finally hold at 100 % for 5 min before re-equilibrating at 0 % 

B for 27 min before reinjection. The flow rate was 50 !l/min. 2 min fractions were 

collected and stored until needed for MS analysis. 

 

 

2.12.3.2 Sample loading and MS analysis of iTRAQ™-labelled samples 

The ultraviolet absorbance of each SCX fraction, calculated from the integrated 

chromatogram, was used to normalise the amount of material analysed. Nano-LC-

MS/MS experiments were performed by Dr Gerhard Saalbach (JIC Proteomics Facility) 

on an LTQ-Orbitrap XLTM mass spectrometer (Thermo Fisher Scientific Inc) coupled to 

a nanoAcquity UPLCTM (Waters Ltd). The LC system was run at a flow rate of 250 nl/ 

min and coupled to the mass spectrometer via an ion source (Proxeon) with a nanospray 

emitter (SilicaTipsTM, 10 µm, New Objective). Calculated portions were dissolved in 

0.1 % trifluoroacetic acid (TFA) and individually injected onto a trap column (Sy 

mMetry® C18, 5 µm, 100 Å, 180 µm x 20 mM, Waters) and desalted. The trap was then 

switched in-line and the concentrated sample was separated on a reverse-phase nano 

column (BEH C18, 1.7 µm, 130 Å, 75 µm x 250 mM, Waters Ltd). Peptides were 

separated and eluted with a gradient of 5-45 % acetonitrile in water/0.1 % formic acid at 

a rate of 0.5 %/min. 

The mass spectrometer was operated in positive ion mode at a capillary temperature of 

200 °C. The source voltage and focusing voltages were tuned for the transmission of 

MRFA peptide (m/z 524) (Sigma). The Orbitrap™ was run with a resolution of 30,000 

over the MS range from m/z 350 to m/z 2000 and an MS target of 106 and 1 s maximum 

scan time. Data-dependent analysis of iTRAQ™-labelled samples was carried out in 

Orbitrap-IT parallel mode using PQD fragmentation on the 6 most abundant ions in 

each cycle.  

For PQD, settings were chosen according to Bantscheff et al. (2008). The collision 

energy was set to 29, the activation Q to 0.55, the activation time to 0.4 s, and an 
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isolation width of 2 was used. The MS2 was triggered by a minimal signal of 2000 with 

an AGC target of 5x104 ions and 200 ms scan time.  For selection of 2+ and 3+ charged 

precursors, charge state and monoisotopic precursor selection was used. Dynamic 

exclusion was set to 2 counts and 90 s exclusion time with an exclusion mass window 

of ±30 ppm. MS scans were saved in profile mode while MS2 scans were saved in 

centroid mode.  

 
 

2.12.4 Data analysis 

2.12.4.1 Database searching 

Tandem mass spectra were extracted and the charge state determined by BioWorks™ 

(version 2.0; ThermoElectron). De-isotoping was not performed. All MS/MS samples 

were analyzed using Mascot (version 2.2; Matrix Science, London, UK;) and 

SEQUEST (version 27; ThermoElectron, San Jose, CA, USA). Mascot and SEQUEST 

were set up to search the “atg_contami_20080413b” database (33024 entries) with the 

digestion enzyme as trypsin. Mascot was searched with a fragment ion mass tolerance 

of 0.50 Da and a parent ion tolerance of 5.0 PPM. SEQUEST was searched with a 

fragment ion mass tolerance of 0.50 Da and a parent ion tolerance of 0.0071 Da. The 

iodoacetamide derivative of cysteine (carboxyamidomethyl cysteine) was specified in 

Mascot and SEQUEST as a fixed modification. Oxidation of methionine and the 

iTRAQ label were specified in Mascot and SEQUEST as variable modifications.  

 

2.12.4.2 Criteria for protein identification 

Scaffold (version Scaffold_2_04; Proteome Software Inc, Portland, OR) was used to 

validate MS/MS-based peptide and protein identifications. Peptide identifications were 

accepted if they could be established at greater than 95.0% probability as specified by 

the PeptideProphet algorithm (Nesvizhskii, 2003; Keller, et al., 2002). Peptide 

identifications were accepted only for those that had probability of being correct equal 

or more than 99%. Protein identifications were accepted if they could be established at 

greater than 95.0% probability and if they contained at least 2 identified peptides. 

Again, protein probabilities were assigned by ProteinProphet algorithm. Proteins that 
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contained similar peptides and could not be differentiated based on MS/MS analysis 

alone were grouped to satisfy the principles of parsimony. 

 

 

2.13 Gene ontology enrichment analysis 

Classification of identified proteins in Gene Ontology (GO) groups was done using the 

BiNGO plugin (version 2.3; Maere et al., 2005) within the Cytoscape software (version 

2.6.2; Shannon et al., 2003). The enrichment analysis was performed using the 

hypergeometric statistical test. Correction was applied using Benjamini and Hochberg 

False Discovery Rate (Benjamini and Hochberg, 1995) at 0.05 significance level. To 

minimise the impact of applying multiple testing, fewer GO categories were tested by 

using the GOSlim_Plants category; a slimmed down version of the full GO hierarchy. 

BiNGO tool retrieves default annotations from the GO database available in NCBI 

(www.ncbi.nlm.nih.gov/Ftp/).  
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




















































 








































































 




















































 




































































































 














 









           

         



               











           

            

          













   



          


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

 



          

  

           

       



         

 

          

   

         

           

        

            



          






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

   

           

            





           

           







        

          






















 















    


































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


 

           














 













   

   

   





















          





         
















 













   

   

   










 

        

     









           



          

           

         

            
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            





         

         

          

       

              

















 





   


















     

   

           



 

 

            








 

    

   





















   
















 



              





                





            



          

  

           



   













              

             

          

           

   









          



             






 



       

       



              



           







             
















































 





































           

          

             








 




























 





             

        









         





            

       

   

            

             

            



 













            

 

   





            






 

   





              



         
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
             











           

  





        

          

 







  

  





 





 

  






 

         





        

           



           

         

          

          

           



           





       

         











             






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 

            

          



           

 







  

             



             








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



    
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

           







     

          






 

            











            

        



         

            





          

     

 

 

           

   




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Chapter 4 - Quantitative proteomics analysis of the Arabidopsis nucleus  

 

 

4.1 Introduction 

4.1.1 Aims 

The aim of this chapter is to compare the nuclear proteome at 2 defined stages in the 

growth cycle of Arabidopsis cells, namely day2 and day6 after sub-culture. At day2 the 

cultures are actively proliferating whereas at day6 the cultures have entered the 

stationary phase. An iTRAQ-based quantitative MS-analysis of nuclear extracts was 

used to compare relative levels of different proteins, aiming to shed light on the nuclear 

processes affected as cells move from proliferation to quiescence. 

 

 

4.2 iTRAQ labelling of Arabidopsis nuclear extracts and pre-fractionation using 

LC 

iTRAQ labelling for the K003, K004 and K005 samples was assessed manually, by 

identifying the proportion of identified peptides that carried the iTRAQ label (Table 

4.1). The first two experiments had a very poor labelling whereas in K005, 98% of the 

peptides were labelled. Poor labelling in K003 and K004 experiments was due to the 

use of Tris (0.1M) buffer in one step during protein extraction from the purified nuclei. 

Tris contains a free primary amine that reacts easily with iTRAQ reagents leading to 

quenching and, thus, inefficient peptide labelling. Replacing Tris with HEPES buffer 

and being careful to use a protein precipitation method not containing ammonium ions 

(Section 2.10.1.2), resulted in almost 100% iTRAQ labelling of digested peptides from 

the nuclear extract of the K005 sample.  

The peptide mixture was pre-fractionated on a PolySULFOETHYL A
TM

 strong cation 

exchange (SCX) column and selected fractions were run on the LTQ-Orbitrap XL™ 

mass spectrometer (see Section 2.12.3 for technical details). The SCX column 

chromatogram and applied salt gradient are shown in Figure 4.1. During the HPLC, 

weakly binding peptides are eluted first from the column, followed by a low-intensity 4 

min peak. Immediately after this peak, a larger peak appears whose elution time 

window is 14 min and contains the majority of the eluted peptides. Following this is a 
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group of triple- or quadrupe-charged peptides. Finally, the high salt wash elutes any 

partially undigested material (Figure 4.1). Fractions from the 14-minute window, that 

contained most of the material (Figure 4.1A; double-headed arrow), were used for 

downstream MS-based analysis. Statistical parameters applied for protein identification 

are given in Section 2.12.4.2.  

 

 

                    

 

                                

 

Figure 4.1 Fractionation of trypsin-digested nuclear proteins  

Elution profile of K005 peptides over 85 min, under the indicated conditions, using a 

polysulfoethyl A SCX column. 

(A) A chromatogram of absorbance at 214nm versus time of elution. Double-headed 

arrow indicates the 13 fractions that were selected and used for subsequent proteomics 

analysis 

(B) The salt gradient used for elution is depicted. Flow rate was 50 µL/min and the salt 

gradient was generated using buffer A [10mM KH2PO4, 20% (v/v) acetonitrile, pH 2.7] 

and buffer B (buffer A plus 1M KCl).  
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Table 4.1 Efficiency of peptide labelling with iTRAQ reagents across all the 

proteomics experiments 

 

 

4.3 Dynamics of the nuclear proteome 

Before starting presenting my results on the quantitative analysis of nuclear extracts 

from proliferative and stationary cell populations, I would like to clarify the use of 

nomenclature about changes at protein levels between the two states. For describing my 

results I used the terms of “up-regulated” or “down-regulated” for proteins that increase 

or decrease at their abundance, respectively, as they move from one state to the other. 

The use of these terms is quite widespread in the proteomics community as can be seen 

in highly cited proteomics journals like the “Journal of Proteome Research” and 

“Molecular and Cellular Proteomics” (a search using the Endnote program retrieved 40 

and 120 abstracts, respectively, containing the terms “up-regulated” or “down-

regulated”, referring to protein levels in quantitative proteomics studies). Change of the 

abundance of a protein detected during the MS analysis, reflects a regulatory 

mechanism functioning either at the level of gene expression or protein level (i.e. 

differential gene expression, differential protein stability, feedback mechanism). 

Therefore, the use of terms “up-regulated” or “down-regulated” cannot be considered as 

misleading, since they denote a mode of regulation, even though not identifiable by 

quantitative MS analysis. 

Of the 645 proteins identified with high confidence (>=95% of confidence and at least 

two peptides assigned) by Scaffold Q+ software, 616 were labelled with the iTRAQ 

reagent and 589 had a ratio assigned by Scaffold Q+. The iTRAQ-115 and iTRAQ-117 
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reagents were used for protein quantification and iTRAQ-115 values were used as the 

reference for calculating the final protein ratio. Figure 4.2 shows the MS/MS spectrum 

of the parent peptide “GIEFVPLHVK” belonging to histone deacetylase 2A (HD2A). 

The lower left end of the same spectrum shows the two reporter ions at 115 and 117Da. 

The intensities of these reporter ions are used to calculate the Log2 ratio of the specific 

spectrum for the respective peptide. Generally, Scaffold Q+ calculates the protein Log2 

ratio by first calculating the media Log2 ratios of individual peptides, based on the 

reporter ion intensities of the assigned spectra, and then these media Log2 ratios are 

used to obtain the median Log2 ratio for the respective protein. Figure 4.3 gives an 

example for the calculation of Log2 ratio of HD2A.  

Since the more recent Scaffold Q+ version allows protein quantification within the 

interface, protein identification was repeated along with protein quantification for the 

K005 dataset. Comparison of the 589 quantified proteins with the 654 nuclearPU 

proteins previously identified with the old version of Scaffold (Table 5.2), showed that 

541 proteins were in common between the two datasets and had a quantification ratio 

assigned (see Appendix- II for full list of proteins and their respective ratios). This 

group of 541 proteins was used for downstream analysis. 

Variation in protein ratios, determined using iTRAQ reagents, in replicate experiments 

is accepted to be at the range of 20% (Gan et al., 2007). Thus, various studies have 

considered a fold change higher than 1.2 as statistically significant for designating a 

protein as “up-regulated” or “down-regulated” between two samples (Kolla et al., 2010; 

Martin et al., 2008; Griffiths et al., 2007). Although the current study lacks biological 

replicates, I applied a fold change of 1.2, to designate proteins as “up-“ or “down-

regulated”. Clearly some designations will be incorrect but with this caveat, I carried on 

with my analysis, designating proteins as “up-“ or “down-regulated” using the day2 

dataset as a reference.  

The general distribution of log2-transformed protein ratios for the 541 quantified 

proteins is given in Figure 4.4. Relative to the day2 reference point, the amount of about 

30% of the quantified proteins increased by 1.2 fold or greater in the quiescent cells, 

37% did not change and 34% decreased in the quiescent cells (Figure 4.4). 
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Figure 4.2 Tandem MS (MS/MS) spectrum of the doubly charged GIEFVPLHVK 

parent ion belonging to the HD2A protein 

The upper image shows the MS/MS spectrum profile and the b- and y-ions automatically 

assigned by the Scaffold Q+ software. On the top of the spectrum the inferred amino 

acids are given, whereas the amino-terminus and lysines of the peptide are labelled by the 

iTRAQ parent ion. At the bottom of the figure, a close-up of the shaded region of the 

spectrum is shown where the reporter ions at 115 and 117Da are detected. m/z: mass-to-

charge ratio 
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Figure 4.3 Example of histone deacetylase 2A (HD2A) quantification by the Scaffold Q+ sortware 

 

(A) Protein display from Scaffold Q+ showing the position of identified peptides on the protein sequence. Green-

coloured amino acids indicate modified residues, either due to the presence of the iTRAQ reagent at the amino 

terminus of the peptide or due to carbamidomethylation or methionine oxidation. 

 

(B) Methodology applied by Scaffold Q+ to calculate the protein ratio of HD2A 

First the peptide median Log2 ratio is calculated followed by the median Log2 ratio of the protein. Peptide Log2 

ratios are represented by the median of the reporter ion intensities for all the assigned spectra. For HD2A, at the 

eight identified peptides there are 2, 6, 5, 6, 3, 2, 4 and 2 spectra assigned, respectively. Corresponding Log2 ratios 

for each of the spectra for a single peptide are shown in the second merged row of the table. The median Log2 

ratio for each of the peptide is shown at the fourth row of the table. Finally, the Log2 ratio of HD2A between the 

N2 and N6 samples is calculated to be as -1.6 corresponding to a fold change of 0.33; corresponding to almost 3-

times less HD2A in the N6 sample
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(B) 

(A) 
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Figure 4.4 Protein ratio distribution of nuclearPU from sample K005. 

Log2 transformed protein ratios (from Scaffold Q+) plotted against proteins sorted in an ascending order of ratios. Numbers and 

percentages (as a portion of the total number) for each protein group are given in table. 
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4.3.1 Gene enrichment analysis of quantified nuclearPU proteins   

BiNGO enrichment analysis for molecular function was performed in each of the three 

nuclearPU protein datasets (down-regulated, up-regulated and constant), and the 

resulting networks of GO categories are shown in Figure 4.5. “Binding” and “Structural 

molecule activity” are the two most over-represented categories in the down- and up-

regulated proteins (Figure 4.5).  

 

 

“Binding” GO category 

The “binding” GO categories have different p-values assigned (different colours 

assigned to each circle), with that of down-regulated being lower than that of the up-

regulated. A breakdown of up-regulated proteins in this category showed that a 

significant number of those related to nucleic acid binding are also related to translation 

factor activity, suggesting that the majority of these relate to RNA binding. The group 

of down-regulated proteins in the binding category includes proteins involved in DNA 

metabolic processes and chromatin binding as well as RRM-containing proteins (Figure 

4.5A; See also Appendix-II). A reduction at the level of these proteins suggests an 

alteration of the status of processes related to the proliferative phase of the cell culture. 

 

 

“Structural molecule activity” GO category  

“Structural molecule activity” proteins formed enriched groups in all the protein groups 

(up-, down-regulated and constant), but this category was highly over-represented in the 

protein group that remained constant (Figure 4.5C), and comprised mainly of ribosomal 

proteins (Appendix-II). Considering the increased translational rates during the 

proliferation phase of a cell culture (Proud, 2002), constant levels for the majority of 

ribosomal proteins suggest that their activity is controlled post-translationally (see 

Chapter 7). 
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Figure 4.5 GO enrichment analysis for nuclear proteins  

 

BiNGO tools were used for detecting over-represented GO groups based on molecular function 

and generating the respective networks. The size of each circle is proportional to the number of 

genes included. 

 

 (A) Network for the down-regulated proteins  

(B) Network for up-regulated proteins and  

(C) Network for the constant proteins. 

