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ABSTRACT 

A plant‘s ability to correctly synchronise its flowering to coincide with the most favourable time of 

the year is crucial for its reproductive success, and many plants use day length as a main 

seasonal cue. One of the major players in flowering time regulation in Arabidopsis thaliana 

(Arabidopsis) is a component of the photoperiod pathway called GIGANTEA (GI). During the day, 

circadian clock control of GI transcription together with post-translational control of GI protein 

levels results in accumulation of GI, which is then degraded in the dark. Despite recent 

discoveries of GI interactors that might explain how GI influences some of the processes it is 

involved in, the exact biochemical function of GI is still unknown. This thesis aimed to clarify GI‘s 

role in flowering time control by biochemical characterisation of recombinantly expressed GI 

protein, and examination of GI protein cycling in planta.  

Expression and purification of a predicted ryegrass GI domain in Escherichia coli (E. coli) 

revealed that the protein aggregated and was unstable. Attempts were made to refine the 

construct to match the exact GI domain boundaries, and an Arabidopsis GI construct was tested 

for its suitability for biochemical studies. Full-length Arabidopsis GI was expressed in baculovirus 

infected insect cells and generated GI protein that was more stable than that expressed in E. coli, 

but was still insoluble, possibly due to aggregation. Attempts were made to solubilise GI protein, 

and its localisation in insect cells was visualised using fluorescence microscopy.  

Analysis of the regulation of GI mRNA and protein levels in Arabidopsis mutant and wild-type 

plants revealed the involvement of several different photoreceptors. Under long day conditions, 

ZEITLUPE (ZTL) was the only photoreceptor found to be essential for GI mRNA and protein 

cycling. Studies in individual colours of light and darkness demonstrated that PHYTOCHROME A, 

ZTL, and CRYPTOCHROME 1 (CRY1) and/or CRY2 are responsible for the regulation of GI 

mRNA cycling. The same photoreceptors are involved in post-transcriptional regulation of GI, with 

CRY1 and/or CRY2 seemingly causing de-stabilisation of GI in the dark. Detailed analysis of GI 

mRNA regulation demonstrated that GI transcript is more stable in the morning than in the 

afternoon.  
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1 INTRODUCTION 

1.1 Flowering time control in plants 

The sessile growth habit of plants brings with it the need to synchronise their life cycle to the 

changing seasons. To ensure successful sexual reproduction, the onset of flowering needs to be 

coordinated with the appropriate time of the year, so that the subsequent development of seeds 

and fruits will coincide with the most favourable environmental conditions. In addition, 

coordination of flowering time amongst individual plants is vitally important for out-crossing 

species.  

In 1920 Garner and Allard reported that many plants flowered during the appropriate seasons 

regardless of the timing of sowing. They performed experiments in controlled environment 

chambers and in the field and showed that tobacco, soy bean and a number of other plants only 

flowered when the length of the day they were exposed to fell within certain limits (Garner and 

Allard, 1920). Garner and Allard concluded that the onset of flowering in these species was 

triggered by changes in day length and introduced the term ―photoperiodism‖, which is defined as 

a response to the length of day or night that enables adaptation of an organism to seasonal 

changes (reviewed by Carré et al., 2005). Using this noise-free seasonal cue enables plants to 

monitor seasonal progression, so that some plants are stimulated to flower when the photoperiod 

is either shorter or longer than some critical value, depending on which season would be most 

favourable for their sexual reproduction. These different groups of plants have been classified by 

Thomas and Vince-Prue as short-day (SD) plants and long-day (LD) plants, while all plants 

flowering independently of day length are called day-neutral plants. Examples of SD plants are 

rice, maize and soybean, typical LD plants are barley, wheat, pea and Arabidopsis thaliana 

(Arabidopsis), while typical day-neutral plants are cucumber, rose and tomato (reviewed by Carré 

et al., 2005). 

In day length responsive plants, photoperiodic flowering is controlled via the photoperiod pathway 

(discussed in detail in section 1.3), which ensures that flowering coincides with the favourable 

conditions of, for example, spring or the rainy season. Many plants in addition use temperature as 

a second very important seasonal cue. The vernalisation pathway responds to extended 

exposure to cold temperatures (vernalisation) and represses flowering until the plant has been 

exposed to winter temperatures, thereby preventing precocious flowering during the autumn and 

winter when conditions for reproductive development would not be favourable (reviewed by 

Putterill et al., 2004). Other factors that can influence the timing of flowering are additional 
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environmental signals such as ambient temperature, nutrient poor conditions or overcrowding, 

and internal signals such as plant age and developmental status. How different external and 

internal signals are integrated into the plant‘s decision when to make the transition from 

vegetative to reproductive growth will be discussed in section 1.2. 

Initiation of flowering leads to the formation of agriculturally and horticulturally important flowers, 

seeds, grains and fruits. These are an important part of human and animal diet and many have 

great ornamental value. Flowering time has therefore long been an important trait in conventional 

plant breeding (reviewed by Jung and Müller, 2009), and more recently it has become a major 

focus of scientific research to understand the mechanisms underlying the regulation of flower 

production. This would not only further the knowledge about the molecular biology of plants but 

also allow for manipulation of flowering in a beneficial way. In the future, we might have to be able 

to respond to changes in the flowering time of crops, as a number of studies suggest that 

elevated carbon dioxide levels and changing climatic conditions will influence flowering time 

(reviewed by Springer and Ward, 2007; Jung and Müller, 2009). Being able to control flowering 

has the potential to help plant-based industries cope with this and other changes such as 

fluctuating weather patterns (reviewed by Craufurd and Wheeler, 2009). 

In addition, there are numerous possible biotechnological applications of controlling the flowering 

time of plants. For example, in transgenic radish, the expression of an anti-sense GIGANTEA (GI) 

fragment was used to delay flowering and bolting, and thereby achieved an extended cultivation 

period (Curtis et al., 2002). Optimised timing of flower production for marketing would allow the 

timing of flowering of roses with such dates as Valentine‘s Day, and suppression of flowering has 

the potential to increase the efficiency of forestry and forage production by diverting the plants‘ 

resources from reproductive to vegetative growth, resulting in increased wood production and 

production of forage with increased nutritional value. 

There is a high degree of gene conservation amongst many different plant species, so that the 

results from research in the model plant Arabidopsis can be transferred to other, agronomically 

more important species (reviewed in Bennetzen et al., 1998). In particular, fundamental 

processes such as flowering-control by photoperiod are highly conserved, even between LD 

plants such as Arabidopsis and SD plants such as rice and other cereals (reviewed in Hayama et 

al., 2003; Izawa et al., 2003; Greenup et al., 2009). Arabidopsis is especially suited for flowering 

time studies as there are many different ecotypes that offer a natural variation in flowering 

phenotypes. These and a large set of flowering time mutants have been studied, many 

components of the different flowering pathways have been identified and the corresponding 

genes have been cloned. Subsequent expression studies and genetic and transgenic analyses 
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have enabled scientists to determine the molecular hierarchies amongst these genes (reviewed 

by Putterill et al., 2010).  

 

Figure 1.1: Flowering Arabidopsis plants  

The photograph shows an Arabidopsis wild-type plant (30 days old) and the gigantea (gi) mutant gi-2 (77 

days old). The gi mutant flowers considerably later than the wild-type, resulting in a ‗gigantic‘ plant at the 

time of flowering (Figure generated by C. Stockum and published in Putterill et al., 2010).  

This introduction will first give an overview over the main pathways regulating flowering time in 

plants. As this thesis focuses on research into the structure and regulation of the protein encoded 

by the Arabidopsis flowering time gene GI, the following sections will then centre on the 

Arabidopsis photoperiod or long-day (LD) pathway of flowering and the circadian clock, in which 

GI functions. The structure and function of Arabidopsis photoreceptors involved in the control of 

flowering time will be reviewed as well as our current knowledge of GI regulation and 

biochemistry. Previous discoveries that led to this thesis research will be highlighted, and the 

introduction will culminate with the aims of this thesis.  

gigantea mutant

wild type
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1.2 Overview of the Arabidopsis flowering pathways and 
their components 

For over 40 years, flowering-time research has been performed on different Arabidopsis ecotypes 

and mutants, and has led to a basic understanding of how flowering is controlled in this facultative 

LD plant. Arabidopsis is strongly photoperiodic, with flowering being promoted in LD (16 h 

light/8 h dark), and delayed in SD (8 h light/16 h dark), but there are also accessions1 that 

respond to vernalisation and will only flower after extended exposure to cold temperature followed 

by LD. The existence of distinct flowering pathways was first uncovered by the analysis of late 

flowering mutants which were subsequently placed in separate epistatic groups depending on 

their response to different environmental factors (Redei, 1962; Koornneef et al., 1991). Later, the 

cloning and study of the corresponding genes together with the study of further mutants helped to 

identify additional pathways and to establish the present model of flowering time regulation in 

Arabidopsis (reviewed in Putterill et al., 2004; Ausin et al., 2005; Bäurle and Dean, 2006; 

Kobayashi and Weigel, 2007; Turck et al., 2008; Kim et al., 2009; Putterill et al., 2010). Figure 1.2 

shows a simplified overview over the distinct, but linked, flowering-time genetic pathways that 

detect external and internal signals, and integrate them into the plant‘s decision when to flower. 

For the sake of simplicity not all interactions described below are shown in the figure. 

There are at least seven flowering-time pathways: the photoperiod pathway, light quality pathway, 

vernalisation pathway, thermosensory pathway, autonomous pathway, gibberellin pathway 

(including gibberellin synthesis and subsequent signalling), and the age pathway. The 

photoperiod pathway measures day length (as described in detail in section 1.3), while the light 

quality pathway detects light signals, such as low red/far-red ratios experienced by plants growing 

in crowded conditions, which promote flowering (Kim et al., 2008; Wollenberg et al., 2008). The 

role of photoreceptors in the photoperiod and light quality pathways will be discussed in section 

1.7. The vernalisation pathway detects extended low temperatures associated with winter 

(reviewed by Kim et al., 2009), and the thermosensory pathway shorter-lived changes in ambient 

temperature (Blazquez et al., 2003; Lempe et al., 2005; Strasser et al., 2009). The autonomous 

and gibberellin pathways respond to unknown internal signals, with the latter being particularly 

important for flowering in SD in Arabidopsis. The separate age pathway has only recently been 

discovered, and activates flowering to coincide with the time when the plant is mature enough to 

make the transition from vegetative to reproductive growth (Wang et al., 2009).  

                                                 
1
 An accession is a sample of a plant variety collected at a specific location and time. 
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Figure 1.2: Simplified overview over the integration of signals from different flowering 

pathways in Arabidopsis. 

Various exogenous and endogenous signals are perceived via several different pathways. These pathways 

include the floral promoters GIGANTEA (GI) and CONSTANS (CO), and also the floral repressors 

FLOWERING LOCUS C (FLC) and SHORT VEGETATIVE PHASE (SVP). The signals are integrated at the 

level of the floral integrators SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1), 

FLOWERING LOCUS T (FT), its homolog TWIN SISTER OF FT (TSF), and the floral identity gene LEAFY 

(LFY). Upregulation of FT, TSF, SOC1 and LFY leads to further upregulation of LFY and other floral 

meristem identity genes such as APETALA 1 (AP1), which trigger flowering. Lines with arrows indicate 

upregulation of gene expression, lines with bars indicate repression (Modified from figure generated by C. 

Stockum and published in Putterill et al., 2010). 

The major target of the vernalisation and autonomous pathways is the floral repressor 

FLOWERING LOCUS C (FLC), a MADS-box transcription factor (Michaels and Amasino, 1999; 

Sheldon et al., 1999) that represses flowering by repressing the floral integrator FLOWERING 

LOCUS T (FT), which has recently been discovered to be part of the long sought after flowering 

hormone ―florigen‖ (see section 1.6). In the photoperiod or long day (LD) pathway, FT (Kardailsky 

et al., 1999; Kobayashi et al., 1999) and the closely related, redundantly acting TWIN SISTER OF 

FT (TSF) (Michaels et al., 2005; Yamaguchi et al., 2005), can be activated by CONSTANS (CO), 

which encodes a nuclear zinc finger protein (Putterill et al., 1995). CO promotes flowering almost 

exclusively through FT, and CO expression itself is regulated by GI and a range of 

photoreceptors, thereby integrating circadian clock and light signals as described in section 1.5 

(Suarez-Lopez et al., 2001; Yoo et al., 2005).  
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The light quality pathway leads to the acceleration of flowering when Arabidopsis is growing 

under crowded conditions by modulating the photoperiod pathway, as well as via a more direct 

regulation of FT (Kim et al., 2008; Wollenberg et al., 2008). The age pathway acts completely 

independently of the photoperiod pathway via the microRNA156. Over time, miR156 levels in 

Arabidopsis decrease, allowing levels of SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 

(SPL) to increase, which independently of FT upregulates the floral integrators SUPPRESSOR 

OF OVEREXPRESSION OF CONSTANS 1 (SOC1) and FRUITFULL (FUL), and the floral 

meristem identity gene APETALA 1 (AP1) (Wang et al., 2009). The thermosensory pathway 

delays flowering in low temperatures, and partly overlaps with the autonomous and photoperiod 

pathways via TERMINAL FLOWER 1 (TFL1) and EARLY FLOWERING 3 (ELF3) respectively 

(Strasser et al., 2009). It controls the floral repressor SHORT VEGETATIVE PHASE (SVP), which 

directly inhibits FT (Lee et al., 2007).  

All pathways converge at the floral integrator genes SOC1, FT and TSF and the floral identity 

gene LEAFY (LFY). SOC1 is a member of the MADS-box family of transcription factors (Borner et 

al., 2000; Lee et al., 2000; Samach et al., 2000), FT encodes a small 23 kDa protein with 

similarities to RAF kinase inhibitor protein (Kardailsky et al., 1999; Kobayashi et al., 1999) and 

LFY encodes a novel transcription factor (Weigel et al., 1992; Wagner et al., 1999). At these 

genes, the balance of the exogenous and endogenous signals from the different pathways is 

integrated to determine when the transition from vegetative to reproductive growth will occur. If 

the result of this signal integration is the upregulation of these genes, then expression of LFY is 

even further upregulated along with other floral meristem identity genes such as AP1 and 

flowering is initiated (reviewed in Liu et al., 2009). In Arabidopsis the LD pathway is the main 

contributor to photoperiodic flowering and it will be discussed in greater detail in the next section. 

1.3 Day length measurement in plants: the long day pathway 

Since Garner and Allard reported that in many plants flowering is controlled by photoperiod, it was 

clear that these must have a mechanism for day length measurement and many models were 

proposed to explain this. The molecular evidence gathered to date for Arabidopsis mainly support 

a model that was originally proposed in 1936 by chronobiologist Erwin Bünning and later refined 

by Pittendrigh and colleagues (reviewed in Carré et al., 2005): namely the external coincidence 

model. In this model there is a light inducible phase that is internally regulated and kept at the 

same time each day by the plant‘s internal time keeper, the circadian clock. It was proposed that, 

when this internally regulated phase coincides with the external light signal, flowering would be 

triggered in LD plants, and correspondingly delayed in SD plants (reviewed in Hayama and 
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Coupland, 2003; Searle and Coupland, 2004; Imaizumi and Kay, 2006; Putterill et al., 2010). The 

model therefore predicts the existence of a flowering time pathway that consists of three main 

components: the circadian clock as an internal time keeper, photoreceptors for light detection and 

light inducible flowering time genes or proteins. In Arabidopsis, the molecular basis for these 

components of the external coincidence model has been partly elucidated in recent years and 

they have all been found to be part of the photoperiod pathway. This chapter will first give an 

overview over the whole LD pathway (reviewed in Mouradov et al., 2002; Yanovsky and Kay, 

2002; Searle and Coupland, 2004; Imaizumi and Kay, 2006; Michaels, 2009; Putterill et al., 2010) 

and will then discuss its individual components and their discovery.  

The long day pathway in Arabidopsis was first defined by a class of mutations, including gi and 

co, that delayed flowering under LD but not under SD (Redei, 1962; Koornneef et al., 1991). 

Studying these mutations and further research with flowering time mutants, enabled scientists to 

identify many genes of this pathway and assign them a molecular hierarchy. An overview over the 

pathways main components is given in Figure 1.3. This figure shows from top to bottom the three 

main parts of the pathway: the photoreceptors and their signalling pathways, the circadian clock 

mechanism, and the output pathways including the flowering time genes. It also shows, that a 

range of different photoreceptors is involved in signalling to the clock and more direct regulation 

of CO levels to promote or repress flowering. In LD CO levels increase and CO in turn 

upregulates FT and flowering is initiated. 

The phytochromes (PHYA-E) are red (R) and far-red light (FR) receptors, while the 

cryptochromes, CRY1 and CRY2, are blue light (B) receptors (reviewed in Franklin et al., 2005; 

Wang, 2005; Josse et al., 2008; Franklin and Quail, 2010). ZEITLUPE (ZTL), FLAVIN-BINDING, 

KELCH REPEAT, F-BOX (FKF1) and LOV KELCH PROTEIN 2 (LKP2) are novel blue light 

receptors (reviewed in Fujiwara, 2008), directly interacting with a range of CYCLING DOF 

FACTORS (CDF1, 2, 3 and 5) (Fornara et al., 2009) and with GI (Kim et al., 2007b; Sawa et al., 

2007). For the sake of simplicity the proteins comprising the circadian clock and the regulation of 

photoreceptors by the circadian clock are not shown in Figure 1.3. The Arabidopsis circadian 

clock will be discussed in more detail in the next section, and the structure and function of the 

photoreceptors will be discussed in detail in section 1.7. 

Most of the photoreceptors influence the entrainment of the circadian clock and thereby influence 

the cyclical expression of clock output signals such as GI. At the same time GI feeds back to the 

clock and thereby controls its own expression (Mizoguchi et al., 2005 and references therein). 

The clock also influences the expression of proteins that control the input pathways and is 

therefore able to ―gate‖ input signals. This demonstrates that the pathway includes many 
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feedback loops, adding to its complexity (reviewed in Harmer, 2009; Más and Yanovsky, 2009; 

Imaizumi, 2010). The resulting rhythmic expression of GI, and a variety of signals from different 

photoreceptors, control CO levels either directly or via other proteins such as EARLY 

FLOWERING 3 (ELF3) and CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1) (Liu et al., 

2008b) or the CDFs (Sawa et al., 2007; Fornara et al., 2009). 

 

Figure 1.3: Simplified overview over the Arabidopsis LD pathway. 