 

Colour scale represents the statistical significance of each category with the ones with yellow 

colour being over-represented in proteins of a certain molecular function at the p value of 0.05 or 

lower, whereas the orange ones are over-represented at the significance level of 5 x 10
-7 

or 

higher.
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4.3.2 Functional categorization of quantified nuclearPU proteins from the K005 

experiment 

Enrichment analysis does not provide a full spectrum of the functional distribution of 

proteins within a dataset. For this reason, I assigned a GO functional category to each of 

the proteins in the three datasets (down-regulated, up-regulated and constant), using the 

TAIR website tool “Bulk Data Retrieval” (www. arabidopsis.org). Manual editing of 

the GO categories ensured that no overlap in members exists among the functional 

categories. A protein that belonged to more than categories was assigned to the Go 

category that most precisely represented its actual function. For example, a protein that 

was assigned to the “hydrolase activity” and “kinase activity” GO categories, which 

exhibit a parent-sibling relationship, was removed from the former GO category since 

the latter ones informs us about protein function in a more precise way. 

As a confirmation of the enrichment analysis, DNA/RNA binding proteins represented 

the GO category with the highest percentage in the group of down-regulated proteins, 

and also had the highest percentage among the three datasets (Figure 4.6). Similar 

confirmation is obtained in the case of ribosomal proteins, as members of the “structural 

constituent of the ribosome” GO category. In the dataset of down-regulated proteins 

there is a group of proteins that form the “inferred function” GO category (Figure 

4.6A). These are proteins whose function is not known but their subcellular localisation 

is known and, thus, their function could be inferred indirectly based on their subcellular 

residence. Also, the proportion of proteins involved in protein or ion binding is 

considerably higher in the group of up-regulated proteins, when compared to the other 

two datasets (Figure 4.6B). These protein GO category includes transporters and metal 

ion binding proteins that have been found to act in the cytoplasm or mitochondria. This 

suggests that these proteins are either contaminants or some of these proteins translocate 

to the nucleus in quiescent cells. In vivo protein localisation could discriminate between 

these two alternatives. 
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Figure 4.6 Percentage distributions of GO categories of nuclearPU proteins quantified by iTRAQ 

method 

AGI numbers of proteins that were differentially expressed between the N2 and N6 samples were used 

as an input file in the TAIR website (www.arabidopsis.org) for obtaining all the GO annotations for 

each gene (see Appendix-II for protein members of each GO category). 

 

(A) Pie chart showing percentage distribution of GO categories in the group of down-regulated proteins 

(B) Pie chart showing percentage distribution of GO categories in the group of up-regulated proteins  

(C) Pie chart showing percentage distribution of GO categories in the group of constant proteins  
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(A) 

(C) 

(B) 
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4.3.3 RNA and DNA binding proteins quantified by iTRAQ 

4.3.3.1 RNA-binding proteins tend to be down regulated in the quiescent cell 

nuclear proteome. 

RNA processing proteins included members regulating both pre-rRNA and pre-mRNA 

cleavage and modifications. Two members of the small nucleolar RNAs (snoRNAs) 

family of Arabidopsis U3.2 and U3.6 (Brown et al., 2001), were down-regulated by 2-

fold (log2 ratios -1.1 and -0.9, respectively). snoRNAs are conserved across eukaryotes 

and are the RNA-based components of snoRNPs (sno ribonucleoprotein particles) that 

are responsible for processing pre-rRNAs to mature rRNA subunits (reviewed in Dieci 

et al., 2009). Additional protein components of snoRNPs were also found to be down-

regulated such as NOL1/Nop2p-like, FtsJ-like, PARL1 and FIB2 that all mediate the 

methylation of ribose bases of rRNAs (de Beus et al., 1994; Ching et al., 2002; 

Barneche et al., 2000; Petricka and Nelson, 2007). The ratio of these proteins ranges 

from 1.7 for PAL1 to 4 for FIB2 (respective log2 ratios were -0.9 and -2). Another 

protein involved in rRNA processing was the Block Of Proliferation1-like (BOP1-like), 

which was down-regulated in the quiescent cells with a log2 ratio of -0.8. BOP1-like is 

responsible for the maturation of pre-rRNAs and its inactivation causes cell growth 

arrest (Strezoska et al., 2002). The pescadillo-like protein, involved in ribosome 

biogenesis, was also down-regulated with a fold change of two. In mammalian cells, 

pescadillo is important for nucleolus assembly and cell proliferation (Lerch-Gaggl et 

al., 2002).  

Proteins regulating pre-mRNA processing were either down-regulated or remained 

constant in quiescent cells compared to proliferating ones. These include pre-mRNA 

splicing and mRNA export factors as well as proteins with putative RNA recognition 

motifs (RRM; Table 4.1B). Proteins of the former group are responsible for splice site 

recognition of pre-mRNAs and spliceosome assembly (Kalyna and Barta, 2004; Long 

and Caceres, 2009). Splicing components were either down-regulated or remained 

constant (Table 4.1B). Log2 ratios for splicing factors ranged from -0.3 to -1, 

corresponding to fold change from 1.2 to 2 respectively, whereas a small number 

remained constant with log2 ratios from 0.1 to -0.2.  

The RRM domain is one of the most widespread protein domains in eukaryotic proteins 

and has been implicated in pre-mRNA and pre-rRNA processing via the formation of 
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protein-RNA or protein-protein complexes (Maris et al., 2005). Log2 ratios of RRM-

containing proteins ranged from -0.5 to -1.9, corresponding to a fold change between 

1.41 to 3.7 (Table 4.1B). The Mago-nashi homolog (Magoh) protein was down-

regulated in the stationary nuclei with a log2 ratio of -0.3. Magoh is part of the EJC 

(Kataoka et al., 2001), interacts with Y14 RNA-binding protein in Droshophila (Zhao et 

al., 2000) and co-localises with Arabidopsis CDKC2 protein kinase (Chapter 3; Kitsios 

et al., 2008).  

A small number of mRNA processing proteins were found to be up-regulated and 

included one RRM-containing protein, a poly(A) binding protein and a splicing  factor. 

Log2 ratios for these proteins ranged from 0.3 to 0.5 (Table 4.1B).  

RNA binding proteins also included eukaryotic initiation factors (eIFs). Members of 

this protein family are responsible for recruiting mature mRNAs to the ribosome for 

subsequent translation (Browning, 2004). eIF2A and eIF4A-2 were up-regulated at log2 

ratios of 0.3 and 1 respectively. Other eIF factors, eiF4G, eIF4A, eIF3 and eIF1a, 

remained constant whereas none of eIFs was found to be down-regulated. 

In summary, most of the RNA binding proteins where either down-regulated or 

remained constant. The increased abundance of RNA binding proteins in proliferation is 

in agreement with increased cellular activity manifested with high cell division rate.  

 

 

4.3.3.2 DNA binding proteins show a diverse behaviour between proliferation and 

quiescence 

Transcription factors that are highly expressed in proliferating tissues in plants, such as 

SERRATE (Clarke et al., 1999) and SPT16 (Lolas et al., 2009), were down-regulated in 

quiescent cells and the same holds true for the transcription initiation factor TAF4, 

which in C. elegans is sequestered to the cytoplasm for transcriptional suppression 

(Guven-Ozkan et al., 2008) (Table 4.1A). A large portion of constant proteins included 

those involved in chromatin binding and modification such as histones, histone 

deacetylases and high mobility group proteins. Histones showed diverse behaviour as 

the majority was up-regulated in proliferating nuclei, a small number down-regulated 

and the rest remained at similar levels whereas histone deacetylases were down-

regulated in the stationary phase nuclei (Table 4.1A).  
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Members of the high mobility group (HMG) protein family are part of the chromatin 

remodelling complex, FACT, and bind transiently to non-condensed chromatin, 

facilitating anchorage of transcription machinery on their respective transcription sites 

(Duroux et al., 2004; Launholt et al., 2006). The observed down-regulation of most 

HMG proteins in quiescent nuclei is consistent with their involvement in promoting cell 

proliferation (Reeves et al., 2001). 
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Table 4.1. DNA or RNA binding proteins that are differentially expressed between the 

proliferative and stationary phases of the cell culture. 

 

The first column of each table provides the AGI number, the second column gives log2 protein 

ratios as calculated from the respective iTRAQ-based peptide ratios (see also Figure 4.3), and the 

third gives the protein name or description. The reference state is the proliferative phase (N2). A 

complete list of the DNA/RNA binding proteins is given in Appendix-II 

 

(A) DNA binding proteins that are down-regulated (i), up-regulated (ii) or remain constant (iii) 

(B) RNA binding proteins that are down-regulated (i), up-regulated (ii) or remain constant (iii) 
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(i) 

(ii) 

(iii) 

(A) 
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(i) 

(ii) 

(iii) 

(B) 
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 4.3.3.3 Proteins of unknown function 

Quantification analysis in Scaffold Q+ identified proteins of unknown function that 

were of similar abundance in proliferative and quiescent cell cultures. In total, 53 

proteins of unknown function were quantified. Nineteen of them were down-regulated 

in the N6 sample, 10 were up-regulated whereas 24 remained constant (Table 4.2). The 

presence of this number of unknown proteins provides an opportunity to identify novel 

components involved in cell proliferation or growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2. Proteins of unknown function quantified using the iTRAQ method.  (A) 

Down-regulated proteins, (B) up-regulated proteins and (C) constant proteins. 

 

 

 

(A) 

(B) 

(C) 
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4.4 Correlation of quantitative changes at the mRNA and protein levels of nuclear-

localised gene products 

The combination of microarray analysis and proteomics can reveal mechanisms of gene 

and protein regulation by correlating transcript and protein levels on a global scale, thus 

providing an holistic insight into the responses of the biological system studied (Xia et 

al., 2006; Li et al., 2007). Based on the degree of correlation between the two types of 

datasets, one can ask to what extent changes at the transcriptome level are directly 

translated into changes at the proteome level.  

A query of microarray data repositories identified a single microarray experiment, 

where the expression profile of genes in the same Arabidopsis cell culture was 

measured as cell cultures move from proliferation to quiescence (Menges et al., 2003). 

Samples analysed in the specific microarray experiment were taken at 1, 3, 5 and 7 days 

after subculture, which did not exactly correspond to the samples used for the K005 

experiment. However, since there were few significant changes in mRNA levels from 

day_1 to day_3 and from day_5 to day_7 (Jim Murray, personal communication), 

Values from day_1 and day_3 and from day_5 and day_7 were averaged, used to 

calculate the ratio of day_(1,3) to day_(5,7) and compared to proteomics datasets from 

day_2 and day_6 nuclei. A graphical representation of pairwise comparisons for log2 

transformed protein ratios for the K005 dataset and respective mRNA ratios are shown 

in Figure 4.7. The R
2
-value is very low, indicating a poor correlation between changes 

in transcript levels and their corresponding proteins. The majority of genes are down-

regulated in stationary cells, whereas there is a considerable variation in the abundance 

of the corresponding proteins in the nucleus. 

Although the correlation between mRNA and protein levels is often low in such a 

diverse gene sample, stronger correlations can emerge when genes/proteins belonging to 

the same family or molecular function are compared (White et al., 2004; Washburn et 

al., 2003). However, even when I compared mRNA and protein levels for transcription 

factors or translation initiation factors only, no pattern emerged (data not shown). Thus, 

it appears that for the proteins studied, the mechanisms regulating their abundance 

appear to act at the post-transcriptional level. Ideally protein and mRNA should be 

prepared from the same material. Although the cell culture used for proteomics came 

from the Murray lab and should be genetically identical, the experiments were carried 
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out several years apart. Also, even though the culture conditions and media were based 

on the methods described, the effect of growing the material in different places is likely 

to also introduce differences. 

 

 

Figure 4.5. Correlation analysis between transcript and protein levels of genes 

from K005 sample.  

Protein ratios from K005 sample were log2 transformed and compared with log2-

transformed ratios from a published microarray experiment (see text for details about 

formatting microarray dataset). For both data the reference point was the proliferation 

state 

 The dotted lines indicate the axis where the R
2
-value equals to 1 (or y=x). 
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4.5 Discussion 

 

The aim of this chapter was to perform the first quantitative proteomics analysis of 

Arabidopsis nucleus in cell cultures, comparing nuclei from proliferating cell cultures 

with those from stationary cultures. Although further refinement and improvement of 

the obtained data would be desirable, this aim was largely achieved. In the following 

sections I will discuss the challenges in protein quantification using iTRAQ technology, 

and also incorporate the research findings in the current literature regarding cellular 

proliferation and quiescence in eukaryotes. 

 

 

4.5.1 Quantitative proteomics analysis of Arabidopsis nuclei 

Enrichment analysis as well as functional categorization of proteins quantified by 

iTRAQ showed that the DNA/RNA-binding category was the most abundant (Figures 

4.5 and 4.6). In the following sections I will discuss how this finding complies with the 

published literature on cell proliferation and quiescence. In addition, I will discuss the 

alteration of the levels of specific nucleolar proteins and how these changes relate to 

nucleolus size reduction as cells move from proliferation to quiescence. 

 

 

4.5.1.1 DNA-binding proteins and cell proliferation 

Members of histone deacetylase-2 protein family (HD2A, HD2B and HD2C) belonged 

to the group of DNA-binding proteins with the most prominent decrease in the 

quiescent cell population, suggesting a role for this family in the transition of a cell 

culture from proliferation to stationary phase. Histone acetylation/deacetylation is an 

important mechanism of gene transcription regulation (Loidl, 2004), with the activity 

being mainly related to transcriptional suppression in eukaryotes. Nevertheless, HOS2 

deacetylase was found to be necessary for gene transcription in yeast (Wang et al., 

2002). Also, abolishment of histone deacetylase 1 (HD1) activity in mouse embryos 

resulted in proliferation defects due to up-regulation of CDK inhibitor proteins 

p21
WAF1/CIP1

 and p27
KIP1

 (Lagger et al., 2002). In terms of external stimuli, HD1 was 
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found to be upregulated upon hormone stimulation in mouse growth-arrested cells 

(Bartl et al., 1997).  

The histone deacetylase-2 (HD2) family is plant-specific. Members of this family in 

Arabidopsis have been implicated in establishing leaf polarity independently of 

ASSYMETRIC LEAVES1 (AS1) and AS2 (HD2A, HD2B; Ueno et al., 2007), in 

regulating ABA responses (HD2C; Sridha and Wu, 2006). So far, no reports have been 

published on the role of HD2 members in proliferation or quiescence. The only report 

from Arabidopsis comes for the HD1 protein, a distant homolog of the HD2 members, 

whose polysome-associated mRNAs were repressed in sucroce-induced starved cell 

cultures (Nicolai et al., 2006). This repression was inversely correlated with the 

acetylation levels of histone H4 in the starved cells, thus providing a link between 

translational control and chromatin activity (Nicolai et al., 2006). The fact that HD1 

was the only HD identified as differentially regulated in that study, is either due to the 

fact that this is indeed the only HD that is regulated during sucrose-induced starvation, 

something that is unlikely, or due to the use of whole cell extracts for the microarray 

analysis, which consequently produced low-resolution data; in contrast to my high-

resolution nuclei-enriched fractions. Therefore, it is possible that down-regulation of the 

HD2 protein levels in quiescent cells is also essential for an increase in acetylated 

histones at the stationary phase of the cell culture, which in turn would affect the 

transcription of genes necessary for quiescence state. Assessment of the acetylated 

status of specific histones, by chromatin immunoprecipitation using antibodies against 

acetylated histones, would help us to assess whether our hypothesis is true or not. A 

good candidate for this experiment could be the histone H2A that appears to remain 

constant from proliferation to quiescence (Table 4.1). Additional DNA-binding proteins 

that act as negative regulators of cell quiescence and were up-regulated in my 

proteomics analysis included Spt16, NRP1 and TITAN7. These three proteins are 

involved in chromatin remodelling and chromosome dynamics with a positive 

regulation in cell proliferation (Duroux et al., 2004; Zhu et al., 2006; Tzafrir et al, 

2002).  

High mobility group (HMG) proteins form the second most abundant family of 

chromosomal proteins after histones (Johns, 1982). They are small and extremely 

dynamic protein molecules found across eukaryotes that bind randomly genomic DNA, 
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facilitating gene transcription and DNA replication (reviewed in Bianchi and Agresti, 

2005). Up to date, no report is available on the levels of this group of proteins during 

proliferation. My results had shown that HMGB-type proteins are substantially 

upregulated during proliferation with only one remaining constant. Up-regulation of 

HMG protein family is in line with high transcription and DNA replication rates during 

proliferation, mainly due to high cell division rate. 

 

 

4.5.1.2 mRNA processing proteins and translation initiation factors 

The majority of splicing factors in the analysis remained at a constant level and only a 

small fraction was down-regulated (Table 4.1). The activity of many splicing factors are 

likely to be altered by processes acting post-translationally, such as reversible 

sequestration into speckles (Docquier et al., 2004), a process that is mediated by 

changes in protein phosphorylation in the case of RSp31 (Tillemans et al., 2006) and 

SR45 and SR34 (Ali and Reddy, 2006). Therefore, even splicing factors that appear to 

be present at a constant level are probably regulated at other levels. The role of protein 

kinases and transcriptional activity on the behaviour of splicing factors is presented in 

Chapters 5 and 6. 