Light is perceived by red and blue light photoreceptors, which entrain the circadian clock and regulate 

downstream components of the LD pathway. ZTL, FKF1, LKP2 and the CDFs interact with GI to regulate 

CO transcription, while COP1 and ELF3 interact with GI to regulate GI protein levels. At the same time 

COP1 is regulated by the CRYs and regulates CO protein levels. Lines with arrows indicate upregulation of 

gene expression/activation of proteins, lines with bars indicate repression. Red and far-red light receptors 

are coloured in red, blue light receptors are coloured in blue (Modified from figure generated by C. Stockum 

and published in Putterill et al., 2010).  
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Table 1.1: Major Arabidopsis genes involved in photoperiodic flowering  

A family of four proteins called SUPPRESSOR OF PHYA-105 (SPA) are thought to be essential 

for the inhibition of flowering in SD by controlling the stability of CO protein (Laubinger et al., 

2006). One family member, SPA1, has been found to be necessary and sufficient for normal 

photoperiodic flowering and has therefore a special role. FRET (Förster resonance energy 

transfer) studies with transiently co-expressed CFP (cyano fluorescent protein)-SPA1 and YFP 

(yellow fluorescent protein)-CO in Arabidopsis leaf epidermal cells showed an interaction between 

 Gene name Predicted gene product Pathway/Function 

CCA1 CIRCADIAN CLOCK 
ASSOCIATED 1 

MYB transcription factor circadian clock 

CDF1, 2, 3 
and 5 

CYCLING DOF FACTOR 1, 
2, 3 and 5 

Dof transcription factor repressor of CO 

CO CONSTANS Zinc finger transcription  
factor 

promotes flowering 

COP1 CONSTITUTIVELY 
PHOTOMORPHOGENIC 1 

E3 ubiquitin ligase negative regulator 
of light signalling 

CRY1 & 2 CRYPTOCHROME 1 and 2 UV/blue light photoreceptors light perception, 
promote flowering 

ELF3 EARLY FLOWERING 3 novel protein circadian clock 

ELF4 EARLY FLOWERING 4 novel protein circadian clock 

FD FLOWERING LOCUS D bZIP transcription factor promotes flowering 

FKF1 FLAVIN-BINDING, KELCH 
REPEAT, F-BOX  

blue light receptor promotes flowering 

FT FLOWERING LOCUS T protein similar to RAF kinase 
inhibitor protein 

floral integrator gene, 
promotes flowering 

GI GIGANTEA novel protein circadian clock, 
promotes flowering 

LHY LATE ELONGATED 
HYPOCOTYL 

MYB transcription factor circadian clock 

LKP2 LOV KELCH PROTEIN 2 putative blue light  
photoreceptor 

circadian clock 

PHYA PHYTOCHROME A red/far-red and blue light 
photoreceptor 

light perception, 
promotes flowering 

PHYB, D & 
E 

PHYTOCHROME B,  
D and E 

red/far-red light  
photoreceptors 

light perception, 
repress flowering 

PIF3 PHYTOCHROME 
INTERACTING FACTOR 3 

basic/helix-loop-helix transcription 
factor 

light signalling 

SOC1 SUPPRESSOR OF 
OVEREXPRESSION OF 
CONSTANS 1 

MADS transcription factor floral integrator gene,  
promotes flowering 

SPA1 SUPPRESSOR OF  
PHYA-105 

novel protein with COP1-like WD-
repeat, coiled coil and kinase-like 
domain 

LD pathway,  
represses flowering 

TOC1 TIMING OF CAB1 putative transcription factor  
with PRR domain 

circadian clock 

TSF TWIN SISTER OF FT protein similar to RAF kinase 
inhibitor protein 

floral integrator gene, 
promotes flowering 

ZTL ZEITLUPE blue light receptor circadian clock 



 10 

SPA1 and CO in planta. SPA1 has also been found to interact with COP1 in vivo and it is 

hypothesised that SPA1 and COP1 may act in concert to regulate CO protein levels (Laubinger et 

al., 2006). Table 1.1 gives an overview over the main contributors to photoperiodic flowering in 

Arabidopsis. 

1.4 Internal time-keeping: the circadian clock 

The central component of the LD pathway responsible for the plant‘s internal time keeping is the 

circadian clock. Circadian clocks drive circadian rhythms, which are cycles of about 24 h within 

living organisms. They are thought to have developed through evolution as an adaptation to a 

24 h day and are often called circadian oscillators or biological clocks. In higher plants, the 

expression of a large number of genes is under circadian regulation, and it has been found that 

as many as a third of all Arabidopsis genes are under circadian clock control (Covington et al., 

2008; Michael et al., 2008). These include genes for photosynthesis, photoreceptors, cold 

protection, carbon-, nitrogen- and sulphur-pathways, starch mobilisation (Harmer et al., 2000) and 

flowering time genes such as GI, CO and FT (Fowler et al., 1999; Park et al., 1999; Suarez-Lopez 

et al., 2001). The molecular mechanism of the circadian clock has been extensively studied in 

Arabidopsis and other model systems. A common feature of all clocks seems to be that the 

rhythms are generated by interactions between rhythmically expressed genes that form positive 

and negative feedback loops. Some of the components of these autoregulatory feedback loops, in 

which clock proteins cyclically regulate their own expression, have been identified in Arabidopsis.  

A simplified representation of the current three-interlocking-loop-model of the Arabidopsis 

circadian clock (reviewed in McClung, 2008; Harmer, 2009; Más and Yanovsky, 2009; Imaizumi, 

2010; Pruneda-Paz and Kay, 2010) is presented in Figure 1.4. The three loop model is based on 

computer modelling and experimental data (Locke et al., 2005; Locke et al., 2006; Zeilinger et al., 

2006), and the exact function of many of the components is not known. Best understood is 

probably the proposed central clock loop, consisting of the two single domain MYB transcription 

factors LATE ELONGATED HYPOCOTYL (LHY) and CIRCADIAN CLOCK ASSOCIATED 1 

(CCA1), PSEUDO-RESPONSE REGULATOR 1 (PRR1) also called TIMING OF CAB 1 (TOC1), 

and most likely a novel protein called EARLY FLOWERING 4 (ELF4) (Alabadi et al., 2001; Doyle 

et al., 2002; Kim et al., 2003; Kikis et al., 2005; McWatters et al., 2007). In the morning, LHY and 

CCA1 expression peak as these two transcription factors are upregulated by TOC1. At the same 

time, light promotes the transcription of LHY and CCA1, and the translation of LHY in this early 

part of the day (Martinez-Garcia et al., 2000; Kim et al., 2003). These high levels of LHY and 

CCA1 repress the expression of TOC1 through binding to its promoter and also act negatively on 
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light-induced ELF4 expression (Kikis et al., 2005). As TOC1 and ELF4 levels decrease, they no 

longer promote LHY and CCA1 expression. This decrease in the repressors of TOC1 and ELF4 

allows expression of these two genes and TOC1 and ELF4 protein levels are elevated. The 

resulting peak in protein levels is proposed to upregulate LHY and CCA1 in the morning and the 

cycle begins again.  

The CCA1/LHY/TOC1 model is an extremely simplified representation of the molecular 

interactions that form the central circadian oscillator in Arabidopsis. Not all expression and protein 

cycling patterns of these proteins can be explained by the action of these components 

themselves, and as mentioned above, it is known that the circadian clock consists of at least 

three interlocking loops (reviewed in McClung, 2008; Harmer, 2009; Imaizumi, 2010; Pruneda-

Paz and Kay, 2010). A second morning loop, interlocking with the loop described above, contains 

the PSEUDO RESPONSE REGULATORS 7 and 9 (PRR7 and 9), and possibly also PRR5 

(Zeilinger et al., 2006; Kawamura et al., 2008 and references therein). The third ―TOC1-Y‖ loop 

contains a theoretical component called ―Y‖, which regulates TOC1 levels in addition to CCA1 

and LHY (Locke et al., 2006). Furthermore, it was proposed that a component called ―X‖ was still 

missing from the core loop between TOC1 and CCA1/LHY (Locke et al., 2006). 

One novel clock component, which fulfils part of the Y function is GI (Locke et al., 2006), which at 

least influences clock input via interaction with ZTL (Kim et al., 2007b). The results of Kim and 

colleagues indicate that ZTL is a blue light photoreceptor and facilitates its own stability via its 

interaction with GI. This interaction stabilises ZTL and, as GI levels oscillate diurnally, confers a 

post-translational rhythm on ZTL protein levels (Kim et al., 2007b). ZTL has also been found to 

control the degradation of the central clock component TOC1, and together these results indicate 

that the interaction of ZTL with GI, and the resulting establishment and sustainment of robust 

oscillations of ZTL, results in high-amplitude TOC1 rhythms, necessary for proper clock function 

(Somers et al., 2000; Más et al., 2003; Kim et al., 2007b). However, GI plays multiple, in at least 

some cases, biochemically separable roles in clock input, the central oscillator, and clock output 

pathways (Martin-Tryon et al., 2007) and is therefore difficult to place within one particular clock 

loop. Recent studies have shown that FKF1 and LKP2 act redundantly with ZTL in controlling 

clock progression, but have lesser contributions to the regulation of LHY and CCA1 expression 

(Baudry et al., 2010). 

Two further novel components of the circadian clock are ELF3 and CCA1 HIKING EXPEDITION 

(CHE). ELF3 has long been thought to be involved in the circadian clock, but has only recently 

been shown to be an integral component of the clock (Zagotta et al., 1996; McWatters et al., 

2000; Covington et al., 2001; Thines and Harmon, 2010). It was shown that the circadian system 
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as a whole was compromised in the absence of ELF3, and it was suggested that ELF3 might 

partly fulfil X and Y function in the clock (Thines and Harmon, 2010). Pruneda-Paz and 

colleagues recently identified CHE as a clock component which at least partly fulfils X function 

(Pruneda-Paz et al., 2009). CHE was found to be a transcription factor directly binding to the 

CCA1 promoter and to function as a repressor of CCA1. At the same time, CHE expression is 

regulated by CCA1, and it was discovered that CHE is partially redundant with LHY in the 

repression of CCA1. CHE was found to interact with TOC1 in planta, thereby forming an 

additional loop within the central clock loop (Pruneda-Paz et al., 2009). 

 

Figure 1.4: Schematic drawing of a simplified model of the three interlocking feedback loops 

forming the Arabidopsis circadian clock.  

The central autoregulatory clock loop containing CCA1, LHY, TOC1 and possibly ELF4 intersects with 

additional interlocking circadian loops consisting of circadian regulated factors feeding back to the central 

clock loop. These include the morning expressed genes PRR7, PRR9 and possibly PRR5, as well as 

evening expressed genes GI and ELF3 (the latter might partly perform part of X and Y function). TOC1 is 

additionally regulated by ZTL and GI, and its regulation of CCA1 and LHY involves CHE. Lines with arrows 

indicate upregulation of gene expression/activation of proteins, lines with bars indicate repression. The 

proposed clock components X and Y are coloured in red.  

The circadian clock described above is part of the Arabidopsis circadian system, which also 

includes clock input and output pathways. As clock outputs, may be directly regulated by clock 

input signalling pathways, and clock components may act both within the central clock as well as 

in input and output pathways it is considered more appropriate to view the circadian system as a 

complex network rather than to try to separate it into discrete input, central clock and output 

components (reviewed in Harmer, 2009). 
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Taken together, the data collected about the circadian clock show how its general mechanism 

works and that it is capable of creating rhythmic expression patterns of clock and output genes as 

required for establishing a light inducible phase in accordance to the external coincidence model. 

The synchronisation of the clock to external conditions (entrainment), to establish a light inducible 

phase, is only one of the two roles of light in this model (reviewed in Jones, 2009). The second 

role is the activation of at least one of the cyclically expressed components of the flowering time 

pathway when day length signals indicate the coming of the appropriate season, and flowering 

needs to be induced (the roles of photoreceptors are discussed in section 1.7). Hence, there 

needs to be a light inducible pathway, leading to the initiation of flowering. How the existence of 

this pathway was discovered and the flowering signal was identified is discussed in the following 

sections.  

1.5 Molecular basis of the external coincidence model in 
Arabidopsis 

Transcript accumulation of many genes of the LD flowering pathway is under control of the 

circadian clock. These include FKF1 (Mizoguchi and Coupland, 2000; Nelson et al., 2000), the 

phytochromes and cryptochromes (Toth et al., 2001), as well as GI and CO (Fowler et al., 1999; 

Park et al., 1999; Suarez-Lopez et al., 2001). The external coincidence model predicts that one 

such clock-controlled component should have a tightly regulated light inducible phase, so that 

flowering is triggered when the light inducible phase coincides with the external light signal 

(reviewed in Hayama and Coupland, 2003). As laid out below, it is believed that CO fulfils this 

role. 

The flowering time regulator CO was not only found to act upstream of FT in the LD pathway, but 

to act as a direct transcriptional activator of FT (Samach et al., 2000). It was also observed that 

activation of FT expression seemed directly dependent on day length signals, as FT mRNA levels 

were found to be much higher in long days than in short days (Suarez-Lopez et al., 2001). These 

and other findings discussed below indicate that the so called ―external coincidence model‖ is true 

for regulation of flowering in Arabidopsis and that the CO and FT genes are strong candidates for 

being some of the main components. The current hypothesis is that CO is the circadian clock-

controlled component of the model and, if an increase in CO expression coincides with the light 

phase, FT is activated and flowering will be initiated (see Figure 1.5).  

In several studies it has been demonstrated that CO levels are affected by light at the 

transcriptional and post-transcriptional level, and CO mRNA levels were shown to have a daily 
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oscillation in both LD and SD, with the peak of transcript levels coinciding with the light phase 

only in LD (Suarez-Lopez et al., 2001; Yanovsky and Kay, 2002; Imaizumi et al., 2003). In 

addition, CO expression was only found to lead to FT upregulation when it coincides with 

daytime. This was explained by the finding that CO protein stability is regulated by 

photoreceptors. While blue light reception via CRY1 and CRY2 stabilises CO in the mornings and 

evenings, red light destabilises CO in the mornings via the PHYB photoreceptor. An additional 

stabilisation in the evening is mediated via PHYA (Suarez-Lopez et al., 2001; Valverde et al., 

2004) (see section 1.7). These regulatory mechanisms cause active CO protein to accumulate in 

LD, when there is an overlap between high expression levels and the light phase needed to 

stabilise the protein. CO protein levels will subsequently peak in the evening and are high enough 

to activate FT, resulting in the initiation of flowering. In SD, CO expression peaks during the night, 

when the protein cannot be stabilised by light (see section 1.8) and protein levels remain too low 

to activate FT. Flowering will therefore not be promoted under SD. 

Recently, further progress has been made in uncovering the molecular basis for the regulation of 

CO expression. A complex of FKF1, CDF1 and GI has been found to form on the CO promoter in 

late afternoon and to regulate CO expression. This complex forms in a blue light dependent 

manner and results indicate that the timing of complex formation, which is controlled by circadian 

regulation of both GI and FKF1, can regulate the timing of daytime expression of CO (Sawa et al., 

2007). However, Fornara and colleagues have shown that the regulation of CO mRNA levels by 

CDF1, 2, 3 and 5 together with FKF1 and GI is not essential for CO mRNA cycling (Fornara et al., 

2009). They showed that CO mRNA levels were still cycling in gi cdf1 cdf2 crf3 cdf5 quintuple 

mutants and that light induction of flowering was not impaired in these plants. While the 

GI/FKF1/CDF layer of CO regulation does contribute to the shape of the CO cycling pattern, it is 

not essential for photoperiodic regulation of CO transcription or a photoperiodic response 

(Fornara et al., 2009). Therefore, a further layer of diurnal regulation of CO, most likely including 

clock-controlled transcriptional regulators of CO, still remains to be revealed. 

Thus, with the help of molecular techniques it was possible to verify the early predictions of 

Bünning, Pittendrigh and Minis and even identify some of the components of the mechanism for 

flowering control. Arabidopsis has also proved to be a powerful tool for the identification of the 

mobile flowering signal florigen (see next section) and important components of the circadian 

clock loops (see section 1.4). Furthermore, a number of genes could be identified and assigned to 

the different flowering pathways that promote or repress flowering depending on various 

environmental and internal signals as discussed above and shown in Table 1.1. 
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Figure 1.5: The molecular basis of day length measurement in Arabidopsis. 

In SD the peak of CO expression does not overlap with the illuminated part of the day, therefore CO protein 

levels stay low and so do FT mRNA levels. In LD the CO mRNA peak coincides with the exposure of the 

plant to light, CO protein is stabilised by CRY1, CRY2 and PHYA, and protein levels rise and activate FT, 

initiating flowering. In the morning, CO is destabilised by PHYB. While GI and FKF1 are not essential for 

CO mRNA cycling, they help shape the pattern and together are necessary for the first CO mRNA peak. 

(Figure generated by C. Stockum and published in Putterill et al., 2010) 

The study of flowering time genes in the SD plant rice reveals that homologues for CO, FT, GI 

and many other flowering time genes are also found in this distantly related Angiosperm. This 

demonstrates that many components of the photoperiodic pathway, identified in Arabidopsis, are 

conserved in other species. As rice is a short day plant, this means that its homologous flowering 

time genes promote flowering in SD instead of in LD. Study of these genes led to the formulation 

of a model for the control of the photoperiod response in rice. Hd1 (Heading-date 1), the rice CO 

ortholog, is expressed at the end of the day under LD conditions and is proposed to be activated 

by phytochromes. In this form, it inhibits flowering through inactivation of the expression of the 

rice FT ortholog, Hd3a. Under SD, Hd1 is expressed in the night, when phytochrome is proposed 

to be inactivated. This means that Hd1 cannot be activated and this second form of the protein 
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induces Hd3a expression and thereby promotes flowering under SD conditions (reviewed in Carré 

et al., 2005; Kobayashi and Weigel, 2007). 

1.6 Transduction of the flowering signal: identification of the 
florigen 

The light inducible pathway predicted by the external coincidence model must link the perception 

of light (day length) to the activation of floral meristem identity genes in the shoot apical meristem 

(SAM). In 1934 it was found by James Knott that the duration of day length is perceived by 

leaves, which in turn produce a signal that promotes the transition to flowering at the SAM (Knott, 

1934). Further research by Knott and a number of different groups showed that exposing only the 

leaves of a plant to inductive photoperiods caused flowering and that the flowering signal 

generated in the leaves could be transmitted through graft union from an induced shoot, or even 

just a leaf, to a non-induced graft partner. This graft transmission required intact vascular strands, 

indicating that the signal was transported via the phloem (reviewed in Zeevaart, 1976, 1985; 

Corbesier and Coupland, 2006). Much research has been carried out since the first observation of 

this long-distance signal, called ―florigen‖, to uncover its molecular identity. There have been 

many theories about what chemical compound (e.g. hormone, oligonucleotide or protein) the 

florigen might be and even its existence as a single entity is questioned (Bernier et al., 2002). All 

theories were based on the findings that the flowering signal: a) is induced in the leaf, b) acts in 

the shoot apex, c) acts universally in different species, d) is graft transmissible and e) is 

transported via the phloem. 