The presence of translation initiation factors in the nuclear proteome is intriguing. Their 

long accepted and primary function is based in the cytoplasm (Pestova et al, 2001) but 

translation was shown to be coupled to transcription in mammalian nuclei by detecting 

the incorporation of [
3
H]-lysine in nascent transcripts (Iborra et al., 2001). Since then, 

many studies have found translation factors within the nuclei of diverse species (Bush et 

al., 2009; Andersen et al., 2002; Pendle et al., 2005; Strudwick and Borden, 2002).  

Translational activity is minimal in quiescent cells (Proud, 2002). Since the majority of 

eIFs remain at constant levels suggest, as with splicing factors, regulation is likely to 

post-translational, probably involving protein phosphorylation. There is clear evidence 

for such regulation, but mostly for cytoplasmic eIF factors (reviewed by (Pierrat et al., 

2007). However, a portion of mammalian eIF4G was found to localise in the nucleus in 

association with the cap-binding complex (McKendrick et al., 2001). At least for 

eIF4G, regulation of its activity through phosphorylation comes from studies in 
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mammalian cells, where serines 1108, 1148 and 1192 was found to be phosphorylated 

by the PI-3 kinase in vivo after serum stimulation (Raught et al., 2000).  

 

 

 

4.5.1.3 Nucleolar proteins and cell proliferation 

Ribosome biogenesis, a nucleolar process, is crucial for cell growth and proliferation 

(Warner, 1999; Lerch-Gaggl, 2002). Ribosome biogenesis can consume up to 80% of a 

cell’s energy and declines dramatically as cells enter quiescence (Thomas, 2000). This 

reduction is mirrored by smaller nucleolar size (see Section 5.3; Figure 5.6) as well as 

reduced protein levels for certain nucleolar proteins. PARL1 is the predominant form of 

nucleolin, which is involved in rRNA processing and ribosome synthesis in Arabidopsis 

(Petricka and Nelson, 2007). Down-regulation of PARL1 in quiescent day6 cells, 

probably mirrors decreased ribosome biogenesis. Another nucleolin protein, NopA64, 

was down-regulated in differentiated onion (Allium cepa) tissues (de Carcer et al., 

1997), again supporting the idea that the amount of these proteins is decreased in cells 

that have ceased to divide. Another nucleolar protein, FIB2, was downregulated almost 

4-fold. FIB2 associates with box C/D small nucleolar RNAs (snoRNAs) directing 2'-O-

ribose methylation of the rRNA (Barneche et al., 2000). Similar to nucleolin, onion 

FIB2-like protein is more abundant in meristematic root cells than in differentiated cells 

(Medina et al., 2000). 

Therefore, the changes in these nucleolar proteins correspond with changes in nucleolar 

size and support the notion that nucleolar size and structure reflects activity (Raska et 

al., 2006; Gonzalez-Gamacho and Medina, 2005).  

 

 

4.5.2 Integration of transcriptomics and proteomics datasets 

Combined analysis of the transcriptome and proteome could provide new insights into 

the regulation of gene expression. However, the correlation between the changes at the 

transcript and protein level tends to be low (Nie et al., 2007) and I also observed a 

similar phenomenon (see Figure 4.5). This general lack of correlation, however, could 

be informative. One idea is that the quiescent cell needs to hold itself in a state of 
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readiness (with key systems already assembled, but inactive) to respond to more 

favourable growth conditions. In this scenario, functions where gene and protein levels 

are highly correlated may include key regulatory factors, whose abundance directly 

modulates the pathways in which they are involved. For example genes involved in 

osteoblast specification or cell adhesion- and protein folding-related genes of human 

breast epithelial cells (Conrads et al., 2005; Rogers et al., 2008) showed high 

correlation between mRNA and protein levels, supporting the idea that some important 

biological processes are tightly controlled at the transcript and protein level. 

 

 

4.5.3 Sensitivity 

In complex mixtures, the number of proteins that can be reliably identified and 

quantified becomes an important issue. Quantification of the more abundant nuclear 

proteins, where identifications are based on multiple peptides, was relatively 

straightforward. However, regulatory proteins such as kinases tend to be present in at 

low levels and were identified only from one or two peptides and only in some 

preparations (See Appendix-I). Many known nuclear kinases were not detected but this 

is not surprising considering that less than 10% of the expected nuclear proteome was 

identified (Section 3.8.3). Ideas for increasing the sample resolution are discussed in 

Section 3.8.3. 

 

 

4.5.4 Future directions 

Biological replication of the experiment will be necessary to identify a consistent set of 

deregulated proteins between cell proliferation and quiescence. Subsequent in vivo 

confirmation of protein localisation would add extra strength to my data, especially by 

using proteins defined as “unknown function” as well as proteins that are annotated as 

“cytoplasmic” from the TAIR annotation tools. The use of fluorescent tags for assessing 

protein localisation is a very robust method used in previous high-throughput studies 

(Koroleva et al., 2005; Pendle et al., 2005), whereas high-sensitivity western blot kits in 

combination with advanced imaging methods (ECL Plus/CCD camera; Dickinson and 
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Fowler, 2002) could be used to assess for the amounts of selected proteins in nuclear 

extracts from cells in proliferation and quiescence.  

A good use of the BiNGO enrichment analysis tool will be to generate protein networks 

within each group of down-regulated, constant or up-regulated proteins. In this way 

functional relationships between proteins could emerge, either by using previously 

published data or by homology-based comparison with other eukaryotes. This analysis 

would open the way for pinning down the predicted interactions in vivo and allow us to 

hierarchically arrange proteins within the proper biological context. 

Conclusively, data generated in this chapter, could be used as a platform for getting a 

deeper understanding on the transition from cell proliferation to quiescence in 

Arabidopsis cell cultures and, in a certain extent, identify functional differences and 

similarities with other eukaryotes. 
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Chapter 5 Function of Cyclin-dependent kinase C 

 

 

5.1 Introduction 

Pre-mRNA processing constitutes a very important nuclear function but little is known 

about its underlying regulatory mechanisms in Arabidopsis (see Section 1.8). Splicing 

factors mediate, along with other proteins, the removal of introns from the pre-mRNA 

transcript. The majority of these proteins in the quantitative proteomics analysis 

(Chapter 4) remained at a constant level and only a small fraction was down-regulated 

(Table 4.1). The activity of many splicing factors are likely to be altered by processes 

acting post-translationally, such as reversible sequestration into speckles (Docquier et 

al., 2004), a process that is mediated in some splicing factors by protein 

phosphorylation (Tillemans et al., 2006; Ali and Reddy, 2006; de la Fuente van Bentem 

et al., 2006). Speckled-like localisation of the CDKC2 kinase in Arabidopsis cell 

cultures (Kitsios, 2007) renders it as a potential regulatory factor of the splicing process 

by affecting the activity of splicing factors.  

In the present Chapter, I describe the dynamics of GFP-CDKC fusions during the cell 

cycle and investigate the relationship between CDKC2 and different aspects of pre-

mRNA processing. I tested the role of CDKC2 by expressing a dominant negative 

version of the kinase in cell suspensions and characterised its effect on localisation of 

splicing factors.  During the course of the project, CDKC2 was found to interact (in the 

yeast-two-hybrid system) with Mago-nashi-homolog (Magoh) protein (Ali Pendle and 

Peter Shaw, unpublished data), a homolog of Magoh-nashi protein that is part of the 

exon-junction complex (EJC) and involved in mRNA export in mammalian cells 

(Dreyfuss et al., 2002; Le Hir et al., 2000). For these reasons, I undertook co-

localisation studies of CDKC2 fused to GFP with members of exon-junction complex 

(EJC) fused to RFP. Finally, to assess the function of GFP-CDKC2 protein, I 

transformed Arabidopsis cdkc2-2 mutant plants with 35S::YFP:CDKC2 construct. 

Results indicate that localisation of the fusion protein mirrors that seen in cell cultures 

and that it was able to completely complement the cdkc2-1 mutant phenotype back to 

the wild type, indicating that the protein fusion in functional in planta.  
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5.2 Sub-cellular localization of 35S:GFP:CDKC2 fusion protein during the cell 

cycle 

CDKC2 is a nuclear protein (Cui et al., 2007) that localises to sub-nuclear speckles 

(Kitsios et al., 2008).  Until recently, no data were available in the literature for the 

distribution of CDKC2 during the cell cycle. The results presented below were recently 

published (Kitsios et al., 2008). 

I generated a 35S::GFP:CDKC2 expression vector that was stably transformed into 

tobacco BY-2 cell cultures. Figure 5.1 shows the subcellular localization of the 

GFP:CDKC2 fusion protein during the cell cycle in BY-2 cells. During interphase, 

GFP:CDKC2 is localized in the nucleus, with localised concentrations in spots, that 

probably represent nuclear speckles (Section 1.13; Kitsios et al., 2008). As soon as the 

cell enters prophase, when chromatin condenses and nuclear envelope breaks down, 

GFP:CDKC2 acquires a more diffuse cytoplasmic localization profile that persists 

during metaphase, anaphase and telophase. In late telophase/cytokinesis, as the new 

daughter nuclei are beginning to form, GFP:CDKC2 protein accumulates in the nuclei, 

where it begins to acquire its interphase-specific localization profile described above 

(Figure 5.1). 
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Figure 5.1. Distribution of GFP:CDKC2 during the cell cycle. 

 

Tobacco BY-2 cell cultures stably expressing GFP:CDKC2 were observed to determine 

protein fusion localisation during the different stages of the cell cycle. GFP and DAPI 

are depicted in false colour, green and red respectively.  

 

(A) Cell nucleus in interphase. The GFP and brightfield channels are shown.  

 

(B) – (F) Protein localisation during mitosis. The first column depicts the GFP channel, 

the second column DAPI staining of the DNA, the third column a merged image of the 

first two and the fourth one a brightfield image of the cell.  

(B) prophase  

(C) metaphase  

(D) anaphase  

(E) telophase 

(F) late telophase/cytokinesis 

 

The images shown in these panels are the result of a maximum projection of a group of 

deconvoluted optical z-sections. The same applies to the rest of the images in this 

chapter, unless otherwise stated. Scale bar: 10 µm  
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5.3 Is kinase activity necessary for normal CDKC2 localisation? 

Activity of TFIIH and pTEF-b multiprotein transcription factors is inhibited in the 

presence of 5,6-dichloro-1-!-D-ribofuranosylbenzimidazole (DRB), a transcription 

elongation inhibitor (Pinhero et al., 2004; Yankulov et al., 1997). DRB exerts its 

inhibitory role by competing with the kinase subunits of TFIIH and pTEF-b for ATP 

and GTP molecules, which are required for CTD phosphorylation (Zandomeni et al., 

1986; Trembley et al., 2003). CDKC2 has been suggested to be the kinase subunit of 

the plant pTEF-b factor (Fulop et al., 2005; Cui et al., 2007) and its subcellular 

distribution is altered dramatically in the presence of DRB (Kitsios et al., 2008). 

However, the specificity of DRB is still uncertain and to assess whether the kinase 

activity of CDKC2 is required for its localisation in the nucleus or any aspect of mitotic 

re-localisation, I generated a mutant variant of the protein that is inactive.  

A conserved aspartic acid (D182) residue in the ATP-binding pocket, essential for 

mediating the transfer of "-phosphate of ATP to the substrate (De Bondt et al., 1993), 

was altered to asparagine (N182) by in vitro mutagenesis (see Chapter 2; Section 2.5) 

and the mutation was confirmed by sequencing. Mutation of D182 in structurally 

related kinases from yeast and human cells led to kinase inactivation (Mendenhall et al., 

1988; van den Heuvel and Harlow, 1993). 

The resultant construct (35S:GFP:CKDC2_D182N; designated as GFP:CDKC2_DN  

hereafter) was either transiently or stably transformed into Col-0 and BY-2 cell cultures, 

respectively.  Localization of the mutant fusion during interphase and in different stages 

of the cell cycle was recorded in tobacco BY-2 cell cultures stably expressing 

GFP:CDKC2_DN  (Figure 5.2). During interphase, the mutant protein showed a less 

spotted and more diffuse nucleoplasmic localization as compared to the wild type 

kinase (Figure 5.2A). During mitosis, the localization profile of GFP:CDKC2_DN  

protein fusion was very similar to its wild type counterpart (Figure 5.2B-F). More 

specifically, in prophase the mutant kinase was released into the cytoplasm where it 

remained until telophase. In late telophase/cytokinesis, GFP:CDKC2_DN protein fusion 

re-established its interphase localization profile within the nucleus.
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Figure 5.2. Distribution of GFP:CDKC2_DN during the cell cycle. 

 

Tobacco BY-2 cell cultures stably expressing GFP:CDKC2_DN were observed to 

determine protein fusion localisation during the different stages of the cell cycle. The 

first column shows the GFP channel, the second the DAPI channel (false-coloured in 

red), the third a merged image of GFP and DAPI channels and the last column a 

brightfield image of the observed cell.  

 

(A) GFP:CDKC2_DN localisation in interphase nucleus.  

 

(B) – (F) Protein localisation during mitosis: 

(B) Prophase 

(C) metaphase 

(D) anaphase 

(E) telophase 

(F) late telophase/cytokinesis.  

 

Scale bar: 10 µm . np: nucleoplasm, no: nucleolus. In brightfield image at the interphase 

nuclei are depicted with dashed circles. 
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Most interestingly, when Col-0 or BY-2 cells were observed under a microscope for 

prolonged periods (more than 40 min), I could see that the GFP:CDKC2_DN  protein 

gradually translocated into the nucleolus. For the same period of time, the wild type 

protein was still localized in nuclear speckles and did not show signs of re-localization 

to the nucleolus. A typical example is shown in Figure 5.3A. In total, I repeated the 

experiment 4 times and each time I observed GFP:CDKC2_DN translocation into the 

nucleolus in 13 out of 15 cells. On the contrary, the GFP:CDKC2 protein fusion always 

localised in nuclear speckles. Thus, partitioning of CDKC2 between the nucleus and 

nucleolus in response to the stress imposed by observation depends on kinase activity.  

To test this hypothesis, cells expressing GFP:CDKC2 were treated with 100 µm  

roscovitine, a CDK-specific inhibitor that competes with ATP for binding at the ATP 

binding pocket (Hardcastle et al., 2002). After 2 hours in the presence of roscovitive, 

GFP:CDKC2 protein fusion translocated into the nucleolus or peri-nucleolar 

compartments (Figure 5.3B, II-IV), whereas when cells were treated with DMSO no 

changes in protein localisation were observed (Figure 5.3B, I). These data support the 

idea that CDKC2 kinase activity is necessary for retaining most of the protein in the 

nucleoplasm and that upon abolishment of this activity the protein is gradually 

translocated into the nucleolus. 
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Figure 5.3 Partitioning of CDKC2 between the nucleus and nucleolus depends on stress and kinase activity. 

 

(A) Arabidopsis Col-0 cells separately expressing GFP:CDKC2 and GFP:CDKC2_DN were left on the 

microscope slide and monitored every 10mins. Translocation of GFP:CDKC2_DN to nucleolus was apparent after 

40min. 

 

(B) Arabidopsis cell cultures expressing GFP:CDKC2 were treated with DMSO (I) or 100 µm  roscovitine (II, III, 

IV) for 2 hours and protein fusion localisation was recorded. II, III and IV images show three different nuclei after 

the roscovitine treatment. 

 

Images were acquired using a fluorescent microscope coupled to a CCD camera. Images represent maximum 

optical projections of selected z-sections. Scale bar = 10 µm . n: nucleus, no: nucleolus. 
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5.4 Co-expression analysis of GFP:CDKC2_DN with spliceosomal components 

SRp34 and Cyp64 

GFP:CDKC2 co-localises with the splicing factor SRp34 and cyclophilin Cyp64, but 

their co-localisation profiles were different from those observed when each fusion 

protein is expressed alone (Kitsios, 2007; Kitsios et al., 2008). In Section 5.2, I showed 

that abolition of CDKC2 kinase activity altered the localisation profile of GFP:CDKC2. 

To test whether localisation profiles of SRp34 and Cyp64 are altered in the presence of 

the GFP:CDKC2_DN mutant, I transiently co-expressed protein fusions in Col-0 

cultures. In Figure 5.4A, GFP:CDKC2 and SRp34:RFP protein fusion co-localise 

almost entirely in the nucleus showing a speckle-like co-localisation profile. When the 

kinase activity of GFP:CDKC2 is abolished, both protein fusions co-localise but this 

time their localisation profile is altered dramatically (Figure 5.4B). Both protein fusions 

co-localised in large speckles in the nucleoplasm and also in the nucleolus, mirroring 

the profiles observed when cells are treated with DRB (Kitsios et al., 2008). Repeats of 

the experiment gave the same result in 95-98% of the cells (n>50), with the only 

variation being that the number of large speckles varied from about 4 to 6 in different 

cells. 