One recent candidate for florigen is FT, which, as discussed in sections 1.3 and 1.4, is a major 

floral activator. FT has been found to be expressed in the vascular tissue of leaves (Takada and 

Goto, 2003) and FT protein was shown to interact with the bZIP transcription factor FLOWERING 

LOCUS D (FD), which is only expressed in the SAM (Abe et al., 2005; Wigge et al., 2005). The 

difference in the location of protein expression and interaction indicated that FT mRNA or protein 

had to move to the SAM for FT protein to be able to interact with FD to initiate the transition to 

flowering. In 2007, several groups, showed that FT protein movement contributes to long-distance 

signalling in floral induction in Arabidopsis, and that FT is therefore at least one part of the florigen 

(Corbesier et al., 2007; Jaeger and Wigge, 2007; Mathieu et al., 2007). FT-GFP (green 

fluorescent protein) fusion proteins were specifically expressed in the phloem companion cells 

and it was shown that they move to the SAM and promote flowering. These proteins were also 

shown to move across graft junctions (for reviews on FT as florigen see Kobayashi and Weigel, 

2007; Giakountis and Coupland, 2008; and Turck et al., 2008). Further evidence that FT protein is 
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at least part of the florigen comes from studies of FT orthologs in rice and tomato. Hd3a (Heading 

date 3a), the rice FT ortholog, has been found to move from the leaf to the SAM and induce 

flowering (Tamaki et al., 2007). In addition, graft transmissible signals dependent on the tomato 

FT ortholog, SINGLE-FLOWER TRUSS (SFT), have been shown to be universal flowering 

promoters, triggering flowering in sft mutants of day neutral tomato while also substituting for LD 

stimuli in Arabidopsis and SD stimuli in Maryland Mammoth tobacco (Lifschitz et al., 2006). 

To visualise the present model of the florigen and its interaction with other components of the 

flowering time pathways, Figure 1.6 shows a schematic representation of the Arabidopsis SAM 

and one leaf. In the phloem companion cells of the leaf, FLC and CO influence the expression of 

FT, depending on signal input from the different flowering pathways discussed in section 1.2. If 

FT is expressed, the protein moves into the phloem and through the sieve elements up to the 

SAM, where it is unloaded and interacts with FD to promote flowering by activating SOC1 and 

AP1. As in the leaf, FLC can repress FT function, and in addition can repress the second floral 

integrator SOC1, thereby suppressing floral initiation (the cell biology of FT movement is reviewed 

in Giakountis and Coupland, 2008).  

 

Figure 1.6: Schematic representation of FT movement from an Arabidopsis leaf to the SAM 

FT is expressed in the phloem companion cells of the leaf and the protein travels in the phloem to the SAM. 

Here it activates floral initiation by interaction with FD and subsequent activation of SOC1 and the floral 

identity gene AP1. Black lines with arrows indicate upregulation of gene expression, red lines indicate 

protein movement. (Modified from figure generated by C. Stockum and published in Putterill et al., 2010) 
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Both FT and its ortholog TSF are regulated by CO and SVP in a similar fashion, are expressed in 

the vascular tissue, promote flowering to a similar extent when expressed in phloem companion 

cells, and FT and TSF proteins both interact with FD in a yeast based protein interaction assay 

(Yamaguchi et al., 2005; Jang et al., 2009). Thus TSF is likely to act together with FT as a mobile 

flowering signal. 

1.7 Arabidopsis photoreceptors 

In the external coincidence model, light has two roles: firstly it acts to entrain the circadian clock 

and secondly it interacts with an output from the clock at critical phases to initiate or repress 

flowering. As light perception in plants is mediated via photoreceptors, these play a dual role in 

the LD pathway. They perceive different wavelengths of light and consequently signal to the clock 

for clock entrainment or more directly affect the activity of the key LD flowering-time regulator CO 

(reviewed in Franklin et al., 2005; Wang, 2005; Thomas, 2006; Li and Yang, 2007; Josse et al., 

2008; Jones, 2009; Franklin and Quail, 2010). There are at least three families of photoreceptors 

in Arabidopsis that are involved in photoperiodic flowering: phytochromes, cryptochromes and the 

ZTL/FKF1/LKP2 family of proteins. Their domain organisation is shown in Figure 1.7, and their 

functions and interactions will be discussed below.  

 

Figure 1.7: Domain organisation of the photoreceptors involved in photoperiodic flowering 

in Arabidopsis. 

PAS = Per-ARNT-Sim, signalling domain identified in Drosophila period circadian protein, aryl hydrocarbon 

receptor nuclear translocator protein and Drosophila single-minded protein; CCT = cryptochrome C-

terminus; LOV = a subform of PAS, activated by light, oxygen or voltage. (Figure generated by C. Stockum 

and published in Putterill et al., 2010) 

ZTL/FKF1/LKP2

N CN CN CCPAS/LOV domain, binds 

FMN chromophore
F-box Kelch repeats

N CCCT
Photolyase-related domain, binds pterin and flavin 

chromophores

Cryptochromes 1 and 2

N CN CN CCPAS
His-kinase-related 

domain
PAS

Photosensory domain, binds 

tetrapyrrole chromophore

Phytochromes A to E

N CN CN CCPAS/LOV domain, binds 

FMN chromophore
F-box Kelch repeats

N CCCT
Photolyase-related domain, binds pterin and flavin 

chromophores

N CN CN CCPAS
His-kinase-related 

domain
PAS

Photosensory domain, binds 

tetrapyrrole chromophore

Phytochromes A to E

Cryptochromes 1 and 2

N CN CN CCPAS/LOV domain, binds 

FMN chromophore
F-box Kelch repeats

N CCCT
Photolyase-related domain, binds pterin and flavin 

chromophores

N CN CN CCPAS
His-kinase-related 

domain
PAS

Photosensory domain, binds 

tetrapyrrole chromophore

Phytochromes A to E

ZTL/FKF1/LKP2

Cryptochromes 1 and 2

N CN CN CCPAS/LOV domain, binds 

FMN chromophore
F-box Kelch repeats

N CCCT
Photolyase-related domain, binds pterin and flavin 

chromophores

N CN CN CCPAS
His-kinase-related 

domain
PAS

Photosensory domain, binds 

tetrapyrrole chromophore

Phytochromes A to E



 19 

A fourth Arabidopsis photoreceptor family, the phototropins, do not seem to be involved in 

flowering time control. In addition to their role in the timing of flowering, photoreceptors are also 

involved in seed germination, hypocotyl expansion and inhibition, cotyledon expansion, 

photosynthesis, phototropism, shade avoidance, chloroplast development and plant architecture 

(reviewed in Chen et al., 2004). 

1.7.1 Phytochromes – red and far-red light receptors 

The largest of the three photoreceptor families involved in flowering time control are the 

phytochromes. They are mainly receptors for red and far-red light of different irradiances, but can 

also detect some irradiances of blue light (reviewed in Wang, 2005). The apoproteins of these 

chromoproteins are encoded by five genes, PHYA, B, C, D and E, and all use the same 

covalently bound linear tetrapyrrole chromophore, phytochromobilin, to detect light. While PHYA 

is a light labile type I phytochrome and responsible for the perception of far-red light, and low 

irradiance red and blue light, PHYB-E are light stable type II phytochromes. PHYB, D and E are 

primarily responsible for percieving red light at high irradiances, and PHYB is the main red light 

photoreceptor in Arabidopsis (reviewed by Thomas, 2006). Transcript levels of all five 

phytochromes have circadian rhythms and are therefore thought to be under circadian clock 

control (Toth et al., 2001).  

Phytochromes exist in two photoreversible forms, the R-absorbing Pr and the FR-absorbing Pfr 

form (reviewed in Franklin et al., 2005). They are synthesised in the dark in their biologically 

inactive Pr form and biological activity is acquired upon photoconversion to the active Pfr form, in 

which they are translocated into the nucleus where they form nuclear bodies (NBs) (reviewed in 

Franklin and Quail, 2010). The photoconversion is reversible upon exposure to FR light and 

during prolonged dark periods via a thermal process called dark reversion (reviewed in Josse et 

al., 2008). Phytochromes assemble autocatalytically and form dimers, most likely via their C-

terminal histidine kinase related domain, which is also required for nuclear import (reviewed in 

Stock et al., 2000). While PHYA and PHYB form homodimers, PHYC and PHYE most likely do 

not homodimerise, but both heterodimerise with PHYB and PHYD (Clack et al., 2009). This 

dimerisation has been demonstrated to be required for their full biological function, which is partly 

exhibited in the nucleus by interaction with transcription factors (reviewed in Monte et al., 2007; 

Josse et al., 2008; Franklin and Quail, 2010). Figure 1.7 shows the domain structure of the 

phytochromes, which consist of an N-terminal photosensory domain and a C-terminal regulatory 

domain. The photosensory domain binds the linear tetrapyrrole chromophore and at least in 

PHYB is capable of transducing the light signal when the protein is dimerised and located in the 

nucleus (reviewed in Montgomery and Lagarias, 2002; Wang, 2005; Monte et al., 2007). The 
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regulatory domain contains two PAS motifs and a histidine-kinase related domain. This region of 

the protein recognises and interacts with basic helix-loop-helix transcription factors called 

PHYTOCHROME INTERACTING FACTORS (PIFs), such as PIF3 and PIF4 (reviewed in Wang, 

2005; Monte et al., 2007). 

Arabidopsis circadian clocks run with a period of between 22 h and 29 h, and require daily input 

or ‗entrainment‘ signals for synchronisation with the environment (reviewed in Salome and 

McClung, 2005; Jones, 2009; Franklin and Quail, 2010). In addition to temperature, light signals 

provide important day/night entrainment information and they are transduced to the circadian 

clock by multiple photoreceptors. Amongst the phytochromes, roles in entrainment have been 

established by mutant analysis for PHYA, B, D and E, while the role of PHYC has not been 

examined (reviewed in Franklin and Quail, 2010). As PIF3 and PIF4 interact with phytochromes 

and influence circadian rhythms (Makino et al., 2002; Yamashino et al., 2003), clock entrainment 

by phytochromes is believed to be mediated at least in part by these two transcription factors 

(reviewed in Salome and McClung, 2005). 

The role of phytochromes in flowering control has also been established by mutant analysis, as it 

was observed that in certain LD conditions phyA mutants of Arabidopsis flower later than WT 

plants, while phyB mutants flower earlier in LD (reviewed in Franklin et al., 2005). PHYA 

promotes flowering by increasing CO mRNA abundance (Tepperman et al., 2001), and by 

stabilising CO protein, possibly by suppressing CO degradation by COP1, while PHYB acts to 

destabilise CO through a mechanism not involving COP1 (Jang et al., 2008) (see Figure 1.5). 

PHYD and E act redundantly with PHYB in flowering time control, but play less important roles 

(Devlin et al., 1998; Devlin et al., 1999). However, the functional hierarchy of phytochromes in the 

repression of flowering has been shown to be regulated by ambient temperature (reviewed in 

Franklin and Quail, 2010). PHYC has been shown to mediate natural variation in flowering, but its 

exact role has not yet been established (Balasubramanian et al., 2006).  

In addition to day length flowering time is regulated by light quality, which is also measured by 

phytochromes. When plants grow in close proximity to neighbouring vegetation, they experience 

a reduction in the ratio of R to FR light, which initiates a suite of developmental responses 

designed to ensure the plants survival and reproductive success under these crowded conditions. 

Changes in R:FR ratio are detected by plants as changes in the relative proportions of Pr and Pfr, 

with low R:FR ratios leading to shade avoidance responses including early flowering (Franklin 

and Quail, 2010). FR-enriched light (FREL) has been shown to accelerate flowering via the light 

quality pathway (see section 1.2), which is genetically separable from other shade avoidance 

responses and connected to the photoperiod pathway (Kim et al., 2008; Wollenberg et al., 2008). 
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Rapid flowering is triggered by a reduction in Pfr which normally represses flowering (Wollenberg 

et al., 2008). 

1.7.2 Cryptochromes – UV-A/blue light receptors 

The cryptochrome photoreceptor family in Arabidopsis consists of at least three members, the 

best investigated ones being CRY1 and 2. Cryptochromes are involved in UV-A/blue light 

perception, and CRY1 and 2 have been shown to provide input to the clock and are involved in 

flowering time control (reviewed in Franklin et al., 2005; Wang, 2005; Li and Yang, 2007). CRY1 

and CRY2 have clear circadian rhythms of expression (Toth et al., 2001), and cryptochrome 

protein levels are influenced by a blue light dependent phosphorylation affecting the 

photoreceptors conformation, intermolecular interactions and physiological activities (reviewed in 

Lin and Shalitin, 2003).  

Figure 1.7 shows the domain organisation of the Arabidopsis cryptochromes. The N-terminal 

domain is called the photolyase-related domain as the protein sequences of cryptochromes are 

closely related to DNA photolyases, even though they do not posses DNA repair activity. This 

domain binds the flavin adenine dinucleotide (FAD) and 5,10-methenyltetrahydrofolate (MTHF) 

cofactors, forming the chromophore, and mediates dimerisation required for the biological activity 

of the cryptochromes (Sang et al., 2005; Yu et al., 2007). Unique C-terminal extensions called 

CCTs (cryptochrome C-terminus) distinguish the cryptochromes from the photolyases and are 

also required for their biological activity (reviewed in Sancar, 2003). In seedlings CRY1 is largely 

cytoplasmic but undergoes dark-induced nuclear import, while the light labile CRY2 is 

predominantly localised in the nucleus in light and dark (reviewed in Franklin et al., 2005). 

Physical interactions of cryptochromes with other photoreceptors include the interactions between 

CRY1 and CRY2 with PHYA, the interaction of CRY2 with PHYB, and the interaction between 

CRY1 and ZTL (reviewed in Wang, 2005). 

It was observed that cry1 and cry2 mutants display altered circadian periods, and subsequently 

the cryptochromes have been shown to be involved in Arabidopsis clock entrainment (Somers et 

al., 1998). CRY1 and CRY2 act redundantly in blue light input to the clock, and CRY1 is required 

for PHYA signalling to the clock in red and blue light (Devlin and Kay, 2000). CRY1 involvement 

in the circadian clock is also possible via its physical interactions with ZTL (Jarillo et al., 2001), 

which is involved in the regulation of TOC1 levels (see section 1.4), and with COP1 (Wang et al., 

2001; Yang et al., 2001), which targets many proteins for degradation, including PIF3 (see section 

1.8). 
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Mutant analysis demonstrated that CRY1 and CRY2 are involved in controlling flowering time via 

the photoperiod pathway and that CRY2 is the predominant photoreceptor in perception of the LD 

photoperiod signal in flowering control (reviewed in Franklin et al., 2005; Li and Yang, 2007). This 

hypothesis is based on the observation that cry2 mutants flower later than wild-type Arabidopsis 

in LD, but not in SD (Koornneef et al., 1991; Guo et al., 1998). Promotion of flowering by CRY2 is 

antagonistic to the repression of flowering by PHYB (Mockler et al., 1999), as PHYB promotes 

CO degradation, whereas the cryptochromes stabilise CO protein via repression of COP1 

(Valverde et al., 2004) (see section 1.5). Furthermore, in response to blue light, CRY2 interacts 

with CRYPTOCHROME-INTERACTING BASIC-HELIX-LOOP-HELIX 1 (CIB1) protein, which 

interacts with regulatory elements of the FT gene thus affecting FT transcription and floral 

initiation (Liu et al., 2008a).  

1.7.3 The ZTL/FKF1/LKP2 family – novel blue light receptors 

The highly conserved ZTL/FKF1/LKP2 family of F-box proteins share 70-80% amino acid identity 

and are all considered to be blue light photoreceptors (reviewed in Fujiwara, 2008; Demarsy and 

Fankhauser, 2009). In constant light conditions, FKF1 mRNA copy number is intermediate 

between ZTL and LKP2 levels, and only FKF1 mRNA levels oscillate under circadian conditions 

(Baudry et al., 2010 and references therein). All three proteins bind flavin co-factors, and the 

sequence similarity of ZTL, FKF1 and LKP2 extends evenly along the entire protein with regions 

of least similarity found in the extreme N-terminal region (Nelson et al., 2000; Somers et al., 

2000). F-box proteins are important components of Skp1-Cullin-F-box (SCF) ubiquitin ligase 

complexes, determining the substrate specificity of the complex (reviewed in Vierstra, 2003). At 

least ZTL and FKF1 associate with SCF complexes and are thereby involved in targeting proteins 

for degradation (Han et al., 2004; Takahashi et al., 2004).  

Figure 1.7 illustrates that at their N-terminus, ZTL, FKF1 and LKP2 have PAS/LOV signalling 

domains, usually found in signalling proteins that are activated by light, oxygen or voltage. 

PAS/LOV domains are often found in blue light receptors and bind flavin mononucleotides used 

for blue light perception. The absence of dark recovery suggests that ZTL family members might 

mediate non-reversible light responses (reviewed in Demarsy and Fankhauser, 2009). Next to the 

PAS/LOV domain the three proteins have their characteristic F-box motif. The C-terminal domain 

consists of six Kelch repeats thought to mediate specific protein-protein interactions, and to 

determine the specificity of the SCF when complexed to these F-box proteins. LKP2 has been 

found to homo- and heterodimerise with the other family members in yeast two hybrid assays 

(Yasuhara et al., 2004). As described in section 1.9, ZTL and FKF1 both interact with GI, and are 

thereby stabilised in a blue light dependent manner.  



 23 

Long period phenotypes observed in ztl mutants were shown to be fluence rate dependent (Millar 

et al., 1995; Somers et al., 2000), and demonstrated the involvement of ZTL in the circadian 

network. Later, ZTL, also called ADAGIO1 (ADO1) (Jarillo et al., 2001), was shown to interact 

with TOC1 and PRR5, with the result that in TOC1 and PRR5 are targeted for degradation by ZTL 

(Más et al., 2003; Kiba et al., 2007) (see section 1.4). Neither fkf1 nor lkp2 mutants display clock 

phenotypes, however, LKP2 over-expressing plants are arrhythmic (reviewed in Fujiwara, 2008), 

and recently it has been demonstrated that ZTL, FKF1 and LKP2 together regulate TOC1 and 

PRR5 degradation, with ZTL playing the most important role in the circadian clock (Baudry et al., 

2010).  

While lkp2 mutants display no flowering phenotype in SD or LD, ztl and fkf1 mutants have been 

found to be late flowering in SD and LD or LD respectively, with fkf1 displaying a stronger 

phenotype (reviewed in Fujiwara, 2008). FKF1 has been found to mediate the cyclic degradation 

of CDF1, a transcription factor repressing CO expression (Imaizumi et al., 2005). The interaction 

between FKF1, CDF1 and two other Dof (DNA-binding with one finger) single zinc finger 

transcription factors (CDF2 and 3) is via the FKF1 Kelch repeats. LKP2 also interacts with all 

three Dof proteins via its Kelch repeats, but the ZTL Kelch repeats do not interact with CDF1, 2 or 

3 (Imaizumi et al., 2005). FKF1, CDF1 and GI proteins are believed to interact with CO chromatin 

and form a complex on the CO promoter in the late afternoon to regulate CO expression. 