The Cyp64:RFP fusion co-localised to some degree with GFP:CDKC2 protein fusion 

(Figure 5.5). In the majority of cells examined, and after repeating the experiment, spots 

could be observed that were labelled by GFP:CDKC2 or Cyp64:RFP only (Figure 5.5; 

arrows). Interestingly, both GFP:CDKC2 and Cyp64:RFP colocalise to the nucleolus as 

well, whereas when expressed alone none of the protein fusions reside in the nucleolus 

(Figure 5.5B). This indicates that the two proteins may interact to affect each other’s 

localisation. Even though both GFP:CDKC2_DN and Cyp64:RFP co-localised in the 

nucleoplasm, translocation of mutant kinase to the nucleolus was not mirrored by 

translocation of the Cyp64;RFP protein fusion protein (which remained in the 

nucleoplasm for the great majority of the cells (Figure 5.6A)). However, in a minority 

(8%; n=65 in total) of the cells observed, Cyp64;RFP showed nucleolar co-localisation 

with the kinase and a representative nucleus from this group of cells is shown in (Figure 

5.6B). 
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Figure 5.4 Abolition of CDKC2 kinase activity alters the distribution of CDKC2 

and SRp34 fusion proteins in Arabidopsis cell cultures. 

 

(A) Representative nucleus with the localisation profiles of GFP:CDKC2 and 

SRp34:RFP fusion proteins.  

 

(B) Representative nucleus co-expressing GFP:CDKC2 and SRp34:RFP fusion proteins.  

 

Images in both composite panels are maximum projections of selected Z-sections 

through each nucleus.  The nucleolus is circled in the brightfield image.   

Present to the right of each composite panel in (A) and (B), are the RGB profiles of 

transects drawn through each nucleus using the merged images.  Double-headed arrows 

indicate the RGB profile for the two protein fusions when a line crosses the nucleolus. 

Scale bars: 7 µm  in (A) and 10 µm  in (B). 
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Figure 5.5 Co-expression analysis of GFP:CDKC2 and Cyp64:RFP in Arabidopsis nuclei. 

 

(A) Arabidopsis Col-0 cells co-transformed with constructs overexpressing fluorescent-tagged 

fusions of CDKC2 and Cyp64. 

 

 Maximum projection images of selected z-sections of a single nucleus are shown. On the left 

panel, the GFP channel is shown; on the centre the RFP channel is shown and on the right a 

merged image of two channels is shown.  At the bottom of the panel, GFP and RFP profile of three 

transects drawn through the nucleus of the merged image are shown. White and yellow arrows 

show unique spots present in GFP:CDKC2 and Cyp64:RFP, respectively.  

 

(B) Localisation profiles of GFP:CDKC2 and Cyp64:RFP protein fusions when expressed alone in 

cell cultures.  

 

Scale bars: 10 µm  
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(B) 
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Figure 5.6. Co-expression analysis of GFP:CDKC2_DN and Cyp64:RFP in Arabidopsis 

nuclei. 

 

 (A) Majority pattern: GFP:CDKC_DN and Cyp64-RFP fusion proteins co-localise in the 

nucleoplasm within small and large speckles. On the right of the multiple panels, GFP and RFP 

channel profiles for three arbitrary transects across the merged image panel, are shown. The 

nucleolus is circled in the brightfield image. 

(B) Minority pattern: As in (A) but this time the two fusion proteins co-localise in the nucleolus as 

well. On the right of the combined panel GFP and RFP profiles are shown, as described in (A). 

Beneath RGB profiles, double-headed arrowhead indicates when the respective transect passes 

through the nucleolus. Scale bars: (A) 10 µm  and (B) 5 µm . 

 

In both (A) and (B), a single plane passing through the nucleolus is used for assessment of protein 

co-localisation 
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5.5 CDKC2 co-localises with RNA Polymerase II in Arabidopsis cell cultures 

CDKC2/CycT complex may represent the plant homolog of mammalian CDK9/CycT 

complex (Cui et al., 2007; Barocco et al., 2003), which is the catalytic subunit of the 

transcription factor pTEF-b and is responsible for phosphorylating the C-terminal 

domain of the large subunit of RNA PolII (Chapter 1). Even though it has been 

demonstrated, both in vivo and in vitro, that CDK9/CycT is responsible for this 

phosphorylation event, no localisation data are available showing the extent of co-

localisation between CDKC2 and RNA PolII. A BY2 line stably expressing 

GFP:CDKC2 was used to test the degree of co-localisation between the two proteins. 

PolII localisation was determined by indirect immunofluorescence in fixed BY2 cells 

(Chapter 2; Section 2.9). The primary antibody used recognised the CTD of the RNA 

PolII (Abcam) and the secondary antibody was coupled to Alexa Fluor 545. 

Extensive co-localisation between the two proteins in the nucleus was observed, 

whereas both were less abundant in the nucleolus (Figure 5.7). The strong colocalisation 

along with evidence of direct protein-protein interaction, supports the idea that CDKC2 

and RNA PolII function in the same process. However, RNA PolII accumulated in 

small patches inside the nucleolus whereas accumulations of CDKC2 within the 

nucleolus were very much finer that may represent background signal. This reduced 

intensity of the GFP signal is probably the result of cell fixation. 
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Figure 5.7. Co-localisation analysis between GFP:CDKC2 and RNA PolII. 

 

Tobacco BY-2 cells expressing GFP:CDKC2 were fixed and permeabilised, before 

being incubated with a rabbit RNA PolII antibody. A rabbit Alexa Fluor 546 secondary 

antibody was used for detecting the bound primary antibody. Alexa Fluor 546 signal 

(RNA PolII) was visualised using a TRITC (Tetramethyl Rhodamine Iso-Thiocyanate) 

filter on a CCD microscope. The first column shows the GFP channel, the second 

column shows the TRITC channel and the third column shows the merged image 

between the two channels. 
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5.6 Investigation of GFP:CDKC2 co-localization with components of the exon-

junction complex  

Co-localisation of CDKC2 with spliceosomal components suggests an involvement of 

this kinase in pre-mRNA processing. Since EJC proteins are also part of this process, I 

assessed whether CDKC2 co-localises with selected EJC proteins. I obtained 4 

constructs containing C-terminal RFP fusions of Arabidopsis EJC proteins [RNA-

binding protein S1 (RNPS1), Magoh-nashi homolog (Magoh), ALY4 and elongation 

initiation factor 4A-3 (eIF4A-3), provided by Ali Pendle, Norwich; Pendle et al., 2005; 

Koroleva et al., 2009] and used them to transform Arabidopsis Col-0 cell cultures.   

 

 

5.6.1 Co-expression of GFP:CDKC2 and RNPS1:RFP fusion proteins 

Localisation of RNPS1:RFP protein fusion, when expressed alone, is nuclear and 

appears to have a “speckled” distribution (Figure 5.8A). This profile is in agreement 

with the reported localisation of an RNPS1-GFP protein fusion in Arabidopsis cell 

cultures (Pendle et al., 2005). Also, in some cells RNPS1 seemed to be more diffusely 

localised throughout the nucleoplasm, as shown in Figure 5.8A. When co-expressed 

with GFP:CDKC2, the proteins did not co-localise extensively (Figure 5.8B), except for 

a few spots inside the nucleus. Assessment of protein co-localisation along arbitrary 

transects is shown in Figure 5.8B. Also co-transformation of RNPS1-RFP fusion with 

the GFP:CDKC2_DN fusion did not lead to extensive co-localisation, although 

occasional distinct speckles  that clearly contained both proteins were observed in the 

nucleoplasm (Figure 5.9). Mutant kinase was concentrated in fewer and larger spots and 

gradually translocated into the nucleolus, as observed previously (Figure 5.3).  
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Figure 5.8 Co-expression analysis of GFP:CDKC2 and RNPS1:RFP fusion 

proteins in Arabidopsis nuclei. 

 

(A) Col-0 cells transiently expressing RNPS1-RFP protein only. The upper row of 

panels depicts localisation profiles of the protein fusion in different Arabidopsis nuclei. 

The lower row shows corresponding brightfield images.  

 

(B) Col-0 cells transiently co-expressing GFP:CDKC2 and RNPS1:RFP protein fusions. 

A representative nucleus is shown (inset, brightfield image of the nucleus). On the right 

of the panel, green and red channel profiles are shown, corresponding to arbitrary lines 

drawn along the merged image. Double-headed arrows show the RGB profile of a line 

when it passes through the nucleolus.  

 

In both (A) and (B), a single optical plane passing through the nucleolus is showed. 

 

 

Scale bars: 5 µm  
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Figure 5.9 Co-expression analysis of GFP:CDKC2_DN and RNPS1:RFP fusion 

proteins in Arabidopsis nuclei. 

 

All three composite panels show localisation of fusion proteins in different nuclei and on 

their right are corresponding green and red channel profiles, showing the extent of co-

localisation. For all the three different panels, a single optical plane passing through the 

nucleolus is used for assessment of protein co-localisation 

 

Cell cultures were kept on the microscope slide, covered with a gas-impermeable slide, 

and observed at different time points. Images represent maximum projection of selected 

optical Z-sections of each nucleus. Images from the top panel were acquired at the 

beginning of the observation; images at the middle panel were collected at 30 min and 

images at the bottom panel after 50-60min of starting the observation.  

 

Double-headed arrows indicate RGB profiles when the respective lines pass through the 

nucleolus. Scale bar: 5 µm  
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5.6.2 Co-expression analysis of GFP:CDKC2 and Magoh:RFP fusion proteins in 

Arabidopsis nuclei 

Magoh:RFP was co-transformed with GFP:CDKC2 into Col-0 cell cultures. Both 

protein fusions showed extensive co-localisation both in the nucleoplasm and in nuclear 

speckles (Figure 5.10A). However, in some cells co-expressing the two protein fusions, 

Magoh did not show any obvious localisation in speckles but had a more diffuse 

nucleoplasmic localisation profile (Figure 5.10B). In this case the degree of co-

localisation with GFP:CDKC2 was reduced.  

Co-localisation between Magoh and CDKC2 was retained even after the abolishment of 

the kinase activity of the latter. The only difference was that the majority of 

Magoh:RFP did not translocate into the nucleolus over time, as for GFP:CDKC2_DN, 

but that which did co-localised with the inactive kinase in small spots (Figure 5.10; 

middle panel). In between 5 and 8% of the cells observed  (three independent 

experiments) Magoh was diffusely distributed in the nucleoplasm without any localised 

concentration in speckles (Figure 5.11; bottom panel). 

The above co-localisation data suggest that CDKC2 can, but does not always, co-

localise with Magoh:RFP in speckles and in the rest of the nucleoplasm. Even though 

both protein fusions still colocalised, loss of CDKC2 kinase activity changed the degree 

of co-localisation due to gradual translocation of the inactive kinase into the nucleolus 

 

 

 

 

 

 

 

 

  CDKC2-GFP RNPS1-RFP  Merged 
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Figure 5.10 Localisation profiles of GFP:CDKC2 with Magoh:RFP fusion proteins 

in Arabidopsis nuclei 

 

Col-0 cells were transiently transformed with GFP:CDKC2 and Magoh:RFP. 

Representative nuclei are shown. Images were generated after projecting different slices 

into a single plane. Below its panel RGB profiles of 3 arbitrary lines, drawn through 

nucleus, are shown. For all the three different panels, a single optical plane passing 

through the nucleolus is used for assessment of protein co-localisation 

 

 

(A) In the majority of cells the two fusion proteins co-localised in nuclear speckles.  

 

(B) In some cells Magoh fusion protein had a diffuse nuclear localisation profile 

without an apparent co-localisation signal with GFP:CDKC2.  

 

Double-headed black arrows indicate the RGB profiles of GFP and RFP when the 

respective line passes through the nucleolus.  

 

Scale bar: 10 µm  
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Figure 5.11 Co-expression analysis of GFP:CDKC2_DN and Magoh:RFP fusion 

proteins in Arabidopsis nuclei. 

 

Col-0 cells were transiently transformed with GFP:CDKC2_DN and Magoh:RFP. 

Representative nuclei are shown from three different timepoints. The top panel show 

typical images from a nucleus taken immediately (within 5 minutes) after cells were 

transferred to a slide and covered with a gas-impermeable coverslip. Middle panels 

present a typical cell 20 min later and the bottom panel 1 hour later after. Arrowheads in 

the Magoh:RFP images indicate spots that co-localise with the ones of GFP:CDKC2_DN 

in the merged image. Transects through the images are shown on the right. Double-

headed black arrows indicate the RGB profiles of GFP and RFP when the respective line 

passes through the nucleolus.  

For all the three different panels, a single optical plane passing through the nucleolus is 

used for assessment of protein co-localisation 

 

Scale bar: 5 µm  
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5.6.3 Localisation analysis of GFP:CDKC2 and GFP:CDKC2_DN fusion proteins 

with Aly4:RFP 

An important component of the mammalian EJC is the Aly4/REF protein. It interacts 

with the Y14 protein, another component of the EJC, and probably Aly/REF recruits the 

nuclear export receptor TAP/p15 (Le Hir et al., 2001). Aly/REF also interacts with the 

Y14 protein, a strong interactor of Magoh in Droshopila melanogaster (Zhao et al., 

2000). A parallel interaction of Magoh with the TAP/p15 suggested that Aly4/REF, 

Magoh and Y14 are important for nuclear export of mature mRNAs (Shyu and 

Wilkinson, 2000). The Arabidopsis Aly4-GFP protein fusion concentrates mainly in the 

nucleolus but also shows a speckled-like distribution in the nucleoplasm (Pendle et al., 

2005).  

In total, 20 cells were documented in three independent experiments. When expressed 

alone, the Aly4 fusion localises mainly in the nucleolus and shows a generally diffuse 

nucleoplasmic localisation (Figure 5.12B). Nucleoplasmic distribution of Aly4:RFP did 

not mirror exactly published localisation profile when expressed as a GFP, suggesting 

that the identity of the fluorescent tag effects protein subcellular localisation. 

When co-expressed with GFP:CDKC2, Aly4:RFP showed the same localisation profile 

with that observed when expressed alone (Figure 5.12B). Moreover the degree of co-

localisation was low, as could be judged by the RGB profiles resulting from the merged 

images (Figure 5.12B, bottom). More than 20 nuclei were documented in three 

independent experiments, and localisation profiles for both fusion proteins were the 

same as in those experiments when each of protein fusions was expressed alone. 

Minimum co-localisation was also observed when Aly4:RFP was co-expressed with 

GFP:CDKC2_DN in cell cultures (Figure 5.13). When cells were incubated on the slide 

under a coverslip, and imaged every 20 minutes, GFP:CDKC2_DN translocated into the 

nucleolus, exhibiting the same behaviour as when expressed alone (compare with 

Figure 5.3). On the other hand, localisation profile of Aly4:RFP did not appear to 

change within the same amount of time. 
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Figure 5.12 Co-expression analysis of GFP:CDKC2 and Aly4:RFP fusion proteins 

is Arabidopsis nuclei.. 

 

(A) Arabidopsis cells co-expressing GFP:CDKC2 and Aly44:RFP as indicated. Nuclear 

co-localisation profiles of a representative nucleus are shown. Below the multi –panel 

are the RGB prolies of three lines drawn along the merged image. Double-headed black 

arrows indicates the position of the nucleolus in the RGB profiles. The nucleolar 

position is circled in the brightfield image.  

 

(B) Localisation profile of Aly44:RFP fusion protein when expressed alone in 

Arabidopsis cell cultures.  

 

In both (A) and (B), a single optical plane passing through the nucleolus is used for 

protein localisation or assessment of protein co-localisation  

 

Scale bars: 5 µm . 
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Figure 5.13 Co-localisation of Aly44:RFP with GFP:CDKC2_DN in Arabidopsis 

cell cultures. 

 

Images of a single plane passing through the nucleolus from four different nuclei, taken 

at different times of incubation on the slide. One image was taken at the beginning of 

the experiment (I), 35 min later (II), 50 min later (III) and 1.5 hour (IV). Translocation 

of GFP:CDKC2_DN protein fusion into the nucleolus remains unaffected by the  

presence of Aly4:RFP. Nucleolus in brightfield images is circled. Scale bar: 10 µm . 
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5.6.4 Localisation analysis of GFP:CDKC2 and GFP:CDKC2_DN fusion proteins 

with eIF4A-3:RFP 

Co-expression of wild type and mutant CDKC2 with eIF4A-3:RFP protein fusion 

showed overlapping localisation profiles, especially in terms of nuclear speckle 

distribution (Figure 5.14). When expressed alone, eIF4A-3 had a diffuse nuclear 

localisation pattern with a small amount of the protein found in the nucleolus (Figure 

5.14A). When co-expressed with GFP:CDKC2, eIF4A-3:RFP maintained it a diffuse 

nuclear localisation profile, but now was localised into nuclear speckles as well (Figure 

5.14B). Speckled distribution of eIF4A-3 matched that of GFP:CDKC2, showing 

extensive co-localisation. On the other hand, when co-expressed with the mutant 

GFP:CDKC2_DN, eIF4A-3:RFP re-acquires a diffuse nuclear localisation profile and 

does not accumulate to nuclear speckles (Figure 5.14C). Localisation of mutant CDKC2 

in the presence of eIF4A-3 is similar to that when expressed alone; diffuse localisation 

in the nucleoplasm and concentration into a small number of relatively large spots 

(Figure 5.14C).  
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Figure 5.14. Co-expression analysis of GFP:CDKC2 and GFP:CDKC2_DN fusion proteins with eIF4A-3:RFP. 