However, it was found that the GI-F-box layer of CO regulation is not essential for the 

photoperiodic activation of flowering via the activation of CO (Fornara et al., 2009) (see section 

1.5). 

1.8 COP1 – a negative regulator of light signalling 

COP1 was first found as a negative regulator of light signalling when it was observed that mutants 

with reduced COP1 levels display light-grown phenotypes such as short hypocotyls, open 

cotyledons and elevated pigment levels even when grown in complete darkness (Deng et al., 

1991). Cop1 null mutants are lethal, therefore a range of weak and strong mutants has been used 

to study COP1 function (Deng et al., 1992; McNellis et al., 1994). In Arabidopsis the expression of 

COP1 is not regulated by light, and expression levels are almost identical in light and dark (Deng 

et al., 1992). The COP1 protein functions as an E3 ubiquitin ligase, acting downstream of the 

phytochromes and cryptochromes and targeting proteins for proteasome mediated degradation 

(reviewed in Schwechheimer and Deng, 2000). This process is thought to be repressed by a light 

dependent physical interaction of CRY and COP1 (Wang et al., 2001; Yang et al., 2001).  
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The 76 kDa COP1 protein contains a RING finger domain, which is required for its ligase activity, 

as well as a coiled-coil domain for dimerisation (see Figure 1.8). In addition it has a WD40 repeat 

domain, which is implicated in the binding of target proteins (reviewed in Yi and Deng, 2005). In 

the dark COP1 localises to the nucleus while in the light it localises to the cytoplasm (Von Arnim 

and Deng, 1994). The nucleo-cytoplasmic translocation of COP1 is regulated by CRY1, PHYA 

and PHYB (Osterlund and Deng, 1998), and its nuclear localisation in darkness depends on the 

COP9 signalosome which COP1 is not part of (reviewed in Schwechheimer and Deng, 2000). 

 

Figure 1.8: Domain organisation of Arabidopsis COP1 protein 

COP1 has at least three discernible protein-protein interaction motifs: a RING finger, a coiled-coil domain, 

and a domain consisting of seven WD40 repeats. 

Analysis of cop1-4 mutants revealed that they flower early in SD and slightly early in LD (McNellis 

et al., 1994; Liu et al., 2008b). The involvement of COP1 in flowering is most likely via several 

routes, as COP1 has been shown to be recruited to the nucleus in darkness, where it directly 

interacts with a number of transcription factors including PIF3, which interacts with PHYA and 

PHYB (Bauer et al., 2004). COP1 also represses flowering by promoting the degradation of CO 

through the proteasome (Jang et al., 2008; Liu et al., 2008b), and this process is most likely 

repressed in the light by physical interaction of COP1 with CRY1 and CRY2 (Wang et al., 2001; 

Yang et al., 2001) (see section 1.5). Furthermore, SPA1 has been found to interact with COP1 in 

vivo (Laubinger et al., 2006), and all four SPA proteins interact with COP1 in vitro, with the 

interaction between SPA1 and COP1 being light dependent (Saijo et al., 2003; Laubinger et al., 

2004). There is a genetic interaction between spa and cop1 mutations, and taken together these 

findings lead to the hypothesis that the SPA proteins function in concert with COP1 to ubiquitinate 

activators of the light response such as CO (see section 1.3) (Hoecker and Quail, 2001; 

Laubinger et al., 2006).  

COP1 is also required for the UV-B response in Arabidopsis, and has been found to be a critical 

positive regulator of responses to low levels of UV-B (Oravecz et al., 2006). While this thesis was 

underway it has been found that COP1 and ELF3 are involved in the control of circadian function 

and photoperiodic flowering by regulating GI protein stability (Yu et al., 2008) as described in the 

next section.  

COP1
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1.9 The Arabidopsis flowering time gene GIGANTEA 

1.9.1 Introduction 

GI is a key player in the regulation of flowering time in many plants (Curtis et al., 2002; Hayama et 

al., 2003; Dunford et al., 2005; Zhao et al., 2005; Hecht et al., 2007; Hong et al., 2010) including 

Arabidopsis (Redei, 1962; Koornneef et al., 1991; Fowler et al., 1999). Mutants lacking GI flower 

late in LD, but at a similar time to WT in SD, demonstrating that GI functions in the LD pathway 

(Koornneef et al., 1991; Fowler et al., 1999). GI is also required for proper functioning of the 

circadian clock (Fowler et al., 1999; Park et al., 1999), and the multiple phenotypes of gi mutants 

demonstrate that the GI locus is pleiotropic. It affects hypocotyl elongation (Araki and Komeda, 

1993), resistance to the herbicide paraquat (Kurepa et al., 1998), diurnal regulation of 

transpiration (Sothern et al., 2002), cold and oxidative stress responses (Cao et al., 2005; Cao et 

al., 2006), and under some conditions starch accumulation (Eimert et al., 1995). Additional roles 

for GI are suggested in temperature compensation in the circadian clock (Gould et al., 2006) and 

as part of the circadian clock itself (Locke et al., 2006). GI is also believed to influence fruit set in 

response to crowding (Brock et al., 2007) and seed dormancy (Penfield and Hall, 2009). At least 

some of the pleiotropic phenotypes of gi mutants represent separable roles of GI in distinct 

processes, and are not just indirect effects of impairing a single process. For example, the 

involvement of GI in flowering control is separate from its function in the circadian clock 

(Mizoguchi et al., 2005; Martin-Tryon et al., 2007). Independent of its role in the clock and 

flowering, GI has recently been shown to regulate PHYA mediated photomorphogenesis (Oliverio 

et al., 2007). Furthermore, GI is implicated as a positive factor in PHYB signalling (Huq et al., 

2000) and is also involved in blue light signalling (Martin-Tryon et al., 2007). It is unclear how this 

is related to its function on the clock and on flowering time. 

1.9.2 The GI gene and transcript 

The GI gene was first isolated from Arabidopsis (Fowler et al., 1999; Park et al., 1999) and since 

then homologues have been found and characterised in many seed plant species such as the 

grasses and legumes (Hayama et al., 2002; Dunford et al., 2005; Zhao et al., 2005; Hecht et al., 

2007), but no moss, yeast or animal homologues have been discovered (Mizoguchi et al., 2005). 

Expression of GI is observed at all stages of development, and in a variety of different tissues, 

including both vegetative and reproductive structures. It is also under circadian clock control, with 

GI mRNA levels cycling diurnally peaking 8-10 h into the light period (Fowler et al., 1999; Park et 

al., 1999; Hayama et al., 2002; Zhao et al., 2005; Hecht et al., 2007). The ELF3, CCA1 and LHY 
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genes have been shown to be involved in this circadian regulation of GI expression (Fowler et al., 

1999; Mizoguchi et al., 2002; Yu et al., 2008; Ito et al., 2009). Additional factors influencing GI 

levels include ambient temperature (Paltiel et al., 2006), and light quality (Kim et al., 2008; 

Wollenberg et al., 2008). 

1.9.3 GI protein 

The 127 kDa Arabidopsis GI protein consists of 1173 amino acids (Fowler et al., 1999; Park et al., 

1999). Its sequence is highly conserved (Mizoguchi et al., 2005), with Arabidopsis GI having 74% 

sequence identity with pea GI, 66% with rice GI, and 65% with ryegrass GI (Hecht et al., 2007). 

Like the GI transcript, Arabidopsis GI protein levels cycle, accumulating in the evening with a 

peak 12 hours after dawn, and declining at night at least partly due to ubiquitination and targeted 

degradation of GI by the proteasome (David et al., 2006), possibly through direct interaction of GI 

with COP1 and ELF3 (Yu et al., 2008). Despite the efforts of many research groups it has to date 

not been possible to raise antibodies against GI, restricting in planta research to the detection of 

tagged GI constructs. 

The first in silico predictions of GI protein structure indicated up to 11 transmembrane domains for 

Arabidopsis GI (Fowler et al., 1999; Park et al., 1999). Later, fusions of GI with the reporters 

GREEN FLUORESCENT PROTEIN (GFP) and β-glucuronidase (GUS) were found to localise to 

the nucleus, and it was found that GI has a nuclear localisation signal between residues 543 and 

783 (Huq et al., 2000; Mizoguchi et al., 2005). Recently, it was demonstrated that a single 

mutation of a threonine residue in position 607 to a lysine considerably reduces the amount of 

Arabidopsis GI targeted to the nucleus when expressed in cultured mouse fibroblast cells 

(Yazawa et al., 2009). The analysis of nuclear and cytoplasmic extracts from Arabidopsis has 

shown that GI protein with a tandem affinity purification (TAP) tag, or a haemagglutinin (HA) tag 

can be found in the nucleus as well as in the cytoplasm (Kim et al., 2007b). Furthermore, the 

interactions of GI with FKF1 and with CO chromatin, and of GI with ELF3 and COP1, must occur 

in the nucleus, which confirms that functional GI is present in this compartment (Sawa et al., 

2007; Yu et al., 2008), while the GI-ZTL interaction must occur in the cytoplasm as ZTL is 

localised in the cytoplasm (Kim et al., 2007b). The function of GI within the circadian clock 

requires both the N and C termini of GI: the N-terminus might act to stimulate the pace of the 

clock, while the C-terminus may block N-terminal activity (Martin-Tryon et al., 2007). The C-

terminal region is also predicted to be required for GI‘s role in promoting flowering (Fowler et al., 

1999). The domain organisation of GI is presented in Figure 1.10. The size of GI and the number 

of interactors that have been found to date indicate that the protein might have multiple functional 

domains that contribute to the pleiotropic effects described above.  
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1.9.4 Mode of action of GI 

Studies in Arabidopsis have shown that GI acts upstream of CO in the long day flowering 

pathway, and that GI together with FKF1 up-regulates CO expression by facilitating the 

degradation of a group of transcriptional repressors called CDFs, of which at least CDF1 binds 

CO chromatin (Sawa et al., 2007; Fornara et al., 2009) (see section 1.3). Yeast two-hybrid assays 

with truncated proteins suggest that the interaction between FKF1 and GI is mediated via the 

LOV domain of FKF1 and the N-terminal domain of GI (GI-N), which is also the site of interaction 

between CDF1 and GI (Sawa et al., 2007). The bluelight dependence of the GI/FKF1 interaction, 

the timing of expression of GI and CDF1, and the timing of GI/FKF1/CDF1 complex formation 

suggest that GI might interact with CDF1 that has already bound to the CO promoter in the 

morning, repressing CO expression. Once FKF1 interacts with the GI/CDF1 complex in the 

afternoon, FKF1 might target CDF1 for degradation, allowing expression of CO (see Figure 1.9) 

(Sawa et al., 2007). In addition to regulating CO abundance, GI has been shown to regulate 

flowering in a CO independent manner by regulating the micro RNA miR172 (Jung et al., 2007).  

The involvement of GI in the Arabidopsis circadian clock is at least partly explained by its 

interaction with ZTL. It was found that in blue light ZTL is stabilised by GI protein and there are 

indications that ZTL in turn stabilises GI (Kim et al., 2007b). Like the FKF1-GI interaction, the 

ZTL-GI interaction is mediated by the LOV domain of the F-box protein and the N-terminal half of 

GI (Kim et al., 2007b; Sawa et al., 2007). The interaction of GI with ZTL influences the 

degradation of the clock component TOC1, which is targeted for degradation by ZTL (Más et al., 

2003; Kim et al., 2007b) (see Figure 1.9). The mutual stabilisation of ZTL and GI might also partly 

explain the observed stabilisation of GI in blue light (Black, 2007). 

It has also been shown in Arabidopsis that GI forms a complex with the E3 ubiquitin-ligase COP 1 

and the clock associated ELF3, which leads to degradation of GI in the dark and thereby helps to 

shape the circadian oscillation pattern of GI (Yu et al., 2008) (see Figure 1.9). Yeast two-hybrid 

assays showed that ELF3 interacts with the N- and C-terminal regions of GI, but not with the 

central region (amino acids 401-907) of the protein. In this system it was also found that the RING 

finger and CC domains of COP1 strongly interacted with the N-terminal region of GI, while no 

interaction between full-length COP1 and GI could be observed (Yu et al., 2008). The interaction 

of COP1 with GI was shown to occur in the nucleus and is dependent on the presence of ELF3, 

which indicates that ELF3 might act as a protein adaptor. Under SD conditions, GI-GFP protein 

levels were increased in cop1-4 mutants during the dark period when compared to WT plants, 

while GI mRNA levels were similar in mutant and WT plants. This supports the hypothesis that the 

interaction of GI with COP1 and ELF3 leads to GI degradation in the dark and, as the 
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cryptochromes inhibit COP1, might at the same time explain the stabilisation of GI in blue light 

(Yu et al., 2008).  

In addition to the interactions of GI with FKF1, CDF1, ELF3 and COP1 found in planta, the C-

terminal domain of GI has also been found to interact with a protein called SPINDLY (SPY) when 

expressed in yeast and E. coli. SPY is an O-linked β-N-acetylglucosamine transferase with a 

potential role in gibberellin signalling and it is proposed to negatively regulate GI activity 

(reviewed in Carré et al., 2005). Similar yeast two-hybrid assays and in vitro pull-downs 

demonstrated an interaction between GI and two BELL-LIKE HOMEODOMAIN (BLH) proteins, 

BLH3 and BLH10 (Milich, 2006).  

 

Figure 1.9: Consequences of interactions of GI with FKF1, CDF, COP1, ELF3 and ZTL 

In the light GI and FKF1 interact with each other and with CDFs bound to the CO promoter. This causes the 

degradation of the CDFs and leads to CO expression. In the dark GI and FKF do not interact, are both 

unstable, and CO expression is repressed by the CDFs. GI and ZTL interaction in the light stabilises both 

proteins and prevents ZTL from targeting TOC1 for degradation. In the dark GI does not interact with ZTL, 

leading to degradation of GI, ZTL and TOC1. In the light COP1 is present in the cytoplasm and is inhibited 

by CRY. In the dark COP1 moves into the nucleus where it interacts with ELF3 and GI, leading to the 

degradation of the latter proteins. 
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1.9.5 Regulation of GI protein accumulation 

As described above, GI protein cycles diurnally, and it has been found that this is not due to GI 

mRNA cycling alone. Analysis of plants constitutively over-expressing HA-GI demonstrated that 

HA-GI protein levels still cycle even if there are constant levels of HA-GI mRNA present in the 

plant (David et al., 2006). Exposing plants grown in SD conditions to an extended day resulted in 

GI protein accumulation at time-points when a decline of GI would usually be observed. These 

day extensions were also performed with red and blue light, and in both cases GI accumulation 

was observed, indicating that accumulation of GI was not solely dependent on red or blue light 

photoreceptors. Night extension experiments resulted in a decline of GI protein levels, suggesting 

that 35S::GI protein levels respond directly to light/dark transitions. Addition of proteasome 

inhibitors in vivo at ZT16 to seedlings grown in SD caused 35S::HA-GI protein levels to strongly 

increase by ZT20. This indicated that GI protein levels were post-translationally regulated via 

dark-induced proteolysis by the 26S proteasome (David et al., 2006).  

To further investigate the stabilisation of GI protein in the light, M. Black, a previous PhD student 

at the University of Auckland, grew 35S::GI-TAP plants under LD conditions, exposed them to 

24 h of darkness to reduce GI levels to a minimum, and then shifted them into white, blue, red or 

far-red light, or kept them in the dark for a further 24 h (Black, 2007). In white light it was 

observed that GI protein levels increased until ZT4, then decreased until ZT16, and became 

undetectable at later time-points. In blue and red light, GI levels increased until ZT12 and to 

higher levels than in white light, while in far-red light and darkness GI levels stayed constantly 

low. Highest levels of GI accumulation were found in blue light, indicating that blue light 

photoreceptors might be most important for GI stabilisation. However, GI levels in red light were 

also considerably higher than in white light, demonstrating that red light photoreceptors also 

contribute to GI stabilisation (Black, 2007).  

As GI stabilisation was found to be strongest in blue light, and the cryptochromes are the main 

blue light photoreceptors in Arabidopsis, GI protein levels were analysed in cry1/cry2 double 

mutants (Black, 2007). Two independent transgenic cry1/cry2 lines carrying the pGI::GI-TAP 

construct were generated and analysed for GI-TAP levels, as was pGI30, a gi-2 mutant line 

carrying the pGI::GI-TAP construct (David et al., 2006). It was found that GI-TAP levels in this line 

were considerably higher at ZT7, ZT12 and ZT16 than in the two cry1/cry2 lines (Black, 2007). 

This indicated that CRY1 and/or CRY2 were necessary for stabilisation of GI-TAP, and it was 

therefore assumed that the observed blue light stabilisation of GI was at least partly mediated via 

these photoreceptors.  
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It was recently found that in the light the CRYs inhibit COP1, which is at least party responsible 

for the ubiquitination and subsequent degradation of GI in the dark (see Figure 1.9) (Yu et al., 

2008). This indirect mechanism of CRY regulation of GI levels might be the cause for reduced GI 

levels in cry1/cry2 mutants. However there could be further, more direct influences of CRY on GI. 

In addition, the interaction of GI with ZTL was found to stabilise both proteins, thereby providing 

an additional mechanism by which blue light stabilises GI protein (Kim et al., 2007b). 

The findings discussed above show that GI levels are tightly regulated at multiple points from 

circadian clock control of the transcript to protein accumulation/degradation in light and dark.  

1.9.6 Recombinant expression of GI 

Another direction taken to characterise GI was recombinant protein expression. To date it has not 

been possible to perform a biophysical characterisation of GI to determine how it might interact 

with other proteins or exert its multiple functions. This is due to the fact that it has not been 

possible to express large enough quantities of soluble GI protein (Black, 2007). It has therefore 

not been possible to determine its structure by X-ray crystallography, which might shed light on 

what functional domains the GI protein might possess, and what their biochemical properties 

might be. Neither has it been possible to raise antibodies against recombinantly expressed GI 

which could be used to detect GI in plant protein extracts. 

Nevertheless, it was possible to partially solubilise and stabilise full-length His-tagged GI protein 

expressed in E. coli, using the nonionic detergent n-dodecyl-β-D-maltoside (DDM) (Black, 2007). 

However, the quantities of soluble GI produced were insufficient to study the protein‘s 

biochemistry or structure (Black, 2007). Therefore, it was attempted to identify possible domains 

of GI, as these might be more soluble and stable than the full-length protein. Protein domains are 

regions that are independently folded and self-stabilising. There are several methods of 

identifying these domains, and the first one used was the identification of conserved regions of GI 

protein using bioinformatics. Twenty constructs were generated and used to express potential 

domains of GI with either a glutathione S-transferase (GST) or a His-tag. The proteins that were 

expressed exhibited different solubilities and stabilities, but at insufficient yield for further studies 

(Black, 2007). 

Subsequently, limited proteolytic digests of full-length GI expressed in E. coli were carried out, 

and 19 different GI fragments were identified by mass spectrometry. These resulted from digests 

as well as from naturally occurring degradation of GI. Based on mass spectrometry results and 

structure predictions for GI, potential domains around the 19 fragments were identified. 
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Constructs were made to express GST-tagged and His-tagged versions of the identified 19 

putative domains. Interestingly, all smaller fragments were found to be part of the N-terminal 

region of GI, which indicated that this region of the protein might be more stable than other 

regions which were degraded to such an extent, that no fragments of them could be found.  

The new constructs again showed a range of protein solubilities and stabilities, with two 

constructs being partially soluble in buffer containing DDM. These proteins were called H18 and 

H19 and comprised amino acids 2-426 and 46-426 of GI respectively (for H19 see Figure 1.10). 

Solubility of H19 was higher than of H18, leading to further studies of this protein construct. In 

addition, a ryegrass GI version of the H19 construct (RyeH19) was made to express the 

homologous GI domain from a different species in the hope that it might be more soluble or stable 

than the Arabidopsis H19 (now called AtH19). Both AtH19 and RyeH19 were analysed by circular 

dichroism spectroscopy, and the results indicated the presence of secondary structure and that 

they might be folded (Black, 2007). 

 

Figure 1.10: Arabidopsis GI protein 

The N-terminal region of GI interacts with ELF3, COP1, FKF1 and CDF1, while the C-terminal region only 

interacts with ELF3. The nuclear localisation signal (NLS) consists of 4 clusters of basic amino acids 

between residues 543 and 783. The GI-N construct comprises residues 1-391 and was shown to interact 

with FKF1, while the H19 construct comprises residues 46-426 and was shown to be moderately soluble 

and stable. 

However, it was later discovered that AtH19 was eluted in the void volume during size exclusion 

chromatography, pointing towards protein aggregation. Results from dynamic light scattering 

experiments and native PAGE (polyacrylamide gel electrophoresis) demonstrated that AtH19 

formed soluble aggregates. These aggregates were not thought to form during protein 

purification, as they were observed immediately after cell lysis (M. Black and C. Stockum, 

unpublished results). Additionally, it was not possible to purify AtH19 sufficiently to be crystallised 

for structure determination. In conclusion, the work of Black indicated that the H19 protein, both 

N CN CN CCC-terminal regionN-terminal region NLS

543 783
1-507: interact with ELF3 and COP1

908-1173: interact with ELF31-391: interact with FKF1 and CDF1
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from Arabidopsis and ryegrass, contained one or more domains of GI, but that the exact GI 

domain boundaries might not match with H19.  

Table 1.2 provides a summary of the functions of GI, the accumulation of GI mRNA and protein, 

GI interactors, and the results of recombinant expression of GI protein. All corresponding 

references can be found in this section. 

Table 1.2: GI Summary  

GI functions 

Flowering control, circadian clock, hypocotyl elongation, resistance to the herbicide 
paraquat, diurnal regulation of transpiration, cold and oxidative stress responses, 
starch accumulation, temperature compensation in the circadian clock, fruit set in 
response to crowding, seed dormancy, PHYB signalling, PHYA mediated 
photomorphogenesis, blue light signalling. 

GI mRNA 
Cycles in LD with peak at ZT10, in SD with peak at ZT8. 
Is under circadian clock control.  

GI protein 

Size: 127 kDa/1173 amino acids, nuclear localisation signal between amino acids 543 
and 783, localised in nucleus and cytosol. 
Cycles in LD with peak at ZT12, in SD with peak at ZT8. 
Cycles in SD when expressed under 35S promoter. 
Is degraded by the proteasome in the dark and stabilised by ZTL in the light. 
Is degraded in the dark after interaction with COP1 and ELF3. 

GI protein 
accumulation 

GI levels decline in response to darkness, and increase in response to light. 
Accumulation of GI protein in red and blue light. 

GI interactors 

In Arabidopsis: ZTL, FKF1, CDF1.  
In onion epidermal cells: COP1

1
, ELF3. 

In N. benthamiana: COP1, LKP2. 
In yeast two-hybrid assays and in vitro pull-downs: ZTL, LKP2, FKF1, CDF1, COP1, 
ELF3, SPY, BLH3, BLH10. 

Recombinant 
expression of GI 

Full-length GI expressed in E. coli: mostly insoluble and unstable; unsuitable for 
biophysical studies. 
GI fragments expressed in E. coli: Arabidopsis and ryegrass H19 moderately soluble 
and stable. 
GI-N fragment expressed in yeast and E. coli: shown to interact with FKF1 in vitro. 

1
only together with ELF3 
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1.10 Aim of this thesis 

The large number of interactors and pleiotropic effects of GI make it an intriguing subject for 

molecular biological and biochemical research. Uncovering the regulation of GI levels and the 

biochemical mechanism by which GI regulates the processes it is involved in has therefore long 

been a focus of research at the School of Biological Sciences (SBS) at the University of 

Auckland.  

The aim of this thesis was to build on the previous work on recombinant expression of GI (see 

section 1.9.6) and the regulation of GI accumulation in Arabidopsis (see section 1.9.5) performed 

in the AgResearch Structural Biology Laboratory and the Flowering Laboratory at SBS. 

Biophysical characterisation, and if possible structure determination, of GI were to be carried out 

by recombinant protein expression and subsequent analysis of the protein. Regulation of GI 

mRNA and protein levels was studied in Arabidopsis. 

Two approaches were taken to express GI for biophysical characterisation and structure 

determination: firstly, putative domains of ryegrass and Arabidopsis GI (RyeH19 and GI-N) were 

expressed in E. coli (Chapter 3), and secondly, full-length Arabidopsis GI protein was expressed 

in baculovirus infected insect cells (Chapter 4).  

To establish which photoreceptors might be involved in the stabilisation of GI protein in the light, 

transgenic mutant and WT Arabidopsis lines were generated, carrying a pGI::GI-TAP construct 

introduced by transformation or crossing (Chapter 5). The lines were characterised and GI-TAP 

levels were measured by quantitative Western Blot using antibodies against the TAP tag. At the 

same time, reverse transcription real-time PCR was performed to complement the data on GI 

protein levels, to be able to distinguish between transcriptional and post-transcriptional control of 

GI cycling (Chapter 6). Additionally, experiments were carried out in which plants were grown in 

different colours of light, and again GI mRNA and protein levels were investigated. GI mRNA 

stability was studied at different times of the day and under different light conditions (Chapter 7). 
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2 MATERIALS AND METHODS 

2.1 Recombinant expression of GI protein 

This section describes materials and methods used for recombinant expression of GI protein in E. 

coli and baculovirus infected insect cells. 

2.1.1 Laboratory equipment 

 Micropulser™ Electroporation Apparatus: Bio-Rad, USA 

 NanoDrop® ND-1000 Spectrophotometer: NanoDrop Technologies, USA 

 PCR Machine: GeneAmp® PCR System 9700, Applied Biosystems, USA 

 Microscope used for Sf9 cell counting: Nikon TMS, Nikon Corporation, Japan 

 Microscope used for fluorescence microscopy: Leica DC 500, Leica Microsystems GmbH, 

Germany (filters see Table 2.4) 

 HisTrapTM FF column: GE Healthcare, UK 

 MonoQ HR 5/5 anion exchange column: GE Healthcare, UK 

 ÄKTA Prime™ system: Amersham Biosciences, USA 

 ÄKTA Purifier™ system: Amersham Biosciences, USA 

 MALDI-TOF MS: Voyager-DETM PRO Biospectrometry Workstation, Applied Biosystems, 

USA 

 MS/MS: QSTAR® XL Hybrid LC/MS/MS System, Applied Biosystems, USA 

 Heλios Gamma spectrophotometer: Thermo Spectronic, UK 

2.1.2 Software 

 ProtParam: tool on the online ExPASy server (Gasteiger et al., 2003, see introduction to 

this thesis) (http://www.expasy.org/tools/protparam.html) 

 AutoDeblur: part of AutoQuant X from MediaCybernetics 

 ImageJ: Rasband, W.S., ImageJ, National Institutes of Health, Bethesda, Maryland, USA, 

http://rsb.info.nih.gov/ij/, 1997-2004 

 AnalySIS LS Research: Soft Imaging Systems GmbH, Germany 

 Plasmid Processor Version 1.02: T. Kivirauma, P. Oikari, J. Saarela, Department of 

Biotechnology, University of Kuopio, Finland 

http://www.expasy.org/tools/protparam.html
http://rsb.info.nih.gov/ij/
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2.1.3 Buffers and solutions 

2.1.3.1 Chemicals and consumables 

2.1.3.1.1 General materials 

General chemicals and reagents for this work were purchased from the following suppliers: Merck 

(Germany), Invitrogen (USA), BDH Laboratory Supplies (England), AppliChem (Germany), 

Scharlau (Spain), Becton, Dickinson and Company (France) and Sigma-Aldrich Chemicals (USA).  

2.1.3.1.2 Consumables 

 Precision Plus ProteinTM Standards: Bio-Rad, USA 

 1 kb plus DNA Ladder: Invitrogen, USA 

 DNA polymerase: Platinum Taq from Invitrogen, USA 

 PCR buffer: 10x buffer –MgCl2 and 50 mM MgCl2 from Invitrogen, USA 

 dNTPs: Roche, Germany  

 IPTG (isopropyl-1-thio-β-D-galactopyranoside): made as 1 M stock in MilliQ water, filter 

sterilised, stored at -20°C and used as 1:1000 dilution 

 Complete Mini EDTA free protease inhibitor cocktail tablets: Roche, Germany 

 GeneJuice®: Novagen®, Merck, Germany 

 Phenylmethylsulfonyl fluoride (PMSF): 70 mg/mL stock in ethanol 

 DNase: DNaseI type II from bovine pancreas, Sigma-Aldrich, USA 

 Benzonase® Nuclease: Novagen®, Merck, Germany 

 ProfinityTM IMAC Ni-charged resin: Bio-Rad, USA 

 TALONTM Metal Affinity Resin: Clontech, USA 

 Glutathione SepharoseTM 4B: GE Healthcare, UK  

 Chromatography columns: Poly-Prep and Econo-Pac Columns from BioRad, USA 

 Minisart® single use filter units, 0.2 μm: Sartorius, Germany 

 Supor®200 membrane filters, 0.2 μm: PALL Corporation, USA 

 Spectra/Por® 6-8 kDa molecular weight cut-off dialysis tubing: Spectrum Laboratories Inc., 

USA 

 Vivaspin 10 kDa molecular weight cut-off 2 and 20 mL concentrators: Sartorius AG, 

Germany 

 Citifluor AF1: Citifluor Ltd, UK  

 Low fluorescence immersion oil type DF: ProSciTech, Australia 
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2.1.3.1.3 Antibodies 

 Primary: Anti-His Antibody, GE Healthcare, UK (mouse anti-His antibody from ascites 

fluid) 

 Secondary: Goat anti-mouse Alexa Fluor from Invitrogen, USA; Alexa Fluor 488 for green, 

Alexa Fluor 568 for red. 

2.1.3.1.4 Media 

 Growth Medium (GM): 0.5% (w/v) yeast extract, 2% (w/v) tryptone, 20 mM MgSO4.7H2O, 

pH to 7.6 using KOH, autoclaved 

 SOC: 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, filter sterilised 

 LB: 1% (w/v) bacto-tryptone, 0.5% (w/v) yeast extract, 85 mM NaCl, adjust pH to 7.0 with 

NaOH, for plates added 1.5% (w/v) agar (HiMedia Labs Pvt. Ltd, India), autoclaved 

 Sf-900 II Serum-Free Medium: Invitrogen, USA 

 Sf-900 III Serum-Free Medium: Invitrogen, USA 

2.1.3.1.5 Buffers and dyes 

 4x SDS loading buffer: 200 mM Tris-HCl, pH 6.8; 4% (w/v) SDS; 40% (v/v) glycerol; 400 

mM β-mercaptoethanol; 0.4% Bromophenol Blue 

 1x TBE: 45 mM Tris-borate, 1 mM EDTA, pH 8.0; Bought as 10x TBE from Roche, 

Germany. 

 Tfb I: 30 mM KOAc, 100 mM RbCl, 10 mM CaCl2.2H2O, 50 mM MnCl2.4H2O, 15% (v/v) 

glycerol, pH to 5.8 using acetic acid, filter sterilised. 

 Tfb II: 10 mM MOPS, 10 mM RbCl, 75 mM CaCl2.2H2O, 15% (v/v) glycerol, pH to 6.5 

using KOH, filter sterilised. 

 Stacking buffer: 200 mM Tris-HCl, pH 6.8; 0.1% (w/v) SDS, 8% (v/v) acrylamide/Bis, 0.1% 

(w/v) ammonium persulfate, 0.05% (v/v) TEMED 

 Resolving buffer: 375 mM Tris-HCl, pH 8.8; 0.1% (w/v) SDS, 8% (v/v) acrylamide/bis, 

0.1% (w/v) ammonium persulfate, 0.05% (v/v) TEMED 

 SDS Running buffer: 25 mM Tris-HCl, pH 6.8; 0.1% (w/v) SDS; 192 mM glycine 

 Coomassie blue stain: 0.2% (w/v) Coomassie Blue R-250; 45% (v/v) methanol; 10% (v/v) 

glacial acetic acid 

 6 x DNA Loading dye: 0.25% bromophenol blue, 0.25% xylene cyanol FF, 30% glycerol 
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2.1.3.1.6 Antibiotics 

 AMP (ampicillin): made as 100 mg/mL stock in MilliQ water, used at 100 μg/mL  

 CAM (chloramphenicol): made as 34 mg/mL in 95% ethanol, used at 34 μg/mL 

 KAN (kanamycin): made as 10 mg/mL stock in MilliQ water, used at 50 μg/mL 

 GENT (gentamicin): made as 7 mg/mL stock in 50% methanol, used at 7 μg/mL 

 TET (tetracycline): made as 10 mg/mL stock in 70% ethanol, used at 10 μg/mL 

All antibiotics were stored as 1 mL aliquots, and added to the media after autoclaving. 

2.1.3.1.7 Plasmids 

Table 2.1: Plasmids used in this work 

Name Description Use 

pR30 pBluescript
TM

 SK+ with GI cDNA bases -26-
3519, missing most of the 5‘ UTR; made by R. 
Milich, Putterill Laboratory (pBluescript

TM
 SK+ 

from Stratagene, USA) 

Cloning of GI into 
pFastBac for expression 
in Sf9 cells 

pGEM
®
-T Easy From Promega, USA  

 
Cloning of GI into 
pFastBac for expression 
in Sf9 cells 

pFastBac
TM

 Dual and 
pFastBac

TM
HT B 

From Invitrogen, USA   
 

Expression of GI in Sf9 
cells 

pMelFastBac
TM

  pFastBac
TM

HT B plus melittin secretory signal at 
N-terminus, made and kindly provided by J. 
Dickson, Structural Biology Laboratory 

Expression of GI in Sf9 
cells 

pProEX-HTbRyeGI-H19 Ryegrass GI bases 136-1278 in pProEX-HTb; 
made by M. Black, Putterill Laboratory (pProEX-
HTb from K. David, Putterill Laboratory)  

Expression of ryegrass GI 
domain in E. coli 

pDEST15-GI-N Arabidopsis GI bases 1-391 in pDEST15; kindly 
provided by T. Imaizumi (Sawa et al., 2007) 

Expression of Arabidopsis 
GI domain in E. coli 

pUC19 From Fermentas Inc., Canada Determination of 
transformation efficiency 
of chemically competent 
E. coli cells 

Table 2.2: Plasmids made in this work 

Name Description Use 

pCS1 derived from pR30, GI cDNA with shorter 5‘UTR 
(bases -9-3519) plus BamHI restriction site 
introduced  

Cloning of GI into 
pFastBac

TM
 vectors  

pDCS1 pFastBac
TM

 Dual with GI cDNA (derived from pCS1) Expression of GI in Sf9 
cells 

pHCS1 pFastBac
TM

HT B with GI cDNA (derived from pCS1) Expression of GI in Sf9 
cells 

pMCS1 pMelFastBac
TM

 with GI cDNA (derived from pCS1) Expression of GI in Sf9 
cells 

Plasmid maps can be found in appendix A. 
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2.1.3.1.8  Bacterial strains and insect cells 

 E. coli DH5α (genotype: fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 gyrA96 

recA1 relA1 endA1 thi-1 hsdR17): from Invitrogen, USA 

 E. coli DH10 MultibacTM: DH10 cells (genotype: F- araDJ39 Δ (ara, leu)7697 Δ lacX74 

galU galK hsdR hsdM+ rpsL deoR Φ80ΔlacZΔM15 endAI nupG recAl mcrA mcrB) 

containing a modified baculovirus genome lacking the genes for v-cath and chiA: 

Redbiotech, Switzerland 

 Spodoptera frugiperda (Sf9) ovarian cells, Invitrogen, USA 

2.1.3.1.9 Primers 

Table 2.3: Primers used for GI cloning and plasmid sequencing 

Name Sequence Target Use 

BamHI_pR30  (5‘)AGGTACCGGATCCAT
GGCTAGTTCATCTTCATC
TG(3‘) 

anneals to pR30 in GI 
5‘UTR 

Introduction of BamHI 
restriction site 

SstI_pR30 (5‘)GGTTGGCGGCTTGAG
CTC(3‘) 

anneals to pR30 AT SstI 
restriction site in GI cDNA  

Introduction of BamHI 
restriction site, 
sequencing of pCS1, 
pDCS1, pHCS1 and 
pMCS1 

pProExdiag_forw (5‘)AGCGGATAACAATTT
CACAC(3‘) 
 

anneals to pProEX-HTb 
immediately upstream of 
ribosome binding site 

Sequencing of pProEX-
HTbRyeGI-H19 

pProExdiag_rev (5‘)CGTTCACCGACAAAC
AACAG(3‘) 
 

anneals to pProEX-HTb ~ 
260 bases downstream of 
multiple cloning site 

Sequencing of pProEX-
HTbRyeGI-H19 

21M13/pUC 
forward 

(5‘)TGTAAAACGACGGCC
AGT (3‘) 

sequencing primer, 
provided by facility

1
 

Sequencing of pR30 

M13/pUC reverse (5‘)CAGGAAACAGCTATG
ACC(3‘) 

sequencing primer, 
provided by facility

1
 

Sequencing of pR30 

T7 (for) (5')TAATACGACTCACTAT
AGGG(3') 

sequencing primer, 
provided by facility

1
 

Sequencing of pGEM-T 
Easy 

SP6 (rev) (5‘)CATACGATTTAGGTG
A ACTATAG(3‘) 

sequencing primer, 
provided by facility

1
 

Sequencing of pGEM-T 
Easy 

1DNA Sequencing Facility at the University of Auckland Centre for Gene Technology 

2.1.4 General methods used for recombinant GI protein expression 

2.1.4.1 Agarose gel electrophoresis 

DNA was separated according to the length of the nucleic acid chain using agarose gel 

electrophoresis and visualised using ethidium bromide staining. PCR products and vector digests 

were run on 1% agarose gels for purification and/or visualisation of results of digests. Gels were 
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made and run using TBE buffer. Samples were loaded onto the gel after suspension in 1x DNA 

loading dye (see 2.1.3.1.5). Each gel also contained a 1 kb plus ladder as a size marker. 