 

(A) Localisation profile of eIF4A-3 fusion protein in Arabidopsis nuclei with 

corresponding brightfield images at the lower row of composite panel.  

 

(B) Co-localisation analysis of GFP:CDKC2 and eIF4A-3:RFP proteins in a 

representative nucleus.  

 

(C) Co-localisation analysis of GFP:CDKC2_DN and eIF4A-3:RFP in a representative 

nucleus.  

 

In all the panels a single optical plane passing through the nucleolus is used for protein localisation 

or assessment of protein co-localisation  

 

Next to panels in (B) and (C) are the green and red channel profiles of the arbitrary lines 

drawn across the merged image of each panel. Double-headed black arrows indicate the 

part of RGB profile when line crosses the nucleolus. Scale bars: 5 µm  
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5.7 In planta analysis of GFP:CDKC2 protein fusion localisation 

Determination of protein localisation in cell cultures provides us with important 

information on the subcellular distribution of a protein, particularly during the cell 

cycle. However, cell cultures grow outside the context of a multicellular organism, 

where cells acquire different developmental fates, leading to the formation of distinct 

tissues (Lau et al., 2010; Lodha et al., 2008). Proteins that acquire different localisation 

profiles in different tissues may reflect the role of the tissue they reside in. In this 

aspect, the suggested role of CDKC2 in transcription and/or splicing (Cui et al., 2007; 

Kitsios et al., 2007) may affect its localisation in the nucleus of cells that have different 

rates of transcription/splicing, i.e. meristematic versus differentiated tissues. Also direct 

observation of the localisation of a protein in planta can reveal clues to novel roles that 

would not be apparent in a cell culture system. 

In this section I present data for CDKC2 and CDKC2_DN protein fusion localisation in 

plants. Both proteins were either expressed transiently as GFP fusions in Arabidopsis 

Col-0 cotyledons or stably over-expressed in Col-0 plants as YFP fusions. Figure 5.15 

shows representative cell nuclei from Arabidopsis cotyledons transiently expressing 

GFP:CDKC2. The protein fusion shows nuclear localisation and concentration of the 

signal in nuclear speckles. This localisation profile matches the profile observed in cell 

cultures, suggesting that the protein distribution seen in cell cultures is essentially the 

same as the one observed in differentiated tissues. When GFP:CDKC2_DN  was 

expressed in Arabidopsis cotyledons, the localisation profile also was similar to that 

observed in cell cultures. The fusion protein was diffusely distributed in the 

nucleoplasm and, in some cells, was also present in nuclear spots (Figure 5.16A). 

Since there was extensive co-localisation between CDKC2 and Magoh proteins in cell 

cultures, I transiently expressed both proteins in cotyledons and observed the degree of 

co-localisation. In Figure 5.16B, both proteins accumulated in the nucleus but only 

CDKC2 localised in nuclear speckles. On the other hand, Magoh:RFP fusion appeared 

to have a diffused nuclear localisation without showing any signs of co-localisation with 

the CDKC2 protein fusion. 
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Figure 5.15 Transient expression of GFP:CDKC2 protein fusion in Arabidopsis 

cotyledons.  

The composite panel illustrates representative nuclei from Arabidopsis cotyledon cells 

expressing the GFP:CDKC2 fusion. The first column shows the GFP channel, the 

second shows the TRITC channel and the third is a merged image of both channels. 

Scale bar: 10 µm  
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Figure 5.16 Transient expression of GFP:CDKC2_DN and co-expression of 

GFP:CDKC2 with Magoh:RFP in Arabidopsis 4-days-old cotyledons. 

 

(A) Three representative cells are shown where the GFP:CDKC2_DN fusion localises 

in the nucleus.  

(B) Two representative cells co-expressing GFP:CDKC2 and Magoh:RFP protein 

fusions. The first column of the composite panel shows the GFP channel, the second 

column the RFP channel and the third shows a merged imaged of the two channels. 

Scale bars: 10 µm . 

 

(B) 
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The above data show that GFP:CDKC2 localisation is similar in both undifferentiated 

cell cultures and in differentiated plant tissues. However, the discrepancy in co-

localisation of CDKC2 and Magoh fusion proteins between cell cultures and cotyledons 

suggests that colocalisation is sensitive to physiological status of the cells.  

 

 

5.8 Phenotypic analysis of cdkc2 T-DNA insertion mutants and gene 

complementation 

Insertion mutants in the CDKC2 gene produced plants that were late flowering and had 

increased CaMV resistance (Cui et al., 2007). To test whether the CDKC2 protein 

fusion is functional, I obtained homozygous SALK T-DNA insertion mutants 

(SALK_029546 and SALK_149280), aiming to perform genetic complementation of 

the mutant plants. Predicted genotype related data was obtained from the T-DNA 

express website (http://signal.salk.edu/cgi-bin/tdnaexpress), SALK_149280 line (cdkc2-

1) has an insertion in the 10
th

 intron and the SALK_029546 line (cdkc2-2) has an 

insertion in the 8
th

 exon (Figure 5.17A). The cdkc2-1 line did not express the kanamycin 

resistance trait expected for this T-DNA, probably due to gene silencing 

(http://signal.salk.edu/tdna.FAQs.html), whereas the cdkc2-2 expressed the resistance 

marker normally. I used PCR to confirm the presence of the T-DNA in cdkc2-2 and 

confirm the homozygous status of the selected plants (Figure 5.17B). Primer pairs used 

for screening the hygromycin-resistant plants are given at Figure 5.17C. 

I selected 3 PCR-positive plants (1, 2 and 3 at Figure 5.17) and used RT-PCR to check 

for the presence of CDKC2 mRNA transcript. As shown in Figure 5.18 no detectable 

CDKC2 mRNA was present in the leaves of homozygous plants whereas CDKC2 

transcript is present in Col-0. 
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cdkc2-2-for: 5’-ACTGCTGACTGGGCTTCACT-3’ 

   cdkc2-2-rev: 5’-TCAGTTTTCCCAGGCAAGAT-3’ 

Lba1: 5’ –ATGGTTCACGTAGTGGGCCATC-3’ 

 

Figure 5.17 Genotyping of T-DNA mutant plants. 

 

(A) Position of T-DNA insertions for the cdkc2-1 and cdkc2-2 mutant lines. 

Black boxes represent exons and lines represent introns. a: cdkc2-2-for,  b: 

cdkc2-2-rev, c: Lba1.  

(B) Seven T-DNA mutant plants showing kanamycin resistance were screened 

to confirm that they were homozygous for the T-DNA insertion. The 

predicted size of the CDKC2 PCR product is 486 bp and for the insertion 

line, 380 bp. L: DNA ladder; 1-7: number of each plant from cdkc2-2 line; –

ve: Col-0 geneomic DNA. For amplification of the genomic CDKC2 I used 

the cdkc2-2-for/cdkc2-2-rev primer pair and for the detection of the T-DNA 

presence (cdkc2-2) I used the cdkc2-2-for/Lba1 primer pair 

(C) Primers used to screen for the genotype of selected hygromycin-resistant 

plants. cdkc2-2-for/cdkc2-2-rev pair was used for the detecting the wild 

type gene and the cdkc2-2-for/Lba1 pair was used for detecting the T-DNA 

insertion. 

(A) 

(B) 

(C) 
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Figure 5.18 RT-PCR on selected homozygous T-DNA mutant plants. 

Three cdkc2-2 plants (1 – 3) were tested for the presence of CDKC2 transcripts in 

leaves. RNA was extracted using Qiagen’s RNA extraction kit and cDNA synthesis was 

performed using the Omniscript RT Kit from Qiagen. Actin was used as a control for 

using equal amounts of cDNA for the PCR. The sizes of expected PCR products are 

shown to the left of the gels. 

 

 

 

I then undertook a phenotypic analysis. Towards the end of my PhD we received cdkc2-

2/CDKC1_RNAi seeds (hereafter called c2/C1RNAi) from Dr. Chen at Purdue 

University and these were included in the analysis. Figure 5.18 shows representative 

plants for the three different genotypes at 8-days-old and 4-weeks-old. Plant stature of 

cdkc2-2 mutant lines was not markedly different from that of the Col-0 plants 

throughout their vegetative growth, but the c2/C1RNAi plants were slightly smaller. 

Leaves of both mutant plants appeared more circularised than Col-0 (Figure 5.19 and 

Figure 5.20). The increase in leaf circularisation became more obvious when leaves 

from the three genotypes are laid in order, from the youngest to the oldest (Figure 

5.20A). This altered leaf phenotype appeared to result from the decrease of the angle 

between the leaf lamina and the petiole. To examine whether the angle did change, I 

measured leaf-petiole angles from 6 mature leaves at the same developmental stage (6
th
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leaf), depicted in Figure 5.20A, in 7 plants of each genotype. The result was that the 

lamina-petiole angle in Col-0 was larger than the respective angles in cdkc2-2 and 

c2/C1RNAi plants, at the p = 0.01 level of significance, whereas differences between 

the cdkc2 and c2/C1RNAi plants were not statistically significant (Figure 5.13B). Thus, 

knocking down CDKC2 gene affected leaf morphology, whereas this phenotype is not 

enhanced when both CDKC genes are inactivated in plants.  

To verify the late flowering phenotype of CDKC2 mutant plants, I recorded flowering 

times for mutant and wild plants. Indeed, cdkc2-2 mutant plants flowered later than Col-

0, with c2/C1RNAi flowering even later, revealing an additive effect of CDKC1 

knockdown on this physiological character. Averaging 10 plants, Col-0 flowered at 9.6 

leaves, cdkc2-2 at 19.6 leaves and c2/C1RNAi at 24.8 leaves (Table 5.1).  

 

 

 

 

 

 

 

 

 

 

Table 5.1 Average number of rosette leaves to flowering for Col-0, cdkc2-2 and 

c2/C1RNAi plants. 

Rosette leaves from 10 individual plants, for each of the genotypes, were counted at 

bolting time. 

 Col-0 cdkc2-2 c2/C1RNAi 

Average 

flowering time 

(n=10) 

 

9.6±0.52 

 

19.6±0.66 

 

24.8±0.98 
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Figure 5.19 Phenotypes of Col-0, cdkc2-2 and c2/C1RNAi plants. 

Three representative plants for each genotype are shown at 8 days (first 3 panels to the left) and 4 weeks (3 columns to the right) after 

germination. Scale bar = 1cm 

 8-day-old 4-weeks-old 

cdkc2-2 
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Figure 5.20 Morphology of rosette leaves of Col-0, cdkc2-2 and c2/C1_RNAi plants 

and phenotypic analysis. 

 

(A) Rosette leaves were collected from the three genotypes when the Col-0 plants had 

bolted. The oldest (seed) leaves appear on the right of the image.  

 

(B) Phenotypic measurement of the angle created by leaf lamina and petiole [illustrated 

by the white bent line in (A)] in each of the three genotypes. Six plants were used from 

each genotype and the character was measured in the first six (oldest) leaves indicated 

by the yellow dashed square in (A)]. Measurements for each individual plant were 

averaged. Bars represented the average value of the averages from the 7 plants used for 

each genotype.  

 

Scale bar = 2cm. 
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Scanning electron microscopy (SEM) analysis (carried out by Dr. Kim Findlay) was 

employed to obtain more precise information on the leaf morphology of CDKC2 mutant 

plants. For the analysis, we used the 5
th

 leaf of Col-0, cdkc2-2 and c2/C1RNAi plants at 

12 days after leaf emergence. No apparent differences were obvious between the three 

genotypes (Figure 5.21) except that c2/C1RNAi leaves had abnormal trichomes. Most 

of the trichomes on c2/C1RNAi plants had between 4 – 5 branches instead of 3 

branches present in cdkc2-2 and Col-0. 

 

  

 

Figure 5.21 SEM analysis of the adaxial surface of leaves from Col-0, cdkc22 and 

c2/C1RNAi plants. 

On the top of the panel, two representative images are shown of the adaxial side of the 

5
th

 leaf in Col-0. In the middle of the panel, same type of images but for cdkc2-2 and at 

the bottom of the panel is a leaf from a c2/C1RNAi plant. Samples were processed and 

analysed using SEM by Dr. Kim Findlay (JIC Microscopy Facility). Black arrows 

indicate the different trichome branches in the double mutant. 
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5.9 The effect of transcription and kinase inhibitors on the root growth of Col-0 

and CDKC mutant plants 

Transcription and kinase inhibitors both altered the subcellular distribution of CDKC2 

protein in Arabidopsis cell cultures (Figure 5.3B; Kitsios et al., 2008), suggesting that 

they both affect CDKC function. Knocking down one or both members of the CDKC 

family has adverse effects on plant growth, so such lines should be more sensitive to 

drugs that perturb CDKC function. Therefore I tested the response of Col-0, cdkc2-2 

and c2/C1RNAi plants to different concentrations of DRB and roscovitine. 

Figure 5.22 presents growth data from Arabidopsis roots in the presence of different 

DRB concentrations (25mM, 50mM, 100mM and 250mM). The control is also included 

where roots were growing in the presence of DMSO; solvent of both DRB and 

roscovitine. When growing in DMSO no differences with statistical significance were 

observed during the eight days of the experiment (Figure 5.22A). After transferring 

germinated seedlings of the three genotypes to media containing the respective drug 

concentration, root measurements were taken every two days. At day2, root growth 

retardation was apparent both for Col-0 and mutant phenotypes, when compared with 

the control sample, but no significant differences were observed between lines. 

However, by day4 differences between the mutant genotypes and Col-0 were observed 

at 25mM and 50mM of DRB. Both cdkc2-2 and c2/C1RNAi showed a relative 

inhibition of root growth that was significant at p-value of 0.05 and 0.01 respectively, 

for both concentrations (Figure 5.22B). These differences between Col-0 and the 

mutants persisted also at day6 and day8 and became even stronger, as the differences 

between Col-0 and the mutant phenotypes were significant even at p-value of 0.001 

(Figure 5.22B). The same trend was also observed at day8, with the addition that 

differences in root growth, between Col-0 and mutants, were now observed at 100mM 

of DRB as well at p-value of 0.05 and 0.01 for cdkc2-2 and c2/C1RNAi, respectively 

(Figure 5.22A,B). The above data indicate that CDKC mutants are more sensitive to 

DRB than the wild type plants. 

The use of CDK-specific inhibitor, roscovitine, had a similar effect on the root growth 

of the three genotypes but the degree of inhibition was stronger than that of DRB 

(Figure 5.23B). After two days of growth in the presence of roscovitine, root growth 

retardation was not statistically different between the Col-0 and the two mutant 
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genotypes (Figure 5.23B). As in the case of DRB, mutant plants exhibited greater 

reduction of root growth than Col-0 at day4 of the experiment, at 0.05mM of 

roscovitine (Figure 5.23A, B). At day6 and day8, root growth inhibition in mutant 

plants was statistically different from Col-0 p-value of 0.01, at 0.05mM and 0.5mM of 

roscovitine (Figure 5.23B). The difference between DRB and roscovitine is that 

roscovitine is a much stronger inhibitor of root growth since it exerts its action at much 

lower concentrations than DRB, presumably due to the wider spectrum of CDK targets 

affected. However, concentrations of roscovitine higher than 0.5mM appeared to be 

toxic for wild type and mutant plants. 
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Figure 5.22 Effects of the transcriptional inhibitor, DRB, on root growth of Col-0, cdkc2-2 

and c2/C1RNAi seedlings. 

 

Col-0, cdkc2-2 and c2/C1RNAi plants germinated on Paul’s media in the absence of DRB. 

Immediately after germination, 10 seedlings from each genotype were transferred onto Paul´s 

media containing either 200 µl DMSO (control) or the indicated concentrations of DRB (25, 50, 

100 and 250 mM). Four measurements of root growth were recorded in 2-days intervals. All root 

measurements were normalised against the average root length of each genotype when seedling 

were transferred in the drug, so that at the day of transfer (day0) root length for each genotype 

had the value “0”. 

 

(A) Root length (y-axis) versus different concentrations of DRB at day2, day4, day6 and day8, 

after transferring germinated seedlings on medium containing the inhibitor. 

 

(B) Table showing the significance values for experiments shown in (A) at which the root 

growth of cdkc2-2 or c2/C1RNAi plants differs significantly from the root growth of Col-0. 

Asterisks indicate the different levels of significance: *, ** and *** correspond to p-values of 

0.05, 0.01 and 0.001, respectively 
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day2 day4 day6 day8  

cdkc2-2 c2/C1RNAi cdkc2-2 c2/C1RNAi cdkc2-2 c2/C1RNAi cdkc2-2 c2/C1RNAi 

25mM   **  ** ** ** ** ** 

50mM   ** * *** *** *** *** 

100mM        * ** 

 

 

DRB  

250mM         

 (A) 

 (B) 
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Figure 5.23 Effects of the CDK-specific inhibitor, roscovitine, on the root growth of Col-0, 

cdkc2-2 and c2/C1RNAi seedlings. 