Electrophoresis was carried out with a limiting voltage of 100V and gels were then stained for 15-

25 minutes. DNA bands were visualised and gels were photographed using a Bio-Rad Gel Doc 

XR system.  

2.1.4.2 Purification of DNA fragments 

Digests of vectors were run on 1% agarose gels (see2.1.4.1), from which the desired insert or 

vector band was cut out, and the DNA was purified using the Invitrogen PureLinkTM Quick Gel 

Extraction Kit. Purifications were performed according to the manual supplied by the 

manufacturer. Elution was performed into 50 µL MilliQ water. Concentration and purity of the 

resulting DNA was determined using a NanoDrop® ND-1000 spectrophotometer (see2.1.4.3). 

PCR products were analysed by agarose gel electrophoresis (2.1.4.1) for the formation of a single 

product. If the presence of a single band on the agarose gel confirmed that the PCR was 

successful, the PCR products were purified using the Invitrogen PureLinkTM PCR Purification Kit. 

Purifications were performed according to the manual supplied by the manufacturer, using 

binding buffer HC and eluting in 50 µL elution buffer.  

2.1.4.3 DNA quantitation  

DNA concentrations were determined using a NanoDrop® ND-1000 spectrophotometer. The 

NanoDrop® measures the absorbance of nucleic acid or protein samples over a 1 mm path 

length. Blanking was performed using the same buffer the DNA was suspended in with all 

measurements using 1 μL of solution applied to the NanoDrop® platform. Absorbance 

measurements were made at wavelengths of 260 and 280 nm. The concentration of the DNA was 

determined using a modification of the Beer-Lambert equation, which allows the use of an 

extinction coefficient with units of ng-cm/mL. The resulting unit for the concentration of the DNA is 

therefore ng/µL. The equation used is: 
l

A
c , where c is the concentration of the DNA in 

ng/µL, A is the absorbance at 260 nm in AU, ε is the wavelength-dependent extinction coefficient 

in ng-cm/µL, and l is the path length of the spectrophotometer in cm. For double stranded DNA, 

the wavelength-dependent extinction coefficient is 50 ng-cm/µL. Purity of the DNA was 

determined using the ratio of the absorbencies at 260 nm and 280 nm (A260/280). A ratio of 

approximately 1.8 indicated ideal DNA purity, while lower ratios indicate the presence of 

contaminant protein, phenolics or other compounds that strongly absorb at or near 280 nm. 
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2.1.4.4 DNA sequencing 

All sequencing reactions were performed by K. Boxen at the DNA Sequencing Facility at the 

University of Auckland Centre for Gene Technology. Purified and quantified plasmid DNA and in 

some cases primers were delivered to the facility, which provided any additionally required 

primers and all reagents. Each sequencing reaction required 5 µL of plasmid DNA (at 200 ng/µL) 

and 5 µL of the sequencing primers (at 5 pmol/µL). Reactions were performed on a 3130XL 

capillary DNA sequencer (Applied Biosystems), with BigDye version 3.1 Dye terminator chemistry 

(Applied Biosystems) on a 9700 thermal cycler (Applied Biosystems).  

Plasmids used in this work were at least partially sequenced to confirm the identity and correct 

reading frame of the insert and presence of restriction sites. pProEX-HTbRyeGI-H19 was 

sequenced with pProEXdiag_forw and pProEXdiag_rev. pR30 was sequenced using M13 forward 

and reverse primers, pGEM®-T Easy was sequenced using T7 and SP6 primers and pCS1, 

pDCS1, pHCS1 and pMCS1 were sequenced using the SstI_pR30 primer. In the case of pCS1 

the sequencing information was also used to determine the exact number of bases between the 

BamHI restriction site and the ATG of GI to select the appropriate pFastBacTM HT vector to 

maintain the reading frame between the vector encoded N-terminal His-tag and the GI coding 

sequence. pKD16 was sequenced using pGI1 and pGI13. 

All primer sequences see Table 2.3 and Table 2.6. 

2.1.4.5 Preparation of chemically competent E. coli cells 

Sterile GM (250 mL) was inoculated with 2.5 mL of an overnight culture of E. coli DH5α cells 

(grown in GM). The 250 mL culture was then grown in a 1 L conical flask with shaking at 37ºC to 

an OD600 of 0.5. Cells were cooled on ice for 1 h, then harvested by centrifugation at 3500 rpm for 

10 min at 4ºC in a 600 mL centrifuge bottle in a swing out rotor. The supernatant was poured off 

and the pellet was gently resuspended in 250 mL Tfb I. Resuspension was performed by gently 

swirling the centrifuge bottle while sitting on ice. Cells were then harvested by centrifugation at 

3500 rpm for 10 min at 4ºC. The supernatant was poured off and the cells were gently 

resuspended in 20 mL Tfb II. Resuspension was performed by gently swirling the centrifuge bottle 

while sitting on ice. Cells were aliquoted (200 μL per tube) and snap frozen in liquid nitrogen. 

Aliquots were stored at -80ºC. Transformation efficiency of the competent cells was determined 

using empty pUC19 vector (see Table 2.1). It was found to be 2.4 x 106 transformants per µg of 

DNA. 
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2.1.4.6 Heat shock transformation of E. coli DH5α cells 

For cloning, chemically competent DH5α cells were transformed using the heat shock method. 

Competent cells were prepared as described in 2.1.4.5. Per transformation, 100 μL of cells were 

thawed on ice and carefully mixed with the plasmid DNA. This mix was then incubated on ice for 

15 min. Heat shock was performed for 5 min at 37ºC in a water bath. After this, the transformed 

cells were transferred into pre-warmed SOC medium and incubated at 37ºC with shaking. Cells 

were then plated onto LB-Agar plates supplemented with the appropriate antibiotic for selection of 

transformed cells and grown overnight at 37ºC. 

2.1.4.7 Electroporation of E. coli BL21 (DE3) cells 

Electro-competent BL21 (DE3)/pRI952 cells were transformed with pProEX-HTbRyeGI-H19 or 

pDEST15-GI-N using electroporation. Competent cells were kindly provided by M. Black, 

Structural Biology Laboratory. They were prepared following the method described in the 

―Microbuses™ Electroporation Apparatus Operating Instructions and Applications Guide‖ (Bio-

Rad), and stored at -80°C in 50 µL aliquots. For each transformation, 50 µL of cells were thawed 

on ice and carefully mixed with 1 ng of plasmid DNA. This mix was transferred into a pre-cooled 

0.2 cm electroporation cuvette (Bio-Rad) and electroporated once at 25 kV (preset progamme 

―Ec2‖), using a Micropulser™ Electroporation Apparatus. LB (1 mL) was then added to each 

transformation and the cells were transferred into a 1.5 mL microfuge tube. Cells were grown at 

37ºC with shaking for 1 h, then they were plated onto LB-Agar plates supplemented with the 

appropriate antibiotics and grown overnight at 37ºC. Plates were kept at 4°C for up to 3 weeks, 

then a fresh transformation was performed. 

2.1.4.8  Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

Visual analysis of proteins expressed in E. coli and Sf9 cells was carried out by SDS-PAGE 

(Laemmli, 1970). Ryegrass H19 and GI-N preparations were run on 12% acrylamide gels, while 

samples of full-length GI expressed in Sf9 cells were run on 8% gels. In both cases 4% stacking 

gels were used, and all gels were made using the buffers described above (2.1.3.1.5). All 

samples (between 10 and 20 µL) were suspended in SDS loading buffer and boiled for 5 min at 

95°C. Samples were loaded into the wells of the stacking gel along with a protein ladder 

(Precision Plus ProteinTM Standards, Bio-Rad). Electrophoresis was carried out in SDS running 

buffer with a constant current of 15 mA per gel. Gels were run until the dye front reached the 

bottom of the gel and stained with Coomassie Blue stain for 15-30 min with gentle shaking 

(50 rpm). Destaining was then performed by repeated washes in destain until the background of 
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the gel became clear. Protein molecular weights were estimated in comparison to the protein 

ladder. 

2.1.4.9 Identification of proteins by MALDI-TOF 

A 2 mm2 piece of gel was excised from within a gel band that, based on its molecular weight, was 

anticipated to contain RyeH19 or full-length GI protein. This was submitted to the University of 

Auckland Centre for Genomics and Proteomics (C. Buchanan and M. Middleditch) for protein 

identification by MALDI-TOF MS (matrix assisted laser desorption/ionisation-time of flight mass 

spectrometry). Subsequent peptide mass finger printing (PMF) used the Matrix Science Mascot 

search engine (www.matrixscience.com).  

2.1.5 Expression of ryegrass GI-H19 (RyeH19) in E.coli 

pProEX-HTbRyeGI-H19 (see Table 2.4) was kindly provided by M. Black, Structural Biology 

Laboratory. The concentration of plasmid was determined using the NanoDrop® (see 2.1.4.3), and 

it was transformed into E.coli BL21 (DE3)/pRI952 cells by electroporation (see 2.1.4.7). E.coli 

BL21(DE3) cells (E. coli B F- dcm ompT hsdS(rB- mB-) gal λ (DE3) contain an IPTG inducible 

chromosomal copy of the T7 polymerase gene. After IPTG addition to the cultured cells, T7 

polymerase is expressed and binds to T7 promoter regions on pProEx-HTb, driving expression of 

the cloned RyeH19. Cells used in this work contain a second plasmid called pRI952, which 

carries genes for tRNA molecules specific for the isoleucine codon AUA, and the arginine codons 

AGA and AGG (Del Tito et al., 1995). These particular codons are used less frequently in E. coli 

than e. g. in Arabidopsis, which means that the corresponding tRNAs are rarer (Ikemura, 1981). 

This can lead to problems with translation of non-bacterial transcripts containing these specific 

codons, which may cause ribosome stalling due to tRNA depletion. Undesired results of this 

stalling can be premature termination of translation, truncation or total loss of protein through 

proteolytic degradation. pRI952 also encodes a gene for CAM resistance to allow for plasmid 

maintenance, therefore CAM needs to be included in the medium when working with this plasmid.  

2.1.5.1 Buffers for RyeH19 expression and purification 

 Lysis buffer: 10 mM HEPES, pH 8.0; 10 mM imidazole, pH 8.0; 150 mM NaCl; 0.2% (w/v) 

DDM (n-dodecyl-ß-D-maltoside) 

 IMAC-A buffer: 10 mM HEPES, pH 8.0; 10 mM imidazole, pH 8.0; 150 mM NaCl; 0.2 mM 

DDM; filtered before DDM addition 

 IMAC-B buffer: 10 mM HEPES, pH 8.0; 1 M imidazole, pH 8.0; 150 mM NaCl; 0.2 mM 

DDM; filtered before DDM addition 
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 IEC-A buffer: 10 mM HEPES, pH 8.0, 50 mM NaCl, 0.2 mM DDM 

 IEC-B buffer: 10 mM HEPES, pH 8.0, 1 M NaCl, 0.2 mM DDM 

2.1.5.2 Methods for RyeH19 expression and purification 

2.1.5.2.1 pProEX-HTbRyeGI-H19 isolation from E. coli 

From the transformation plate (see2.1.4.7) a single colony was picked and used to inoculate 

4.5 mL LB +AMP +CAM liquid cultures in 50 mL polypropylene tubes. After 24 h incubation with 

shaking at 37°C, pProEX-HTbRyeGI-H19 plasmid DNA was isolated from these E. coli cultures 

using the Roche High Pure Plasmid Isolation Kit (Roche, Germany). Isolations were performed 

according to the manual supplied by the manufacturer. Plasmid DNA was eluted in 65 μL MilliQ 

water.  

2.1.5.2.2 RyeH19 protein expression 

Single colonies were picked from a fresh transformation plate (see2.1.4.7), and used to inoculate 

20 mL LB +AMP +CAM liquid cultures in 50 mL polypropylene tubes. Cultures were incubated at 

37°C with shaking, and after 16-18 h used to seed 1 L pre-warmed LB +AMP +CAM cultures in 2 

L baffled flasks. Flasks were incubated at 37°C with shaking at 170 rpm until bacterial growth 

reached the optimal density for IPTG induction. This was determined by taking a 1 mL sample of 

the bacterial culture and measuring the optical density at 600 nm (OD600). The optimal OD600 of 

0.5-0.7 was usually reached after 3-4 h. Cells were then cooled on ice for 1 h, and induced with 1 

mL of IPTG per 1 L culture, before they were placed in an incubator at 10°C. A 3 mL pre-induction 

sample was taken, and the cells were incubated with shaking for 22-26 h. A 3 mL post-induction 

sample was then taken and the cells were harvested by centrifugation for 20 min at 4°C at 4000g. 

Each pellet from a 1 L culture was resuspended in 30 mL freshly made, pre-cooled lysis buffer, 

and stored at -20°C in 50 mL polypropylene tubes. Pre- and post-induction samples were 

centrifuged at 16,000g immediately after they were taken, and the pellets were resuspended in 

300 μL lysis buffer before they were frozen. Samples were lysed (see 2.1.5.2.3) and analysed on 

12% SDS gels (see 2.1.4.8). 

2.1.5.2.3 Cell lysis and separation of soluble supernatant 

2.1.5.2.3.1 Small scale tests (pre- and post-induction samples) 

An additional 300 μL of lysis buffer was added to each 300 μL of thawed cells in lysis buffer. Cells 

were sonicated using a micro probe and 0.5 sec sonication bursts. Samples were pulsed four 

times for 4 sec each and then cooled on ice for 20 sec. This process was repeated 3 times for 

each sample, then the lysed cells were centrifuged at 16,000g at 4°C for 10 min. Soluble 
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supernatants were taken off, and transferred into fresh tubes, while the insoluble pellets were 

resuspended in 600 μL of lysis buffer. 

2.1.5.2.3.2 Large scale expression of RyeH19 

Frozen cells from a 1 L culture were thawed in a beaker with water and placed on ice. A further 

10 mL of lysis buffer were added to give a total volume of 40 mL. β-Mercaptoethanol was added 

to 1 mM and one Complete MiniTM protease inhibitor cocktail tablet per tube. Cells were 

transferred into a plastic beaker sitting in an ice/water bath, and lysed by sonication for 15 min in 

0.5 sec pulses. The lysate was centrifuged at 10,000g for 30 min at 4°C. The supernatant 

containing soluble protein was filtered (0.2 µm filter), transferred into a fresh tube and stored on 

ice until IMAC purification. The cell pellet containing insoluble material was resuspended in 40 mL 

lysis buffer and stored at 4°C. 

2.1.5.2.4 Small scale pull-down of RyeH19 

Bio-Rad ProfinityTM resin (50 μL) was transferred into a 1.5 mL microfuge tube and centrifuged at 

4000g. The storage buffer was taken off and the resin was resuspended in 250 μL MilliQ water. 

Centrifugation was repeated and the supernatant was removed. This wash was performed twice 

with water, then the resin was equilibrated with 250 μL lysis buffer in the same manner. The 

soluble lysate (~ 500 μL) was then added to the resin, and they were incubated on an inversion 

shaker at RT for 20 min. The solution was centrifuged for 2 min at 4000g and the supernatant 

was transferred into a fresh tube (unbound fraction). The resin was resuspended in 250 μL lysis 

buffer, and centrifuged for 2 min at 4000g. The supernatant was taken off (wash fraction 1), and a 

second and third wash were performed in the same manner (wash fractions 2 and 3). After the 

third wash, the resin was resuspended in 15 μL SDS loading buffer, which was also added to the 

15 μL samples taken from all the fractions collected during the pull-down. All samples were boiled 

and analysed on SDS gels as described in 2.1.4.8. When boiling in SDS loading buffer, bound 

proteins were denatured and released from the resin. 

2.1.5.2.5 IMAC purification of RyeH19 

Immobilised metal affinity chromatography (IMAC) was used as a first step for large scale 

purification of RyeH19. This is possible as RyeH19 was expressed in pProEX-HTb, which 

facilitates an in-frame fusion of an amino terminal His-tag, joined by a spacer region and an rTEV 

cleavage site to the protein of interest. The His-tag is able to bind to resins with immobilised 

cations such at Ni2+ or Co2+ (Hochuli et al., 1987), and can therefore be used for separation of the 

fusion protein from other proteins without His-tags. As the His-tag is very small, it usually does not 

affect secretion, compartmentalisation or folding of a protein, or alter its structure or function. In 
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this work, 5 mL HisTrapTM FF columns (GE Healthcare, UK) were used, which were pre-packed 

with Ni Sepharose 6 Fast Flow resin. This resin consists of 90 μm beads of highly cross-linked 

agarose, on which a chelating ligand has been immobilised. The ligand can be charged with Ni2+ 

ions, which can bind His-tagged proteins. Proteins without His-tags will flow through the column 

and can be separated from tagged proteins. His-tagged, bound proteins can be eluted using an 

increasing gradient of imidazole, which competitively binds the Ni2+ ions, displacing the His-

tagged proteins from the resin (Hoffmann and Roeder, 1991). 

All buffers and solutions used for IMAC were filtered by vacuum filtration using 0.2 μm Supor® 200 

membrane filters, and pre-cooled to 4°C. Large scale RyeH19 expression was performed as 

described in 2.1.5.2.3.2. The HisTrapTM column was freshly charged before each use with one 

column volume (CV) of 0.1 M NiCl2, followed by washing with at least 3 CV MilliQ water. After 

each use it was stripped with 2 CV of 0.5 M EDTA, washed with at least 3 CV of MilliQ water and 

stored in 20% ethanol. All these steps, loading of the filtered lysate and equilibration of the 

column were performed by hand using a syringe. Elution was performed at 4°C using an ÄKTA 

PrimeTM system. 

The freshly charged column was equilibrated with 3 CV cold IMAC-A buffer, the filtered lysate 

was loaded, and flow-through collected. The column was washed with 30 mL of cold IMAC-A 

buffer, and this wash was also collected. The column with bound protein was connected to an 

ÄKTA PrimeTM system and a 40 mL linear elution gradient was run at a flow rate of 1 mL/min. The 

gradient started with 100% IMAC-A buffer and 0% IMAC-B buffer (corresponding to an imidazole 

concentration of 10 mM), and ended with 50% of each of the two buffers (corresponding to an 

imidazole concentration of ~0.5 M). During the elution 1 mL fractions were collected. After elution, 

the column was washed with 20 mL IMAC-A and 20 mL IMAC-B buffer and both washes were 

collected. The ÄKTA PrimeTM has a UV lamp, which can be used for detection of protein at 280 

nm as it is eluted from the column. UV traces generated by this method were used to determine 

which elution fractions contained the largest amounts of protein. These were then analysed on 

SDS gels (see 2.1.4.8), and pooled. 

2.1.5.2.6 Ion-exchange chromatography (IEC) of RyeH19 

RyeH19 has a theoretical pI of 6.0 (calculated using ProtParam), and is therefore negatively 

charged in IMAC buffers, which have a pH of around 8. This negative charge can interact with the 

positively charged stationary phase of an anion-exchange column, therefore anion-exchange 

chromatography was selected for this work. In this method negatively charged proteins are 

retained in a column with positively charged resin, while proteins that are positively charged or 
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uncharged pass through. Using a salt (NaCl) gradient the negatively charged proteins can be 

eluted from the column, as they will be displaced by the anions of the salt. The strength of the 

interaction between the protein and the resin determines which salt concentration is needed to 

elute a particular protein. Therefore, the protein of interest can be separated from proteins that 

have a weaker or stronger negative charge at the pH at which the chromatography is performed. 

In this work a MonoQ HR 5/5 column was used, which contains a 1 mL bed volume of 

MonoBeads with immobilised quaternary amino functional groups. These groups stay negatively 

charged over a pH range from 2 to 12. All buffers and solutions used for IEC were filtered by 

vacuum filtration using 0.2 μm Supor® 200 membrane filters, and pre-cooled to 4°C. 

IMAC purified RyeH19 was suspended in a buffer containing 150 mM NaCl, a salt concentration 

too high for IEC. It was therefore dialysed overnight at 4°C into a low salt buffer (IEC-A buffer). 

This was performed in 1 L buffer, using dialysis tubing with a 6-8 kDa molecular weight cut-off 

pore size. To prevent growth of microorganisms and degradation of RyeH19 by proteases, 

sodium azide was added to a final concentration of 0.02% (w/v) , EDTA to 1 mM and 50 μL of a 

Complete MiniTM EDTA free protease inhibitor cocktail tablet, dissolved in 1 mL MilliQ water. The 

protein solution was filtered through a 0.2 μM Minisart filter. All following steps were performed on 

an ÄKTA PurifierTM system at 4°C with a flow rate of 1 mL/min. Protein was loaded onto the anion 

exchange column, which had been washed with MilliQ water and equilibrated in IEC-A buffer (10 

CV each). Flow-through of the load was collected, and loading was followed by a 10 mL wash 

with IEC-A buffer, which was also collected. Elution was performed using a 30 mL linear NaCl 

gradient, which ran from 100% IEC-A buffer and 0% IEC-B buffer (50 mM NaCl) to 50% of each 

of the two buffers (~ 500 mM NaCl). 1 mL elution fractions were collected and the UV trace was 

used to determine which ones contained high concentrations of protein. Fractions corresponding 

to the peaks of the UV trace were stored at 4°C and analysed by SDS-PAGE (see2.1.4.8). The 

column was washed with a minimum of 400 CV of MilliQ water to remove all traces of the 

detergent (DDM) present in the elution buffers, and stored in 20% ethanol.  

2.1.5.2.7 RyeH19 protein concentration 

Single fractions were concentrated using Vivaspin 2 concentrators, pooled fractions across peaks 

using Vivaspin 20 concentrators. Both concentrators have a 10 kDa molecular weight cut-off and 

were centrifuged at 4600g. Vivaspin 2 concentrators were equilibrated using 500 µL of IEC-A 

buffer, Vivaspin 20 concentrators using 2 mL IEC-A buffer. Single fractions were concentrated 

down to 100 µL, pooled fractions to 1 mL. To reduce the salt concentration in the protein 

solutions, equal volumes (100 µL and 1 mL) IEC-A buffer were added to the concentrated 

samples, and they were concentrated to 100 μL and 1 mL again. This was repeated four times. 
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2.1.5.2.8 RyeH19 protein quantitation 

The concentration of purified RyeH19 was determined using a NanoDrop® ND-1000 

spectrophotometer (see 2.1.4.3). Absorbance measurements were made at a wavelength of 280 

nm, and IEC-A buffer was used for blanking. Once the absorbance of the protein solution was 

determined by the NanoDrop®, this value was used to calculate the concentration of RhyH19 

using a modification of the Beer-Lambert equation: 
l

A
c , where c is the concentration of the 

protein in mg/mL, A is the absorbance at 280 nm in AU, ε is the wavelength-dependent extinction 

coefficient in g/L, and l is the path length of the spectrophotometer in cm. For RyeH19, the 

wavelength-dependent extinction coefficient is 1.33 g/L (calculated using ProtParam), and the 

path length of the NanoDrop® is 0.1 cm.  

2.1.5.2.9 LC-MS/MS of protein samples separated by SDS-PAGE 

Approximately 8 μg of concentrated protein was run on a 12% SDS gel (see 2.1.4.8), and each 

protein band was assigned a letter. The gel was taken to Bender MassSpec at the School of 

Biological Sciences of the University of Auckland, where D. Palmer and V. Kelly performed all 

following steps. A piece of gel was excised from each band, the protein was extracted and 

digested with trypsin, and liquid chromatography tandem mass spectroscopy (LC-MS/MS) was 

performed on all bands. Subsequent peptide mass finger printing using the Matrix Science 

Mascot search engine (www.matrixscience.com) was used identify the protein the peptides 

resulted from (RyeH19 or contaminating E. coli proteins). Peptide sequences were supplied to the 

author of this thesis and compared to the ryegrass GIGANTEA amino acid sequence to determine 

the exact amino acid composition of the RyeH19 breakdown product in each band.  

2.1.5.2.10 LC-MS/MS of protein samples in solution 

IMAC and IEC purified, concentrated RyeH19 was taken to the University of Auckland Centre for 

Genomics and Proteomics. M. Middleditch performed LC-MS/MS on RyeH19 in solution and a 

number of detergent removal experiments as described in section 3.3.2. LC-MS/MS was 

performed on a QSTAR® XL Hybrid LC/MS/MS System, Applied Biosystems, USA. 

2.1.6 Expression of GI-N in E. coli 

The GI-N construct (Arabidopsis GI bases 1-391) was received as a gift from T. Imaizumi. It was 

cloned into pDEST15 (see supporting online materials of Sawa et al., 2007) and together with its 

N-terminal GST-tag has a predicted molecular weight of 71 kDa (calculated using ProtParam). 

The amino acid sequence of GST-tagged GI-N can be found in appendix 0. The vector, here 
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called pDEST15-GI-N (see Table 2.1) was received lyophilised. It was resuspended in MilliQ 

water and heat shock transformed into E. coli DH5α cells (see 2.1.4.6). To generate a larger 

amount of plasmid DNA was isolated from trasformed E. coli cultures using the Roche High Pure 

Plasmid Isolation Kit (Roche, Germany). Isolations were performed according to the manual 

supplied by the manufacturer. Elutions were performed in 65 μL MilliQ water. 

Some of the following buffers and methods are based on (Sawa et al., 2007) and the 

corresponding supporting online material, which is available from: 

www.sciencemag.org/cgi/content/full/1146994/DC1. 

2.1.6.1 Methods for expression of GI-N in E. coli 

 0.1 TIP buffer: 50 mM Na-phosphate, pH 7.4; 100 mM NaCl, 5 mM EDTA, 2 mM DTT; 

0.1% Triton X-100; 1 Complete Mini EDTA free protease inhibitor cocktail tablet per 40 mL 

buffer 

2.1.6.1.1 Transformation of pDEST15-GI-N into E. coli and expression of GI-N 

pDEST15-GI-N was transformed into E. coli BL21 (DE3) cells by electroporation (see2.1.4.7). 

Cells were plated onto LB +CAM +AMP plates, from which single colonies were picked for each 

round of protein expression. Growth of E. coli culture, seeding, determination of log-phase growth 

and sampling was performed as for RyeH19 expression (see 2.1.5.2.2). However, cells were not 

cooled before induction, and after induction they were incubated at 37°C for 3 h (based on 

supplementing online materials), or at 18°C for 22-26 h. Cells were harvested, resuspended in 40 

mL lysis buffer (see 2.1.5.2.2) or 0.1 TIP buffer (based on supplementing online materials), and 

stored at -20°C in 50 mL polypropylene tubes. 1.5 mL pre- and post-induction samples were 

centrifuged at 16,000g immediately after they were taken, and the insoluble pellets were 

resuspended in 300 μL lysis buffer or 0.1 TIP buffer before freezing.  

2.1.6.1.2 Small scale cell lysis and separation of soluble supernatant  

Another 300 μL of lysis buffer (see 2.1.5.1) or 0.1 TIP buffer, 0.2 μL of β-mercaptoethanol and 10 

μL of a Complete Mini EDTA free protease inhibitor cocktail tablet, dissolved in 1 mL MilliQ water, 

were added to each thawed pre- and post-induction sample. Sonication and separation of soluble 

supernatant were performed as described in 2.1.5.2.3.1. 

2.1.6.1.3 Pull-down of GI-N 

Triton X-100 was added to the soluble lysate in lysis buffer to a final concentration of 1% (v/v), 

and a sample was taken (load). Addition of Triton was not necessary when lysis was performed in 
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0.1 TIP buffer, which already contains this detergent. For purification of GI-N Glutathione 

SepharoseTM resin was used according to the manual supplied by the manufacturer. A volume of 

20 μL of resin was used for a pull-down from approximately 600 μL soluble lysate, and samples 

were taken of the unbound proteins and all washes. After the third wash, the resin was 

resuspended in 15 μL SDS loading buffer, which was also added to 15 μL samples taken from all 

the fractions collected during the pull-down. All samples were boiled and analysed on SDS gels 

as described in 2.1.4.8. 

2.1.7 Expression of full-length GI protein in Sf9 cells 

A glycerol stock of pR30 (see Table 2.1) containing E. coli DH5α cells, made by R. Milich (Putterill 

Laboratory), was used to grow up colonies on a LB +AMP plate. The plate was incubated at 37°C 

for 24 h, and stored at 4°C. pR30 contains an ampicillin resistance marker for selection of the 

plasmid. 

2.1.7.1 Buffers for GI expression in Sf9 cells 

 Hypotonic lysis buffer (HLB): 20 mM Tris-HCl, pH 8.0; 100 mM NaCl; 0.5% (v/v) Nonidet P 

40 

 Nuclear solubilisation buffer with SDS (NSB-SDS): 50 mM Tris-HCl, pH 8.0; 300 mM 

NaCl; 5% (v/v) Glycerol; 1% (w/v) SDS 

 Nuclear solubilisation buffer with urea (NSB-Urea): 25 mM Tris-HCl, pH 8; 100 mM NaCl; 

10% (v/v) Glycerol; 8 M urea 

 GI solubilisation buffers: see 2.1.7.6.1 

 Pull-down wash buffer: Solubilisation buffer plus 5-25 mM imidazole 

 Pull-down elution buffer: Solubilisation buffer plus 200 mM to 1 M imidazole 

2.1.7.2 Methods for generation of recombinant bacmids 

2.1.7.2.1 Isolation of plasmids from E. coli 

From a plate with pR30 containing DH5α cells, a single colony was picked and used to inoculate 

a 4.5 mL LB +AMP liquid culture in a 50 mL polypropylene tube. After 24 h incubation with 

shaking at 37°C, plasmid DNA was isolated from the E. coli culture using the Invitrogen 

PureLinkTM Quick Plasmid Miniprep Kit (Invitrogen, USA). Plasmid preparation was performed 

according to the manual supplied by the manufacturer. Elution was performed in 75 μL MilliQ 

water. This same method was used for isolation of pGEM®-T Easy with the inserted PCR product 

(see below), and for pCS1. 
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Plasmid preparations of pDCS1, pHCS1 and pMCS1 were performed using the Roche High Pure 

Plasmid Isolation Kit (Roche, Germany) to obtain the purest possible plasmid DNA for 

transformation of the MultibacTM cells. Isolations were performed from 4.5 mL cultures as above, 

and according to the manual supplied by the manufacturer. Elutions were performed in 75 μL 

MilliQ water. 

2.1.7.2.2 Polymerase chain reaction (PCR) to introduce a BamHI restriction site 

Amplification of DNA was performed by polymerase chain reaction. The reaction mix for the PCR 

to introduce a BamHI restriction site contained:1x buffer, 1.5 mM MgCl2, 0.25 mM dNTPs, 1 Unit 

polymerase, 1 µM of BamHI_pR30 primer, 1 µM of SstI_pR30 primer (for primer sequences see 

Table 2.3), and 1 ng of a mini-preparation of pR30 as template, in a total volume of 20 µL. The 

PCR programme used was: 94°C for 5 min, followed by 35 cycles of 94°C for 30 sec, 56°C for 30 

sec and 72°C for 1 min and a final extension at 72°C for 10 min. Three identical PCR reactions 

were performed concurrently and pooled before purification of the PCR product (see 2.1.4.2). 

2.1.7.2.3 Restriction endonuclease digestion of plasmids 

Plasmids pR30 and pGEM®-T Easy with the inserted PCR product were digested with the 

enzymes KpnI and SstI in REact® 1 buffer (Invitrogen). Digests were performed with 10 Units of 

each enzyme on 1.7 µg plasmid DNA in a total volume of 40 µL and incubated in a water bath at 

37°C for 4 h. The plasmid pCS1 was digested with BamHI and XbaI in REact® 6 buffer 

(Invitrogen). The digest was performed with 5 Units of each enzyme on 400 ng plasmid DNA in a 

total volume of 20 µL at 37°C for 4 h. Empty pFastBacTM vectors were digested with BamHI and 

XbaI in REact® 6 buffer (Invitrogen). Digests were performed with 10 Units of each enzyme on 1.4 

- 1.8 µg plasmid DNA in a total volume of 40 µL at 37°C for 5 h. Diagnostic digests on pDCS1, 

pHCS1 and pMCS1 were performed using BamHI and XbaI in REact® 6 buffer (Invitrogen) with 5 

Units of each enzyme and 400 ng plasmid DNA in a total volume of 20 µL at 37°C for 5 h. 

2.1.7.2.4 Ligations 

The PCR product with the introduced BamHI restriction site was ligated into pGEM®-T Easy, 

which is suitable for the direct insertion of PCR products. This was performed using 50 ng of 

vector and 1 Unit of T4 DNA ligase along with its corresponding buffer (both Promega, USA) in a 

total volume of 10 µL. Ligations were incubated at 4°C overnight, and transformed into E. coli 

DH5α cells. The insert with the Bam HI restriction site was then cut out from pGEM®-T Easy (see 

2.1.7.2.3), and transformed into pR30, from which the corresponding fragment without the BamHI 

restriction site had been cut out (insert and plasmid were purified from agarose gels). This ligation 

was performed using Roche T4 DNA ligase (1 Unit) and its corresponding buffer in a total volume 
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of 10 µL. All ligations were performed with 3:1 and 1:1 insert to vector ratios with 100 ng of vector 

for 4 h at room temperature. Amounts of insert DNA necessary to achieve 3:1 and 1:1 insert to 

vector ratios were calculated using the following formula: r
kbV

kbIngV
ngI , with I(ng) being 

the amount of insert in ng, V(ng) being the amount of vector in ng, I(kb) being the size of the 

insert in kb, V(kb) being the size of the vector in kb and r being the insert to vector ratio. The 

resulting plasmid was called pCSI, and was transformed into E. coli DH5α cells as described in 

2.1.4.6. 

The ligation of GI cut out from pCS1 into the digested pFastBacTM vectors (all purified from 

agarose gels) was performed using Roche T4 DNA ligase (1 Unit) and its corresponding buffer in 

a total volume of 20 µL. Ligations were performed with a 3:1 insert to vector ratio with 100 ng of 

vector for 4 h at room temperature and then overnight at 4°C. They were then used to transform 

E. coli DH5α cells as described in 2.1.4.6. Plasmids isolated from these cells were used for 

diagnostic digests, sequencing and subsequent transformation of DH10 MultibacTM cells. They 

were called pDCS1 (GI in pFastBacTM DUAL) pHCS1 (GI in pFastBacTMHT B) and pMCS1 (GI in 

pMelFastBacTM). 

2.1.7.2.5 Selection of plasmids with inserts  

Selection for pGEM®-T Easy plasmids (with the inserted PCR product) in E. coli DH5α cells was 

performed by blue/white screening on LB plates supplemented with 100 µg/mL AMP, 80 µg/mL X-

Gal, and 0.5 mM IPTG. Selection of pCS1 (with the modified PCR product as insert) in E. coli 

DH5α cells was performed by colony screening. Small scale cultures (4.5 mL LB supplemented 

with AMP) of 12 colonies were grown overnight, and plasmids were extracted using the Invitrogen 

PureLinkTM Quick Plasmid Miniprep Kit. These preparations were digested with BamHI and 

analysed on a 1% agarose gel for the presence of the insert. Selection of the recombinant donor 

plasmids pDCS1, pHCS1 and pMCS1 (with GI as insert) in E. coli DH5α cells was performed as 

for pCS1, but using double XbaI/BamHI digests. 

2.1.7.2.6 Transposition of GI into bacmids  

Transposition of GI into the bacmids was performed by transformation of DH10 MultibacTM cells 

(Berger et al., 2004; Fitzgerald et al., 2006), which contain a bacmid with a mini-attTn7 target site 

and a helper plasmid. When a donor pFastBacTM vector is transformed into the cells, the mini-Tn7 

elements on this vector, flanking the gene of interest, transpose into the att target site on the 

bacmid. The transposase proteins for this reaction are provided by the helper plasmid. Successful 

transposition disrupts the lacZα gene on the bacmid, so that DH10 MultibacTM colonies with 
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recombinant bacmids can be identified by the lack of colour development during blue/white 

screening as described below.  

Competent DH10 MultibacTM cells were thawed on ice, and per transposition 100 µL of cells were 

transferred into a round-bottom polypropylene tube. Approximately 100 ng of recombinant donor 

plasmid, in a maximum volume of 5 µL, were added to the cells and mixed by gentle tapping of 

the tubes. The mixture was incubated on ice for 30 min, then heat shocked by transferring it to a 

42°C water bath for 45 sec. After 2 min incubation on ice, 900 µL of SOC medium was added to 

the cells. The mixture was incubated on a shaker at 37°C for 4 h, before 100 and 300 µL of each 

transposition were plated onto KGTIX plates (LB plates with KAN, here 50 µg/mL, GENT, TET, 

40 µg/mL IPTG and 200 µg/mL X-gal). Plates were incubated at 37°C for 48h.  

2.1.7.2.7 Isolation of bacmid DNA from DH10 MultibacTM cells 

White colonies on the KGTIX plates contain recombinant bacmids, while blue colonies contain 

empty bacmids. Ten white colonies from each transfection were streaked on fresh KGTIX plates 

to ensure stable blue-white selection. After over-night incubation at 37°C single, white colonies 

were picked from these plates, and used to inoculate 2 mL liquid cultures in LB with KAN (here 50 

µg/mL), GENT and TET. These were incubated with shaking at 37°C for 24 h. Isolation of the 

recombinant bacmids was performed as described in the ―Bac-to-Bac® Baculovirus Expression 

Systems‖ instruction manual supplied by Invitrogen (CAT. NO. 10359-016). All solutions were 

sterilised, either by autoclaving or filtering. 