(Seedling handling, treatments and normalisation applied were the same as those described in Figure 

5.22 

Roscovitine concentrations: 0.05, 0.5, 1, 1.5 and 2mM) 

 

(A) Root length (y-axis) versus different concentrations of roscovitine at day2, day4, day6 and 

day8, after transferring germinated seedlings on medium containing the drug inhibitor. 

 

(B) Table showing the significance values for experiments shown in (A) at which the root 

growth of cdkc2-2 or c2/C1RNAi plants differs significantly from the root growth of Col-0. 

Asterisks indicate the different levels of significance: *, ** and *** correspond to p-values of 

0.05, 0.01 and 0.001, respectively. 
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day2 day4 day6 day8  

cdkc2-2 c2/C1RNAi cdkc2-2 c2/C1RNAi cdkc2-2 c2/C1RNAi cdkc2-2 c2/C1RNAi 

0.05mM   * ** ** ** ** *** 

0.5mM     * ** *** *** 

1mM       ** ** 

1.5mM       * * 

 

 

Roscovitine 

2mM   * *   *** *** 

 

 (A) 

 (B) 
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5.10 Is the FP-CDKC fusion protein functional? 

The subcellular localisation of the CDKC2 fusion protein in Arabidopsis cell cultures 

suggested a role of this kinase in regulating the activity and redistribution of 

spliceosomal components and suggested a possible involvement of the kinase with 

components of the EJC. However, the validity of this largely depends on whether or not 

the fusion protein is actually functional. To test the functionality, I transformed cdkc2-2 

plants, with the 35S:YFP:CDKC2 construct in the pEarleygate104 vector (see Figure 

2.3 for map of the vector and hereafter called YFP:CDKC2). At this point I have to 

clarify a counterintuitive notion regarding the expression of CDKC2 coding sequence 

under the 35S promoter. When the GUS gene was under the control of the 35S 

promoter, GUS activity was reduced by 4-fold in the cdkc2-2 mutant line (Cui et al., 

2007), suggesting the CDKC2 is important for the activity of the specific promoter. The 

use of 35S promoter to drive the expression of YFP:CDKC2 fusion in the cdkc2-2 

plants would be expected to lead to large suppression of the YFP:CDKC2 transcript. 

However, since the activity of the 35S promoter is not completely abolished (Cui et al., 

2007), the small production of the YFP:CDKC2 protein fusion would lead to an 

increase to the activity of the promoter, which in turn would produce more fusion 

protein that would increase even more the activity of the promoter and so on. Thus, 

eventually the activity of the 35S promoter would be completely restored and enable the 

over-expression of the YFP:CDKC2 protein fusion. 

YFP:CDKC2 protein fusion was generated using Gateway® cloning and transformed 

into plants as described in Section 2.8.1. T1 seeds were collected, sown and selected for 

BASTA resistance. Eight basta-resistant T1 plants were recovered. In the next 

generation, T2 plants were sprayed with basta and the segregation of herbicide 

resistance noted
1
. Several lines segregated at 3:1 

1
ratio (resistant : sensitive), indicating 

that the construct had integrated at (probably) only one site. From the resistant T2 plants 

I germinated the T3 seed on hygromycin. When 100% of T3 seeds were resistant to 

                                                

1
 

1
Due to time limitations, prior to spraying the T2 plants, I transplanted in the greenhouse more 

seedlings from each T2 line, in order to have plants available for analysis from the hygromycin-

resistant homozygous T2 lines. I call these extra plants as “backup” plants 
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hygromycin, the parent T2 plant was considered homozygous. Then, “backup” 

homozygous T2 plants (hereafter called YFP:CDKC2) were used for analysis. 

I tested whether the drug resistant YFP:CDKC2 plants were late flowering or not, 

compared to Col-0 and the original mutant line. From the eight independent 

YFP:CDKC2 lines containing, six lines flowered at the same time as Col-0, as judged 

by the number of rosette leaves produced before bolting (Table 5.3). The other two lines 

had a number of leaves either close to that of the cdkc2-2 mutant or an intermediate 

number between the mutant and wild type plants. This phenotype may be the result of 

reduced expression levels of the YFP:CDKC2 protein fusion. A comparison of leaf 

morphology among Col-0, cdkc2-2 and YFP:CDKC2 plants showed that the 

complemented plants had regained a wild type leaf shape (Figure 5.24A). This was 

confirmed when more plants from a complemented line were checked (Figure 5.24C). 

Complementation was also observed in flowers. In cdkc2-2, petals are less wide than 

wild type petals and also show partial folding at the top of the petal. This phenotype is 

totally abolished in the YFP:CDKC2 lines and flowers resembled the wild type (Figure 

5.24B). 

 

Table 5.3 Number of rosette leaves at bolting for Col-0, cdkc2-2 and YFP:CDKC2 plants. 

Rosette leaves were collected from the three genotypes and counted. One line was used in the case of 

Col-0 and cdkc2-2 and 8 lines for YFP-CDKC2. Ten plants from each line had their leaves counted. The 

cdkc2-2 line is homozygous and YFP-CDKC2 lines are T2 generation, all homozygous for the transgene. 
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Figure 5.24 Restoration of wild type phenotype in cdkc2-2 plants by genetic 

complementation. 

 

(A) “Leafograms” of a representative homozygous T2 homozygous YFP-CDKC2 plant (left) 

Col-0 (centre) and cdkc2-2 (right). Cotyledons shown at the bottom, then leaves in 

developmental order and floral blot. 

 

(B) Representative flowers from three different genotypes: cdkc2-2_(top), Col0 (middle) and 

YFP-CDKC2_1 (bottom). 

 

(C) Rosette leaves from six different homozygous T3 plants from the complemented T2 

homozygous line YFP-CDKC2_5. 
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(A) 

(B) 

(C) 
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To verify whether the wild type phenotype was due to the presence of the YFP:CDKC 

transgene, the T2 homozygous lines were genotyped using attB primers that are specific 

for the Gateway casette of the pEarleygate vectors (PCR was performed by Dr. Tao 

Zheng after I left the lab). From the 8 lines genotyped, all were positive for the 

transgene whereas no PCR product was detected in Col-0 plants. This result further 

confirms that the reversion of cdkc2-2 plants back to wild type phenotype is due to the 

presence of the transgene. 

 

 

5.11 Localisation of YFP:CDKC2 protein fusion in Arabidopsis roots 

Stable transgenic plants expressing YFP:CDKC2 allowed me to follow protein 

localisation of the protein fusion in planta. In Arabidopsis root tips, the protein fusion 

localises in the nucleus as shown in Figure 5.24. Contrary to cell cultures transiently 

expressing the GFP:CDKC2 protein fusion, localisation of GFP:CDKC2 in root tips did 

not appear to concentrate in speckles but acquired a more diffuse nucleoplasmic 

distribution. This difference in the localisation could be due to different transcriptional 

status between the cell cultures (observed at day3 after subculture) and the meristematic 

cells. When I observed YFP:CDKC2 localization in the differentiated zone of the root I 

could detect localised concentration of the protein in speckles, as well as a more diffuse 

nucleoplasmic localisation signal. Similarly to the differences seen with the cell 

cultures, different distribution of CDKC2 in the differentiated root tissue may reflect 

lower rates of transcription in the latter (Fang et al., 2004; Docquier et al., 2004), 

leading to increased accumulation of the kinase in speckles. 
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Figure 5.25 YFP:CDKC2 localisation in Arabidopsis plants. 

Complemented plants stably expressing YFP:CDKC2 were visualised using a 

fluorescent microscope and the localisation of the protein fusion in root tip (A) and in 

the differentiated zone of the root (B) was monitored. Images represented a single 

optical Z-section of the root. Arrows in (B) indicate the concentrated localisation of 

YFP:CDKC2 fusion in speckles. Scale bars: 50 µm  (A) and 5 µm  (B). 

 

 

50  µm  

  5  µm  

(A) 

(B) 
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5.12 Discussion  

5.12.1 Colocalisation of CDKC2 with splicing factors 

Co-localization of CDKC2 with splicing factors and their re-distribution upon treatment 

with a CDK-specific inhibitor suggests that reversible phosphorylation might regulate 

spliceosomal protein distribution (Kitsios et al., 2008). Use of the dominant negative 

mutant of CDKC2, CDKC2_DN, suggests that CDKC2 (and not other CDK-related 

kinases) is responsible for the observed distribution. In vitro kinase assays will be 

important to discriminate between direct and indirect targets. Re-distribution of 

mammalian spliceosomal proteins occurs in the presence of kinase inhibitors and, 

coupled to the presence of the RS motif in their sequence, pointed to the importance of 

serine phosphorylation on the nuclear distribution of these proteins (Misteli and 

Spector, 1997; Misteli, 2000). Indeed in mammalian cells, movement of the splicing 

factors in and out of the speckles is controlled by reversible phosphorylation of serine 

residue in the RS motif by SR-protein kinase 1 (SRPK1) and CDC2-like protein kinase 

1 (CLK1) (Gui et al., 1994; Colwill et al., 1996). 

At least one direct target is already known. CDKC2, along with its cyclin partner 

CYCT1;3 (Barrroco et al., 2003), can phosphorylate the CTD of RNA PolII in vitro 

(Cui et al., 2007). CDKC2 co-localises with the CTD of RNA PollII, supporting this 

idea.   However, it is not known whether SRp34 and Cyp64 are CDKC substrates since 

the results reported here could also be explained by indirect effects of CDKC, acting, 

for instance on the CTD of PolII. Future experiments should aim to test if SRp34 and 

Cyp64 are indeed substrates of CDKC2 and whether CDKC2 has a direct effect on pre-

mRNA splicing. The clones and genetic strains described in this chapter should allow 

these questions to be addressed. For example, deep sequence analysis of nuclear 

transcripts in mutant and wild type plants will allow us to assess whether loss of CDKC 

leads either to mis-splicing or to the accumulation of unspliced transcripts. In vitro 

kinase and protein-protein interaction assays could be used to access various 

spliceosomal proteins as substrates. 
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5.12.2 CDKC2 as a regulator of nucleo-nucleolar shuttling in response to stress 

Shuttling between the nucleoplasm and nucleolus has been observed for many plant 

proteins (Pendle et al., 2005; Tillemans et al., 2005, 2006; Kitsios et al., 2008). The 

relative balance can depend on the physiological status of the cell for example, and the 

predominant localisation pattern can change due to hypoxic stress during live imaging 

conditions (Koroleva et al., 2009; Tillemans et al., 2006) or after drug-induced 

inhibition of specific cellular processes (Docquier et al., 2004; Tillemans et al., 2005, 

2006; Kitsios et al., 2008). Sequestration of a protein either in the nucleoplasm or the 

nucleolus could be a mechanism for partitioning a protein away from its substrate under 

non-favourable conditions (Sansam et al., 2003; Shaw and Doonan, 2005). CDKC2 is 

localized mainly in the nucleoplasm but there is a low level in the nucleolus even under 

normal conditions. Its accumulation in the nucleolus, either as a kinase-dead version or 

in the presence of roscovitine, suggests that kinase activity is required to maintain these 

normally low levels. The same behaviour has been observed for a number of splicing 

factors such as SRp34, SRp31, ASF/SF2 and RSZp22 (Kitsios et al., 2008; Tillemans et 

al., 2005; Shav-Tal et al., 2005). Nucleolar accumulation of CDKC2_DN could be seen 

only after hypoxic stress, suggesting that the overexpression of the mutant kinase per se 

in Arabidopsis cells is insufficient to produce a roscovitine-like phenotype. ATP 

depletion due to hypoxic stress (Hochachka et al., 1996) is also required and this has 

also been connected to translocation of splicing factors to the nucleolus and 

perinucleolar compartments (Tillemans et al., 2005, 2006).  

It would be useful to verify whether ATP depletion actually occurs under these 

conditions. The role of ATP depletion could be assessed using sodium azide, a 

respiratory inhibitor that has been shown to induce a nucleolar translocation of the EJC 

component eIF4A-III (Koroleva et al., 2009). 

  

 

5.12.3 Co-localisation of CDKC2 with components of EJC 

This is the first report where a plant CDK protein has been found to colocalise with an 

EJC protein component. CDK11, the mammalian homolog of Arabidopsis CDKG1, is 

the only CDK found to associate with a component of the EJC and splicing factor 
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RNPS1 (Hir et al., 2000; Mayeda et al., 1999; Loyer et al., 1998). GFP-CDKC2 only 

partially co-localised with the Arabidopsis RNPS1 but showed extensive co-localisation 

with the Magoh protein fusion in cell cultures. Phosphorylation of the CTD tail of RNA 

PolII by CDKC2 and its co-localisation with splicing factors and Magoh protein, points 

towards identifying CDKC2 as a possible convergent point in the regulation of 

transcription, splicing and EJC activity. Reciprocal pull downs in cell cultures co-

expressing GFP:CDKC2 and Magoh:RFP fusions protein could be used to test whether 

these two proteins interact directly. 

Regardless of whether the interaction is direct or not, dramatic redistribution of 

Magoh:RFP protein fusion occurs when co-expressed with CDKC2_DN (Figure 5.11). 

In Drosophila melanogaster, there is a cytoplasmic fraction of Magoh in addition to the 

predominant nuclear localisation, which is involved in the export of spliced mRNPs 

through binding to Y14, a component of EJC, and export factor TAP (Kataoka et al., 

2001). To this end, it would be interesting to examine in the future whether CDKC2 

activity affects the nucleocytoplasmic shuttling of Magoh protein and/or mRNA export. 

The latter could be monitored cytologically using fluorescein-labelled oligodT 

oligomer, which labels cellular mRNA through binding to its polyA tail (Gong et al., 

2005).  

 

 

5.12.4 YFP:CDKC2 is functional and complements cdkc2 T-DNA insertion 

mutants 

Functional complementation of cdkc2-2 mutant phenotype to wild type by 

transformation with YFP:CDKC2 demonstrates that the protein fusion is functional. A 

previous low-resolution study indicated that CDKC2 fusion proteins locate to the 

nucleus (Cui et al., 2007). My results provide a high-resolution localisation profile of 

CDKC2 in plants, and show that protein fusion resides primarily in the nucleoplasm and 

accumulates into speckles in some plant cells. This dual localisation profile is similar to 

localisation of proteins involved in the splicing process, like splicing factors RSZp22, 

RSp31, RSZ33 and SRp34 (Tillemans et al., 2005; Tillemans et al., 2006). Other 

spliceosomal components that do not participate in splicing also concentrate into 

nuclear speckles, which are believed to be sites of storage/assembly of splicing 
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machinery (Fang et al., 2004). The diffuse nucleoplasmic fraction of CDKC2 possibly 

participates in active splicing, whereas the “speckled” fraction is maintained as a 

reserve ready to be recruited for the splicing of newly synthesised pre-mRNAs. 

Similarly to YFP:CDKC (Figure 5.25), splicing factors exhibit characteristic 

localisation profiles in meristematic as opposed to differentiated cells, possibly 

mirroring transcriptional and/or splicing activity of the respective cell types (Fang et al., 

2004; Docquier et al., 2004). 

 

 

5.12.5 Phenotypic analysis of cdkc2-2 T-DNA insertion mutants 

While undertaking the complementation experiment, it became apparent that the cdkc2-

2 T-DNA mutant had additional phenotypic defects not reported previously, including 

changes in the lamina-petiole angle, and perturbation of petal and trichome 

development. In addition, I also observed hypersensitivity of both cdkc2-2 and 

c2/C1RNAi plants to DRB and roscovitine (Figures 5.22 and 5.23), supporting the idea 

that CDKC family members are involved in regulating gene transcription in 

Arabidopsis (Barocco et al., 2003). Alteration of specific plant developmental processes 

in the cdkc2-2 and c2/C1RNAi mutants, suggest that CDKC1 and CDKC2 act by 

targeting specific pathways, either by phosphorylating specific proteins or by regulating 

the activity of RNA PolII in a pathway-specific manner. For example, tissue-specific 

enhanced expression of TFIID components is important for germline development and 

spermatogenesis in Drosophila and mammals (Hochheimer and Tjian, 2003; Hiller et 

al., 2004), illustrating an efficient strategy employed by organisms to regulate gene 

expression. 

 

 

5.12.6 Future directions 

To understand further the molecular basis of the phenotypes reported here and in (Cui et 

al., 2007), it will be important to determine how loss of CDKC affects gene expression. 

The most direct route will be to compare transcripts from mutant and wild type plants, 

using approaches such as microarray analysis. This should reveal which pathways are 

affected. Analysis of mRNA transcripts might reveal if splicing, rather than 
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transcription, is the primary process affected. Alternative approaches employing genetic 

analysis are also possible. Moreover suppressor and enhancer screens, will allow us to 

place CDKC within genetic pathways for given traits. For example, studying the effect 

that the depletion of CDKC proteins has on trichome morphogenesis could be aided by 

the use of already defined mutants (Zhang et al., 2005; Luo and Oppenheimer, 1999; 

Ilgenfritz et al., 2003). 

 

 

 



Chapter 6 – In vitro identification of CDKC substrates 

 

 230 

Chapter 6 – In vitro identification of CDKC substrates 

 

Subcellular localisation of CDKC2 protein and its co-localization with other proteins 

suggested novel roles in splicing and mRNA export. To directly test that any of these 

proteins could be a kinase substrate, I established an in vitro kinase assay for CDKC 

and used it to test whether one of the candidates, Magoh, is a substrate of the kinase. 

 

6.1 Production of recombinant CDKC2 and CycT1;3 protein fusions in BL21 cells 

For the in vitro analysis, I generated recombinant kinase and cyclin proteins. All of the 

recombinant proteins were tagged with GST, apart from CycT1;3, which was tagged 

with His. The following constructs were generated: GST-CDKC2 and GST-

CDKC2_D182N encoding for the kinase-dead CDKC2 variant. cDNAs corresponding 

to the wild type and mutant kinase, were introduced into the pGEX4T-3 vector (GE 

Healthcare) that produces N-terminus GST protein fusions. CycT1;3 was provided by 

Dr. Zhixiang Chen (Purdue University) as an N-terminus His fusion in pET32a vector 

(Addgene) and a construct harbouring two repeats of the CTD peptide, a known 

substrate of CDKC2 (Cui et al., 2007), in the pGEX4T-3 vector. Even though authors 

claimed the presence of only two repeats of the CTD peptide, sequencing of the 

construct showed that there were 16 repeats of the YSPTSPS consensus sequence and 

10 repeats of the partial CTD sequence YSPTSP (see Appendix-IV for sequencing 

result obtained using the pGEX-forward and pGEX-reverse primer pair and respective 

chromatograms). Respective plasmids were then transformed into BL21 cells as 

described in Section 2.4.1.2.Protein over-expression and solubility of the recombinant 

protein depend on different variables, including concentration of the inducing agent 

(IPTG) and the temperature and duration of induction, and require optimisation.  

For CDKC2 and CDKC2_D182N, I used two independent colonies for each construct. 

Two different concentrations of IPTG were used (0.5mM and 1mM) for protein 

induction and cultures were incubated at 37
o
C for 3 hours. Figure 6.1A-C shows protein 

extracts from cells expressing the three variants of CDKC2 protein fusions. Protein 

expression levels were very good for all three variants, whereas no differences could be 

observed for different colonies or IPTG concentration for all the kinase
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Figure 6.1. Recombinant protein expression in BL21 E. coli cell cultures. 

  

(A-B) Protein extracts containing recombinant GST-CDKC2 (A) and GST-

CDKC2_D182N (B). On the right of (A) there is a protein extract from uninduced 

control for comparison that applies to both images. 

 

(C) Protein extracts containing recombinant GST-CTD peptide, using 0.5mM or 1mM 

IPTG,  

 

(D) Soluble and insoluble protein extracts containing His-CycT1;3 recombinant protein. 

On the left, there is a gel of protein extracts from un-induced control for comparison.  

 

Protein expression was induced by adding different concentrations of IPTG (as shown 

above each lane) and incubating at 37
o
C for different durations of time (see Section 

2.6.1 for induction conditions). Proteins were extracted under either denaturing 

conditions (A-C) or under native conditions (D), as described in Section 2.6.2. The 

positions of Molecular Weight markers are shown to the left of each panel. Arrows in 

all images indicate the position of the recombinant protein/peptide. Numbers above the 

IPTG concentrations indicate different colonies expressing the respective GST fusion 

(Calculated molecular weights: 82kDa for GST-CDKC2 wild type and mutants; 57kDa 

for His-CycT1;3; 80kDa for GST-CTD). 
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However, the observed size of the expressed CDKC2 protein was smaller than the 

predicted molecular weight, perhaps due to partial degradation of the recombinant 

protein. Nevertheless, when affinity purified using the GST tag, there was a good yield 

of GST-CDKC2 recombinant proteins (wild type and mutant). The reduction in size 

could be explained by removal of the GST tag during the purification step, probably due 

to the presence of residual thrombin in one of the buffers, resulting in a proteolytic 

digestion. In terms of GST-CTD expression, the same yield of recombinant protein was 

obtained with both 0.5mM and 1mM IPTG (Figure 6.1D). Again the size of the 

observed protein product was smaller than the calculated peptide size. 

Most CDKs require a cognate cyclin for their activation as a kinase; for CDKC, one of 

the cyclins known to activate is CycT. Induction conditions for the recombinant His-

CycT1;3, were as described in (Cui et al., 2007). Using native protein extraction 

conditions, a small amount of protein was soluble whereas the majority stayed in the 

pellet as an insoluble fraction (Figure 6.1E). The soluble fraction was purified and used 

to activate the kinase. 

Protein extraction, affinity purification and eluate concentration procedures are 

described in Sections 2.6.2 and 2.6.3. The gel presented in Figure 6.2 shows eluates of 

affinity-purified GST- and His-tagged proteins. The majority of proteins were of 

relatively high yield and purity. Only the concentration of His-CycT1;3 fusion protein 

appeared to be low (Figure 6.2A), because large amounts of the recombinant protein 

stayed on the beads (Figure 6.2B, see the right hand lane “boiled beads”).  
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Figure 6.2. Native purification of recombinant proteins using GST-Sepharose or 

His-Cobalt beads. 

 

Affinity purified recombinant GST- and His-tagged proteins: rectangles surround the 

recombinant proteins and the dashed rectangle shows probable degradation products. 

The position of the Molecular Weight markers is shown to the left of Panel A and 

applies to both gels. 

 

(A) Eluates from beads for each of the recombinant proteins, as indicated above each 

lane. Approximately equal amounts of protein (4µg) were loaded on a 12% SDS-PAGE 

gel.  

 

(B) Comparison between the amount of His-CycT1;3 eluted from beads (left lane) and 

the amount that was retained on the beads (right lane).  
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6.2 Assessment of the activity of CycT1;3/CDKC2 recombinant complexes 

After obtaining soluble recombinant proteins, I examined whether they could form an 

active complex that could phosphorylate the CTD peptide, a known substrate of CDKC. 

For doing this I performed an in vitro kinase assay. During this assay, the CDKC2 or 

CDKC2_DN GST fusions were incubated with the CTD peptide or the GST-Magoh 

fusion in the presence of radioactive ATP (
32

P-ATP). Incorporatation of 
32

P-ATP on the 

substrate is examined by running the reaction on a denaturing SDS gel and exposing the 

dried gel to an X-ray film. Appearance of a band at the same size as the substrate would 

indicate that this protein is an in vitro substrate of the kinase. Table 6.1 shows the 

amounts of different reactants used for the kinase assay Since CDKs are activated 

through binding of the respective cyclin, I included CycT1;3-GST fusion (a known 

partner of CDKC family members (Cui et al., 2007)) in the kinase reaction. As a 

positive control in my assay I used a sequence containing multiple repeats of the CTD 

peptide sequence (YSPTSPS; Dietrich et al., 1990; see Appendix -IV) fused to GST. In 

order to show that only the co-existence of CDKC2 and CyclinT1;3 in the kinase 

reaction is sufficient to form an active heterodimeric complex, I performed one reaction 

with only CDKC2 and CTD present. CDKC2 alone was not sufficient to phosphorylate 

the CTD peptide (Figure 6.3; lane 1).  

 

 

                                  

Table 6.1 Composition of samples used in kinase assays. 

The first column of the table shows recombinant proteins/reagents used for the kinase 

assay. The other columns indicate which and how much of each recombinant protein or 

peptide were used in each reaction.  
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Also the absence of any band when the CDK/Cyclin are incubated alone demonstrates 

the specificity of the CTD phosphorylation event (Figure 6.3; lane 2). If the 

CycT1;3/CDKC2 complex is active due to the kinase activity of CDKC2, then the 

D182N mutation should abolish the CTD phosphorylation. The CDKC2_D182N / 

CycT1;3 complex was unable to phosphorylate the CTD peptide (Figure 6.3; compare 

lanes 2 and 3 with 4), confirming that the D182N mutation eliminates activity of the 

CDKC protein, and so is in agreement with existing reports in the literature where the 

substitution of conserved Asp by Asn in eukaryotic CDKs resulted in inactivation of 

related kinases (Hemerly et al., 1995; Gould and Nurse, 1989; Garriga et al.,1996).
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Figure 6.3 Assessment of the kinase activity of CycT1;3/CDKC2 complexes 

towards the CTD peptide. 

 

Top panel:  Autoradiograph showing the kinase activity of hetromeric CDK-cyclin 

complexes. 

Bottom Panel:  the dried gel corresponding to the autoradiograph shown in panel above 

 

The identity of recombinant proteins used in each assay is given in the table 

immediately above the top panel. Rectangles on the gel indicate the major bands 

phosphorylated in the absence of the CTD substrate. White arrows on the film indicate 

the band corresponding to phosphorylated CTD peptide, whereas white arrows on the 

gel indicate bands that are phosphorylated by the CycT1;3/CDKC2 complex, either in 

the presence or absence of the CTD substrate. The position of molecular weight markers 

is indicated to the left of the autoradiograph (the presence of the white line between the 

third and the fourth lane, results from the removal of a kinase CDKC2 mutant that I had 

tested for altered kinase activity, but which finally was not included in the body of the 

thesis).



Chapter 6 – In vitro identification of CDKC substrates 

 

 238 
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6.3 Use of active CycT1;3/CDKC2 complexes to assess if Magoh is a substrate 

Localisation studies in cell culture indicated that CDKC2 co-localises extensively with 

Mago-nashi homolog (Magoh), a member of the EJC complex. A physical interaction 

between Magoh and CDKC, but not other CDKs (A, B and D were tested), was found 

in a pair-wise yeast 2H interaction test (Pendle and Shaw, unpublished data). Moreover, 

there is a good consensus (but putative) CDK phosphorylation site in the Magoh protein 

sequence (Figure 6.4A). Taken together, these data suggested that Magoh maybe a 

substrate of CDKC2.  

My strategy for answering this question was to express recombinant Magoh protein in 

bacteria, purify and use it as a substrate in an in vitro kinase assay. If Magoh is 

phosphorylated by the CycT1;3/CDKC2, the respective  phosphorylated residue/site 

could be determined.  

 

 

6.3.1 Production of recombinant Magoh protein and its mutants 

To experimentally test whether T57, within the putative CDK phosphorylation site 

T57PVLK62 is functionally important, and as a control for the kinase assays, I 

generated two amino acid substitution mutants of Magoh protein by substituting 

threonine with alanine and glutamine. The first substitution, T57A, produces a protein 

impossible to phosphorylate at position 57 (called “phosphonull mutant”). The second 

substitution, T57E, resembles a phosphorylated residue and is called “phosphomimic 

mutant”.  The methodology for T57 substitution is given in Section 2.6. Sequence 

chromatograms from positive clones confirmed the substitution of T57 to A57 

(phosphonull) and E57 (phosphomimic) (Figure 6.4C). Moreover, full sequence profiles 

for both mutants shows that position 57 carried the only amino acid substitution in both 

Magoh mutants and this is illustrated by aligning all the three protein sequences: 

Magoh, Magoh_T57A, Magoh_T57E (Figure 6.4B). 
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Figure 6.4. Confirmation of in vitro mutagenesis 

 

(A) Sequence of Arabidopsis Magoh protein where the putative CDK 

phosphorylation site is highlighted.  

 

(B) Multiple sequence alignment of Magoh, Magoh_T57A and Magoh_T57E 

proteins, generated using the clustalw algorithm (http://align.genome.jp/sit-

bin/clustalw). Amino acid substitution at position 57 is framed.  

 

(C) Partial sequencing chromatograms from plasmids containing cDNA sequence 

encoding for Magoh (1), Magoh_T57A (2) and Magoh_T57E (3). Nucleotide triplet 

encoding for T57 is highlighted in (1) whereas respective nucleotide substitutions 

are highlighted in (2) and (3). 
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Magoh (At1g02140; NP_171716) 

MAAEEATEFYLRYYVGHKGKFGHEFLEFEFREDGKLRYANNSNYKNDTIIRKE

VFLTPAVLKECKRIVSESEILKEDDNNWPEPDRVGKQELEIVLGNEHISFATSKIG

SLVDCQSSNDPEGLRIFYYLVQDLKCLVFSLISLHFKIKPI 

 

 

 

 

 

 

 

 

 

 

(A) 

  (B) 
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Recombinant Magoh proteins were produced in BL21 cells. Optimisation of expression 

utilised 4 different BL21 clones containing the wild type Magoh. Three different IPTG 

concentrations and three different incubation times were tested and Figure 6.5A shows 

recombinant protein production in a representative colony. Yield was high, no 

differences between clones or indication conditions were noted and, in contrast to the 

other recombinant proteins, GST-Magoh seemed to be expressed at the correct 

molecular weight. The mutant Magoh GST-tagged proteins were produced and purified 

under similar conditions (Figure 6.5B).  
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Figure 6.5 Expression and purification of recombinant GST-Magoh fusion 

proteins. 

 

Proteins were extracted under denaturing conditions (A) or native conditions that were 

used for affinity purification of the tagged recombinant protein (B). 

 

(A) Protein extracts from a representative cell culture expressing wild type GST-

Magoh protein, after induction at different concentrations of IPTG and durations (as 

indicated above), the uninduced control is shown at the far right of the gel The 

arrow indicates the position of the expressed GST-Magoh protein. 

 

(B) GST-affinity purified proteins from bacterial cell cultures expressing Magoh, 

Magoh_T57A and Magoh_T57E, separated on a 10% SDS-PAGE. Solid rectangle 

indicates the recombinant GST-Magoh and dashed rectangle indicates probably 

cleaved GST.  

 

The position of Molecular Weight markers is shown at the left of each panel. 
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(A) 
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6.3.2 GST-Magoh is not a substrate of CycT1;3/CDKC2 complex in vitro, but 

CyclinT1;3 is phosphorylated 

An in vitro kinase assay to assess whether Magoh is phosphorylated by the CDKC2 is 

shown in Figure 6.6. The reactants and amounts used in the kinase assay are given at 

Table 6.2. As a positive control for the kinase assay I used the CTD peptide as a 

substrate and as a negative control I used the CyclinT1;3/CDKC2 complex alone. Also, 

in order to show that only the co-existence of CDKC2 and CyclinT1;3 in the kinase 

reaction is sufficient to form an active heterodimeric complex, I performed one reaction 

with only CDKC2 and CTD present. CDKC2 alone was not sufficient to phosphorylate 

the CTD peptide (Figure 6.6A; lane 1). Also from the kinase reaction it could be 

concluded that Magoh protein, or any of its mutant variants, is not phosphorylated by 

the active CDKC2/CycT1;3 complex (Figure 6.6A; dashed rectangle), which was able 

to phosphorylate the CTD peptide (Figure 6.6A; lane 3). This result suggests that 

Magoh is not a direct substrate of CDKC2, at least in vitro.  

 

 

      

Table 6.2 Reaction components of the in vitro kinase assay 

 

 

However, the increased resolution afforded by the 15% gel revealed the origin of one of 

the multiple bands appearing on the film, also in the absence of any added substrate (see 
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page 149). Figure 6.6B shows an overlay of the dried gel and the photographic film 

from Figure 6.6A. The arrow in this figure shows that the band appearing at ca. 57 kDa 

matches perfectly with the His-CycT1;3 band on the dried gel. Thus, upon formation of 

an active CDKC2 / CycT1;3 complex, CycT1;3 is autophosphorylated. Sequence 

analysis of CycT1;3 protein (NP_174084) showed that there is a single putative CDK 

phosphorylation site at positions 45-48 with the sequence SPSR. Thus, the CDK/Cyclin 

complex probably phosphorylates the Ser45 residue, but time limitations did not allow 

me to verify the site of phosphorylation or its effects on kinase activity or plant growth.
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Figure 6.6 Kinase assay for the assessment of Magoh phosphorylation by CDKC2. 

 

 (A) Left Panel: Autoradiograph (exposed for 24 hours) of the dried gel shown in the 

right panel. Dashed rectangle indicates the expected position of the Magoh proteins.  

 

(B) Overlay of autoradiograph and gel to show the complete correspondence between 

the CycT1;3 band on the gel and band appearing on the film at the same molecular 

weight.  

 

Above the film the protein components of each sample on each lane are given. Arrows 

in (A) and (B) indicate the position of CycT1;3 and the overlay between the CycT1;3 

and the respective band on the X-ray film, respectively. 
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6.4 Discussion  

 

6.4.1 CyclinT/CDKC complexes are active in vitro 

In the present chapter, I describe the generation of active CycT1;3/CDKC2 complexes 

in vitro that are able to phosphorylate the CTD peptide, a known substrate of CDKC2 

(Barocco et al., 2003 and Cui et al., 2007). Kinase activity is dependent on the presence 

of both cyclin and CDK subunits without, apparently, the need for extra protein 

modifications or co-factors. Other recombinant Arabidopsis CDKs, including CDKA1, 

apart from their cyclin partner require additional co-factors for becoming active kinases 

(Max Bush, unpublished data). An active CycT1;3/CDKC2 complex is an important 

tool for screening putative kinase substrates or testing protein-protein interactions.  

 

 

6.4.2 Putative substrates of the CycT1;3/CDKC2 complexes 

The first candidate chosen was Magoh but it is not phosphorylated by the 

CycT1;3/CDKC2 complex, at least under these conditions. The interaction between 

CDKC2 and Magoh in a yeast two-hybrid assay (Ali Pendle, unpublished data) has at 

least two interpretations: first, the interaction in Y2H is a false positive. However, it 

was strong and reciprocal. Secondly, the two proteins could interact in vivo in a 

common complex but not necessarily as kinase and substrate, like in the case of 

mammalian CDK11, which forms a complex with transcription elongation factors but 

the kinase responsible for phosphorylation of these factors was CK2 kinase and not 

CDK11 (Trembley et al., 2003). Experimental verification of the co-existence in a 

complex of Magoh and CDKC2 could be done by reciprocal immunoprecipitation 

assays in cell cultures over-expressing different fusions of the two proteins. In addition, 

the availability of an active CycT1;3/CDKC2 complex opens up the way for identifying 

novel CDKC2 substrates, allowing as to obtain a more refined view of the functional 

importance of this kinase in nuclear functions.  

In yeast and mammalian cells, cyclin phosphorylation by its associated CDK partner 

may be a mechanism for controlling the activity of the heterodimeric complex, where 

cyclin phosphorylation leads to degradation by the ubiquitin-proteasome pathway, 

leading to cyclin/CDK complex inactivation (Aviram et al., 2008; Lanker et al., 1996; 
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Clurman et al., 1996; Won and Reed, 1996). The identification of CycT1;3 as an in 

vitro substrate of CDKC2 suggests that a similar mechanism of cyclin/CDK inactivation 

may be conserved in plants. One common characteristic of all the autophosphorylated 

cyclins identified so far is that they do not contain a destruction box or PEST sequence 

at their N-terminus. Such sequences are primary signals for proteasome-mediated 

degradation and rapid protein turnover, respectively (Renaudin et al., 1996; Vandepoele 

et al., 2002; Rechsteiner and Rogers, 1996). CycT1;3 also does not contain a 

destruction box or a PEST sequence (Wang et al., 2004) at its N-terminus. However, it 

does contain an N-terminal putative CDK phosphorylation site (S45PSR48) that could 

be targeted by CDKC2.  

In yeast, Pcl5 phosphorylation by Pho85 kinase is related to amino acid starvation 

(Shemer et al., 2002). Thus, it will be interesting to check the phosphorylation status 

and stability of CycT1;3 as Arabidopsis cell cultures progress from proliferation to the 

stationary phase. We also do not know if the formation of the CycT1;3/CDKC2 

complex is a pre-requisite for cyclin phosphorylation. Such information will allow us to 

distinguish whether the phosphorylation occurs by a trans or a cis mechanism. The first 

mechanism is suited for cycling proteins, where a certain amount of the cyclin/CDK 

complex should accumulate for the phosphorylation to take place. In the latter case, the 

kinetics of phosphorylation is determined by the rate of complex formation, ensuring a 

limited lifetime of the cyclin/CDK complex. Considering that the CycT1;3 is not 

regarded as a cycling protein (Menges et al., 2005), the cis mechanism of 

phosphorylation is highly probable. Deletion of CycT1;3 cyclin box and determination 

of protein stability in vitro will be required to distinguish experimentally between these 

two mechanisms. 
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Chapter 7 – General Discussion 

 

7.1 Transition between proliferation and quiescence in culture versus in plants 

The transition between proliferation and quiescence lacks a firm conceptual or 

mechanistic framework, especially in plants. The available evidence suggests that plant 

cell cultures have very similar cell cycle machinery as in whole plants (De Veylder et 

al., 2007; Hartig and Beck, 2006) and one might expect that the same molecular 

components regulate the exit from and re-entry into cell cycle. Assuming that this is the 

case, plant cell cultures could provide an attractive model system in which to study this 

transition, especially when we consider the ability to synchronize cell cultures and, thus, 

follow this phase transition in a very controlled and reproducible manner. 

Cell cycle activity changes during many normal developmental processes. 

Differentiation generally involves a reduction in cell cycle activity leading to exit from 

the cycle and, in some cases, cell death. However, many “quiescent” differentiated 

tissues can be induced to re-enter the cell cycle either by external stimuli or by 

developmental cues (e.g. division of the root quiescent centre on exposure to ethylene; 

Ortega-Martinez et al., 2007).  Rapid re-entry during wounding of differentiated tissues 

is associated with strong induction of the CDKA1 gene, a core regulator of cell cycle 

(Hemerly et al., 1993). This competence for division in differentiated cells mirrors the 

state of quiescent culture cells, since transferring the latter to fresh media induces cell 

division. Additional examples where exit from and entry into proliferation is part of the 

normal developmental process include bud dormancy as well as seed 

maturation/germination. In Arabidopsis, auxiliary buds develop from dedifferentiated 

cells in the cauline leaf axils of the inflorescence, which proliferate until the bud is 

formed and then enter a quiescent or dormant state (Shimizu-Sato and Mori, 2001). The 

dormant state is maintained by signals from the dominant apical bud (apical dominance) 

or by unfavourable environmental conditions, like low temperature, or both (Cline, 

2000; Powell, 1988). Transcript levels of cell cycle-specific genes, like histone H4, 

CYCB1;2 and CYCD3;1, are very low in dormant buds but, as soon as apical dominance 

is relieved, levels increase dramatically leading to proliferation and growth (Devitt and 

Stafstrom, 1995; Shimizu and Mori, 1998). 
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Seed filling represents a process that marks the passage from proliferation to quiescence 

of a developing seed (Repetto et al., 2008). During this process there are dramatic 

changes in transcript (Agrawal et al., 2008) and protein (Le et al., 2007) levels before 

seed maturation, at which stage protein synthesis ceases (Goldberg et al, 1994). 

Proteomic analysis of the nucleus at the seed filling stage of Medicago truncatula 

showed that composition of the nuclear proteome at this stage is considerably different 

from the nuclear proteome of mature Medicago seeds or Arabidopsis leaves 

highlighting the importance of subcellular fractionation in obtaining high-resolution 

proteomics data as well as the tissue-specific profile of the seed nuclear proteome 

(Repetto et al., 2008). In this study, ribosomal proteins appeared to be more abundant at 

the onset of seed filling, possibly highlighting the high demands for protein synthesis 

before seed maturation. Interestingly, transcript levels for these proteins actually 

declined at this specific stage (Gallardo et al., 2007), suggesting that the seed is 

retaining a pool of ribosomal proteins in the nucleus. The presence of a pool of 

ribosomal proteins was also observed in my quantitative proteomics analysis at 

proliferation and stationary cell cultures, again suggesting that cell cultures maintain a 

constant pool of ribosomal proteins that may allow for prompt cellular responses upon 

alteration of the physiological conditions of the culture, for example resuspension in 

fresh liquid medium.  

Seed germination involves the re-initiation of cell proliferation (Georgieva et al., 1994; 

De Castro et al., 2000) and can be considered as a transition from a quiescent state to a 

proliferative one. During the first 16 hours of germination, root tip cells remain in a 

quiescent state, whereas after 24h they enter into the proliferation phase that will sustain 

the subsequent growth of the root (Sgorbati et al., 1988; Chiatante et al., 1989). 2D gel-

based quantitative analysis of whole seed proteome in Arabidopsis showed that 74 out 

of 1,300 proteins identified by MALDI-ToF MS were differentially regulated prior to 

radicle emergence and during radicle protrusion (Gallardo et al., 2001). Most 

importantly, ACT7 and WD40-like, with confirmed roles in promoting cell division 

(Kost et al., 1999; McKhann et al., 1997), were among the up-regulated proteins, 

confirming the transition from quiescence to proliferation during seed germination. 

Despite the proteomics analysis of the seed nuclear proteome (Repetto et al., 2008), the 

dynamics of the seed nuclear proteome during germination has yet to be studied using 
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MS-based approaches, Gel-based estimations have reported an increase in the nuclear 

protein content during the proliferative phase of germination in pea root tips (Chiatante 

et al., 1991) but this study has very low resolution.  

Seed germination is an attractive process for studying the transition of a plant tissue 

from proliferation to quiescence, since the process can be synchronized (Heydecker et 

al., 1973) and could be used for a more detailed dynamic and quantitative comparison 

of global transcriptomes and subcellular proteomes with cell suspensions. Such a 

comparison would allow one to assess the extent to which cultures can be used as a 

surrogate experimental system for studying reversible cell cycle exit/entry in plants. 

 

 

7.2 Ribosome biogenesis and the cost of cellular homeostasis 

The majority of the stable proteins between day2 and day6 nuclei were ribosomal and 

other proteins involved in protein synthesis. However, translation rates are very low 

during the stationary phase of a cell culture (Dickson et al., 1998; Fuge et al., 1994) 

raising the question of why such proteins remain at relatively high abundance in the 

nuclei of quiescent cells. One answer may lie in the cost of assembling ribosomes.  The 

ribosome contains approximately 80 ribosomal proteins that represent 30-50% of the 

proteome in a growing yeast cell (Perry, 2007). Considering that the addition of one 

amino acid to a growing peptide chain consumes around 10 molecules of ATP (Hachiya 

et al., 2007; Noguchi et al., 2001), ribosome biogenesis uses energy that could 

otherwise be used for other cellular processes. The cell achieves energy economy by 

employing slow translation rates and controlling protein synthesis at the level of 

initiation (Beilharz and Preiss, 2007; Lackner et al., 2007). In actively growing yeast 

cells, despite the fact that there is an excess number of ribosomes, the ribosome density 

in polysomes is one fifth of the theoretical value - one ribosome every 156 nucleotides 

of the mRNA against the expected value of 5 ribosomes for the same length, 

considering that a ribosome roughly spans 35 nucleotides of the mRNA (Arava et al., 

2003) - suggesting that translation is mostly regulated at the level of initiation (Arava et 

al., 2003; MacKay et al., 2004) and that plants may employ similar control mechanisms 

(Piques et al., 2009). Thus, quiescent cells will be able to promptly recover their 
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translation rates if conditions become favourable without the cost of completely re-

synthesising their ribosomes.  

Some quiescent plant tissues are also thought to be in a similar state of readiness; 

dessicated seeds contain many of the components required for resumption of protein 

synthesis and these are deployed during seed imbibition (Bewley, 1997). Spliceosomal 

components are also recruited upon resumption of proliferation activity. Transition from 

quiescence to proliferation in germinating tomato seeds leads to the redistribution of 

spliceosomal components from discrete perinucleolar-associated domains into finer 

nuclear particles (speckles) in nuclei (Echeverría et al., 2007). Thus, the relatively 

constant amount of RNA processing proteins between day2 and day6 nuclei suggests 

that there is a pool of RNA processing proteins retained in quiescent culture cells, ready 

to be activated/redistributed upon entry into proliferation. Regulation of splicing factor 

activity and distribution in mammalian cells is achieved by reversible phosphorylation 

(Sanford et al., 2005; Sanford and Bruzik, 1999). Spliceosomal components in plant cell 

cultures are sequestered into “megaspeckles” upon inhibition of the activity of CDKC2 

kinase or when cellular transcription is inhibited (Chapter 5), suggesting similar post-

translational regulatory mechanisms also occur in plants. 

 

 

7.3 CDKC2 kinase and its role in pre-mRNA transcription and processing 

As mentioned above, kinases can regulate protein activity without affecting protein 

abundance. CTD-kinases phosphorylate serine residues 2, 5 or 7 within the CTD heptad 

repeat 1-YSPTSPS-7 of the RNA polymerase II. Specific defects of 

cdkc2/CDKC1;RNAi plants in flowering time, viral resistance (Cui et al., 2007) and 

trichome development (this study) suggest that this CTD kinase family may 

differentially affect the transcription of specific genes and not global mRNA synthesis. 

Gene-specific transcriptional regulation has been reported for the KIN28 and CTK1 

CTD-kinases in yeast (Kanin et al., 2007; Ahn et al., 2004) and this regulation appeared 

to be dependent on the structure of gene promoters that dictate the dynamics of serine 

phosphorylation (Kim et al., 2010). So far, no reports are available on which serine 

residue of the CTD is phosphorylated by CDKC2. Speculation on Ser7 phosphorylation 

by CDKC2 can only be made based on the facts that this kinase co-localizes with 
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spliceosomal components in cell culture (Chapter 5) and that modification of this 

residue is probably associated with a co-transcriptional assembly and disassembly of the 

splicing machinery in yeast (Kim et al., 2010). CDKC2 may phosphorylate the Ser2 of 

the CTD since transcription of intronless viral genes is taking place in a CDKC2-

dependent manner (Cui et al., 2007). In yeast, the balance between Ser2 and Ser5 

phosphorylation controls transcript elongation and termination, whereas 

phosphorylation of these residues is mediated by CTK1 and KIN28 kinases, 

respectively (Kim et al., 2010). It is tempting to speculate that the corresponding pair in 

Arabidopsis could be members of the CDKC and CDKD families, since members of the 

latter are known to phosphorylate the CTD domain and lie in the same phylogenetic 

clade with KIN28, when protein sequences of CTD-kinases from different eukaryotes 

were compared (Guo and Stiller, 2004). 

 

 

7.4 Future directions 

Understanding the mechanisms underlying the transition from proliferation to 

quiescence, in respect to changes in the nuclear proteome profiles, can give us an 

insight on how plants control the balance between meristematic and differentiated 

tissues. While suspension cells provide an easily accessible source of nuclear proteins 

from defined populations of cells, the isolation of nuclei from proliferating and 

differentiated plant tissues is now required. Enrichment of tissue specific nuclear 

proteomes can be achieved by using a technique called INTACT, which is based on 

tissue-specific expression of nuclear envelope protein fusions in planta, followed by 

fluorescence-activated cell sorting of nuclei (Birnbaum et al., 2003; Brady et al., 2007) 

and, with the choice of suitable promoters, could be employed to isolate proliferating 

and quiescent cells directly from plant tissues. Protein yields are likely to be very low 

but this approach could provide a much-needed comparison with cell suspensions. 

Determining the targets of particular kinases such as CDKC during exit/re-entry 

processes would also be very interesting. Immunoprecipitation of CDKC-containing 

complexes from nuclear extracts followed by subsequent kinase assay and protein 

identification by MS-based analysis, would provide a list of potential substrates since 

many kinases co-precipitate with their substrates. However, kinase assays are prone to 
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false positive results (i.e. antibody specificity, unspecific binding to beads) and 

identified proteins will need to be verified independently. Another method that is 

reported to largely avoid the recovery of false positive substrates would be to generate 

analog-sensitive mutants of the kinase, (Gegan et al., 2007; Ubersax et al., 2003). These 

mutants are unable to bind wild type ATP and can only utilize a chemical variant of 

ATP, called “ATP-analog” which in turn cannot be used by the wild type kinases. 

However, it is not always possible to predict the precise mutation that will produce the 

desired change in substrate utilisation for any particular kinase, and this needs to be 

determined empirically.  Indeed no previous reports have been published that utilize this 

method in plants. 
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APPENDICES 

 

 

Contents of Appendices 

 

Appendix-I 

(Provided in the form of CD) 

 

Sheet1 

Protein report for the K003, K004 and K005 after running them together in Scaffold 

using a common set of parameters 

 

 

Sheet2 

Peptide report for the dataset in Sheet1 

 

 

Sheet3 

Functional categorization of the proteins from the K005 experiment 

 

 

Appendix-II 

(Provided in the form of CD) 

 

Sheet1 

Protein report from the K005 experiment that were quantified by Scaffold 

 

Sheet2 

Proteins from Sheet1 that were also identified by Scaffold during the combined analysis 

of the K003, K004 and K005 experiments 

 

Sheet3 

Peptide report for proteins of Sheet1 

 

Sheet4 

Categorization of proteins from Sheet3 in "up-regulated", "down-regulated" and 

"constant" and their respective functional categorization. Also an extra column presents 

the number of unique peptides that were used by Scaffold to quantify each protein 

 

 

Appendix-III 

(Provided in the form of CD) 

 

Unknown proteins present in the K005 sample 
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Appendix-IV 

 

Sequencing of the CTD peptide in the pGEX4T-3 vector using the pGEX-for and 

pGEX-rev primers 

 

High quality sequencing results were isolated, based on the quality of the 

chromatograms obtained using both primers, were used to generate a consensus 

nucleotide sequence, which was translated at +1 frame. Below is the result of 

translation. 

 
 

Amino acids in green boxes indicate the presence of a conserved CTD motif 

(YSPTSPS); amino acids in red boxes indicate the presence of a CTD motif lacking the 

last conserved amino acid (Serine; S); amino acids in the blue box indicate the end of 

the GST tag, showing that the translation of the consensus sequence is in frame with the 

tag. 
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