2.1.7.3 Sf9 cell culture 

Sf9 cells were grown in conical flasks in serum free medium without the addition of antibiotics. 

The lids of the flasks were only half screwed on to allow for air diffusion and the flasks were 

incubated at 28°C with shaking. Cell counts were determined using a hemocytometer, and fresh 

medium was used to dilute the cells to the desired density. Viral stocks were generated using Sf-

900 II medium while protein expression was performed using Sf-900 III medium. 

2.1.7.4 Generation of viral stocks 

2.1.7.4.1 Transfection of Sf9 cells with bacmids 

For optimal efficiency, transfections were performed on the same day as bacmid extractions. For 

each transfection 2 mL of Sf9 cells in Sf-900 II medium at 0.7 x 106 cells/mL were transferred into 

one well of a 6-well cell culture plate, which was incubated for 1 h at 28°C to allow adhesion of 

the cells to the bottom of the well. For each bacmid extraction three different amounts of 
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Invitrogen GeneJuice® were used, therefore the following was prepared: three separate tubes 

with 100 µL Sf-900 II medium and 4 µg of bacmid, and three separate tubes with 100 µL Sf-900 II 

medium and 8, 10 and 12 µL GeneJuice® respectively. Each of the tubes with the bacmid was 

gently mixed with one of the tubes with the GeneJuice®, and incubated at room temperature for 

30 min. Sf-900 II medium (800 µL) was added to each tube and the solutions were gently mixed. 

After 1 h incubation the cell culture plate was removed from the incubator and the medium above 

the adhered cells was removed by aspiration. Bacmid and GeneJuice® mixes were carefully 

overlaid onto the cells. As a control 1 mL of fresh medium was added to a ―cells only‖ well. The 

transfection plate was incubated at 28°C for 4-5 h, transfection mixes were removed by aspiration 

and replaced with 2 mL of fresh medium, before incubation at 28°C for an additional 72 h. 

Recombinant GI virus generated from the transfection was harvested by taking off the medium 

from wells with the transfection mix demonstrating the highest degree of infection for each 

different bacmid, when examined under the microscope. This was determined by comparison of 

the number of infected and uninfected cells in each well. Transfection medium was transferred 

into 15 mL tubes and centrifuged at 500g for 5 min. Supernatants containing recombinant virus 

were transferred into fresh tubes and stored light protected at 4°C. 

2.1.7.4.2 Viral amplification 

For the first round of viral amplification, 500 µL of each virus harvested from the transfection was 

transferred into separate wells of a 6-well cell culture plate. 1.5 mL of Sf9 cells in Sf-900 II 

medium at a density of 1.2 x 106 cells/mL were added to each well, and mixed with the virus by 

swirling the plate, which was then incubated at 28°C for 60 h. After the incubation the virus was 

harvested as above, and the viral stocks were supplemented with fetal calf serum (FCS) to a final 

concentration of 2% (v/v). 

For the second round of viral amplification, two conical flasks with 15 mL of Sf9 cells at a density 

of 1.7 x 106 cells/mL were prepared for each amplification. Two different ratios of volume of viral 

stock to volume of medium with cells were used per viral stock, 1:100 and 1:500. After the 

addition of the virus, the flasks were incubated on a shaker at 28°C for 48 h. Cells were then 

counted and inspected under the microscope. If an infection was confirmed the virus was 

harvested in 50 mL tubes as above, and FCS was added to 2%. These working stocks were 

stored in the dark at 4°C. 

2.1.7.5 Determination of optimal infection conditions  

Rather than determining the viral titer, an optimal ratio of volume of viral stock to volume of Sf9 

culture was determined. All expression trials were carried out in Sf900 III medium in conical 
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flasks, which were incubated on a shaker at 28°C. Three different ratios of virus were used to 

infect cells, to determine the best ratio of virus for protein expression. 15 mL of cells at a density 

of 1.6 x 106 cells/mL were infected with ratios of 1:2000, 1:5000 and 1:10,000 v/v of the viral 

stocks. 48 h after inoculation the cultures were supplemented with L-Glutamine and D-Glucose to 

a final concentration of 5 mM each. At 48 and 72 h the cells were counted, and after 72 h 1 mL 

samples were taken from each infection. Samples were transferred into 1.5 mL microfuge tubes 

and centrifuged at 500g for 4 min. Supernatants were discarded and cell pellets were processed 

immediately or stored at -20°C. Pellets were lysed in 400 µL HLB, and incubated on ice for 15 

min. The lysate was centrifuged at 16,000g for 2 min, and the supernatant, which includes all the 

cytoplasmic proteins, was transferred into a fresh tube. The cell pellet was dissolved in 200 µL 

NSB with SDS or urea by 4-5 passages through a 22 gauge needle. 20 µL of the cytoplasmic and 

nuclear fractions were analysed on an SDS gel (see 2.1.4.8) to compare the amounts of GI 

protein produced with the different ratios of virus. The ratio that produced the largest amount of GI 

was then selected for subsequent protein expression.  

As the stock viral titer decreases over time, the transfection, viral amplification and optimisation of 

infection conditions had to be performed twice in the course of this work. Each time the optimal 

viral ratio was determined and used as a starting point for viral infection of Sf9 cells. Based on the 

amount of protein obtained in one experiment, the viral ratio was adjusted if necessary for the 

next expression. GI including the tag is 131 kDa in size and has a theoretical pI of 6.49 

(calculated using ProtParam). Protein identification as described in 2.1.4.9 was performed every 

time a fresh viral stock was generated. The amino acid sequence of His-tagged full-length GI can 

be found in appendix 0. 

2.1.7.6 Solubilisation of GI protein produced in Sf9 cells 

For each of the solubilisation tests GI was expressed in Sf9 cells by infecting between 20 and 

100 mL of cells in Sf900-III medium at a cell density of 2.5 x 106 cells/mL with the optimal ratio of 

virus (see 2.1.7.5). After 48 h the cells were supplementary fed (see 2.1.7.3), and 72 h after 

inoculation the cells were harvested by centrifugation for 10 min at 700g in 50 mL polypropylene 

tubes. The supernatant was discarded, and the volume of the cell pellet was estimated. It was 

then resuspended in an equal volume of HLB, to which one Complete Mini EDTA-free protease 

inhibitor cocktail tablet (one tablet per 5 mL of final volume) and PMSF (to a final concentration of 

70 µg/mL) were added. The cells were lysed on ice for 10-15 min, then the cytoplasmic fraction 

was clarified by centrifugation for 15 min at 10,000g. The size of the remaining pellet was 

estimated, and it was dissolved in between one to five times the volume in one of the 

solubilisation buffers described below (see 2.1.7.6.1). Cell nuclei were fractured either by freeze 
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thawing in liquid Nitrogen, grinding in a mortar in liquid Nitrogen, or sonication. Fracturing was 

confirmed by visual inspection of the remaining fragments under the microscope. Fragmented 

nuclei in solubilisation buffer were stirred or transferred into a tube and put on an inversion shaker 

for between one and 48 h to allow as much protein as possible to solubilise. This was performed 

at either room temperature or 4°C. The solution was then transferred into 1.5 mL microfuge tubes 

and centrifuged at 16,000g for 4 min. The supernatant containing soluble protein was transferred 

into fresh tubes, while the insoluble pellets were dissolved in NSB. 

2.1.7.6.1 Solubilisation buffers 

2.1.7.6.1.1 ―First buffer screen‖ 

Buffers stocks kindly provided by G. Bashiri, Structural Biology Laboratory (Bashiri, 2009). Each 

buffer was supplemented with 0.5% DDM (n-dodecyl-β-D-maltoside) and 10% Glycerol. Final 

concentrations of the other components were: 

1:   90 mM NaCl, 45 mM C2H3NaO2 pH 5.0 

2:   90 mM NaCl, 45 mM MES pH 6.0  

3:   90 mM NaCl, 45 mM Tris pH 7.0 

4:   90 mM NaCl, 45 mM HEPES pH 8.0 

5:   90 mM NaCl, 45 mM Tris pH 9.0 

6:   90 mM NaCl, 45 mM CHAPS 10.5 

7:   450 mM NaCl, 45 mM MES pH 6.0  

8:   450 mM NaCl, 45 mM Tris pH 7.0 

9:   450 mM NaCl, 45 mM HEPES pH 8.0 

10: 450 mM NaCl, 45 mM Tris pH 9.0 

2.1.7.6.1.2 ―pH/ion screen―  

Based on (Collins et al., 2004). 1 M buffers stocks kindly provided by J. Dickson, Structural 

Biology Laboratory. Each buffer was diluted with MilliQ water and supplemented with 100 mM 

NaCl and 10% Glycerol. Final concentrations of the other components were: 

1:   100 mM MES pH 5.6  

2:   100 mM PIPES pH 6.5 

3:   100 mM HEPES pH 7.5 

4:   100 mM TAPS pH 8.5 

5:   100 mM Tris pH 9.0 

6:   100 mM CHAPS pH 10.5 
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7:   100 mM NH4Cl 

8:   100 mM NaCl  

9:   100 mM KCl 

10: 100 mM LiCl 

11: 100 mM MgCl2 

12: 100 mM CaCl2 

13: 100 mM CsCl2 

14: 100 mM SrCl 

15: 100 mM Na Formate 

16: 100 mM Na Acetate 

17: 100 mM Na Cacodylate  

18: 100 mM NaSO4 

19: 100 mM Na2HPO4 

20: 100 mM Na2HC6H5O7 

2.1.7.6.1.3 ―Combination buffer screen‖ 

A: 100 mM CHAPS pH 10.5, 100 mM Na2HPO4, 100 mM NaCl, 10% glycerol 

B: 100 mM CHAPS pH 10.5, 10 mM MgCl2, 100 mM NaSO4, 100 mM NaCl, 10% glycerol 

C: 100 mM CHAPS pH 10.5, 10 mM MgCl2, 100 mM Na2HC6H5O7, 100 mM NaCl, 10% glycerol 

D: 100 mM CHAPS pH 10.5, 5 mM MgCl2, 100 mM Na2HPO4, 100 mM NaCl, 10% glycerol 

E: 50 mM Tris pH 8.0, 10 mM MgCl2, 100 mM Na2HC6H5O7, 200 mM NaCl, 10% glycerol 

F: 50 mM CHAPS pH 10.5, 10 mM MgCl2, 100 mM Na2HC6H5O7, 200 mM NaCl, 10% glycerol  

G: 50 mM Tris pH 8.0, 10 mM MgCl2, 50 mM Na2HC6H5O7, 5 mM KCl, 600 mM NaCl, 10% 

glycerol 

H: 50 mM Tris pH 9.0, 10 mM MgCl2, 50 mM Na2HC6H5O7, 5 mM KCl, 600 mM NaCl, 10% 

glycerol 

J: 50 mM glycine pH 10.0, 10 mM MgCl2, 50 mM Na2HC6H5O7, 5 mM KCl, 600 mM NaCl, 10%     

    glycerol 

2.1.7.6.1.4 ―Detergent screen‖ 

The buffers used all contained 50 mM Tris pH 8, 10 mM MgCl2, 50 mM Na2HC6H5O7, 600 mM 

NaCl, 10% Glycerol, 5 mM KCl, and one of the following: 

―DC‖: 1% Deoxycholic Acid (Serva, Boehringer Ingelheim Bioproducts, Germany) 

―DDM‖: 0.2% DDM or 3% DDM (Sigma-Aldrich, USA) 

―Urea‖: 1 M urea 
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―Triton‖: 0.02% Triton X-100 (Sigma-Aldrich, USA) 

―BOG‖: 30 mM Octyl-beta-D-glucopyranoside (Sigma-Aldrich, USA) 

―CHAPS‖: 0.5% 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate (Sigma-Aldrich, 

USA) 

―DDM+ Saponin‖: 3% DDM, 1% Saponin (AppliChem, Germany) 

―DDM+ NDSB‖: 3% DDM, 1% NDSB-195 (Calbiochem, Merck, Germany) 

―LDAO‖: 1% n-dodecyl-N,N-dimethylamine-N-oxide (analysis grade, Anatrace, Affymetrix, USA) 

―LDAO+ Urea‖: 1% LDAO, 1M urea 

―FC-12‖: 1% Fos-choline® -12 (analysis grade, Anatrace, Affymetrix, USA) 

―Sarkosyl‖:0.6% Sarkosyl (sodium N-lauroyl-sarcosine) (Sigma-Aldrich, USA) 

2.1.7.6.2 Membrane protein extraction method 

 Solubilisation buffer: 100 mM Tris pH 8.0, 60% Glycerol, 400 mM NaCl 

 CHAPS/DC buffer: 6% (w/v) CHAPS, 2% (w/v) deoxycholic acid; made freshly on the day 

before each experiment 

 DDM solution: 10% (w/v) n-dodecyl-ß-D-maltoside; made on the day  

Sf9 cultures in Sf900 III medium (50 mL) were infected, fed, harvested and lysed as described 

above. The remaining nuclear pellet was dissolved in an equal volume of HLB, then between one 

and two times the total volume of solubilisation buffer was added. This solution was transferred 

into a beaker on ice and stirred for 5 min. When the nuclei were dispersed, DNaseI and 

Benzonase® Nuclease were added to 7 μg/mL and 17 Units/mL respectively, and MgCl2 to a final 

concentration of 5 mM. After stirring for 15 min, 1/8 the total volume of CHAPS/DC buffer and the 

same amount of DDM solution were added drop wise with stirring. Stirring was continued for 

another 30 min, then glutathione was added to a final concentration of 2 mM. Glutathione confers 

a protection against free radicals generated during the subsequent sonication. The solution was 

transferred into a plastic beaker sitting in an ice bath, and was sonicated for 1 min at 

approximately 30 watts in 0.5 sec bursts. It was then transferred into a fresh beaker and while 

stirring sterile MilliQ water was added to give 4 times the volume of the original nuclear pellet. 

This was followed by stirring on ice or at room temperature for between 1 and 24 h. Additionally 

an extraction without sonication and without addition of glutathione was performed. All collected 

samples were analysed on 8% SDS gels as described in 2.1.4.8. 
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2.1.7.7 GI protein purification 

GI was expressed with an amino terminal His-tag, which can be used for metal affinity purification 

(see RyeH19 2.1.5.2.5). Pull-downs were performed in 1.5 mL microfuge tubes, or by loading 

resin into disposable columns.  

2.1.7.7.1 Pull-downs in tubes 

In a 1.5 mL microfuge tube, 1 mL of soluble protein fraction was mixed with 20 μL of Ni-charged 

ProfinityTM IMAC resin or Co-charged TALONTM resin. Tubes were incubated in an inversion 

shaker for 1 to 18 h at room temperature or 4°C, and centrifuged at 16,000g for 1 min. The 

supernatant was taken off and transferred into a fresh tube (unbound fraction). 500 μL wash 

buffer was added to the resin, and the tube was inverted for 1 min. After a spin at 16,000g for 1 

min, the supernatant was removed and transferred into a fresh tube (wash). SDS loading dye was 

then added straight to the resin, this bound protein sample was boiled and loaded onto a gel 

along with the other samples that were taken. Sds-page was carried out as described in 2.1.4.8. 

2.1.7.7.2 Pull-downs using nickel charged resin in columns 

In a 1.5 mL microfuge tube, 1500 μL of soluble fraction was mixed with 50 μL of ProfinityTM IMAC 

Ni-charged resin. Tubes were incubated on an inversion shaker for 1 to 18 h at room temperature 

or 4°C. The solution including the resin was transferred into Poly-Prep chromatography columns, 

and the flow-through was collected (unbound fraction). The resin was then washed with 2 mL of 

wash buffer, and this wash was collected. Elution was performed in 200 μL elution buffer per 

fraction, all elution fractions were collected in separate tubes. In some cases the resin was 

subsequently stripped, using the solubilisation buffer to which 100-200 mM EDTA had been 

added. This fraction was also collected. Some resin was then taken out of the column and SDS 

loading dye was added directly to it. 

2.1.7.7.3 Pull-downs using cobalt charged resin in columns 

1 mL TALONTM resin was transferred into an Econo-Pac chromatography column, washed with 5-

10 CV MilliQ water, and equilibrated with 5 CV solubilisation buffer. Sample collection, washes, 

elution and stripping of the resin were performed as for Ni-columns (see 2.1.7.7.2), but with the 

following buffer volumes: 4-5 mL wash buffer, 4 mL elution buffer (collected  500 μL fractions), 1 

mL EDTA buffer.  
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2.1.7.7.4 Identification of protein containing fractions 

Each elution fraction collected from a Ni or Co column was assessed for protein concentration by 

a small scale qualitative Bradford assay. This was performed by transferring 200 µL of 1x Bio-Rad 

Protein Assay (Bio-Rad, USA) into a well of a 96-well plate and mixing it with 10 µL of sample. A 

colour change to blue indicates protein in the sample, and the corresponding fractions were 

analysed by SDS-PAGE (see2.1.4.8). 

2.1.7.8 Immunocytochemistry for GI localisation 

2.1.7.8.1 Materials for GI immunocytochemistry 

Table 2.4: Filters used for fluorescence microscopy 

Filter 
name 

Type Colour of 
illuminating light 

Colour of 
fluorescence 

Excitation 
(nm) 

Split 
(nm) 

Emission 
(nm) 

Used 
with 

DAPI Band pass UV Blue (indigo) 325-375 400 435-485 DAPI 

G/F/P Band pass Blue Green 450-490 495 500-550 Alexa 488 

N2.1 Long pass Green Orange, Red 515-560 580 >590 Alexa 568 

 

 Wash buffer: Phosphate buffered saline (PBS), pH 7.2; 10x stock: 1.3 M NaCl, 100 mM 

NaH2PO4/Na2HPO4 

 Glycine buffer: 15 mM Glycine in 1x PBS 

 Fixing solution: 3% paraformaldehyde in 1x PBS, pH 7.2; prepared fresh no longer than 

24 h before use 

 Permeabilising solution: 0.3% Triton X-100, 10% fetal bovine serum in 1x PBS; stored at 

4°C for a maximum of 1 week 

 Blocking solution: 10% fetal bovine serum in 1x PBS; stored at 4°C for a maximum of 1 

week 

 4',6-diamidino-2-phenylindole stain (DAPI): 300 nM DAPI in 1x PBS; stored at -20°C  

Recombinant baculovirus for expression of human phosphatidyl-inositol-3-kinase, gamma isoform 

(PI3Kγ) was kindly provided by J. Dickson, Structural Biology Laboratory. PI3Kγ was used as a 

control for a protein that was soluble and functional when expressed in Sf9 cells (J. Dickson, 

personal communication). 

2.1.7.8.2 GI expression and visualisation 

GI and PI3Kγ were expressed in Sf9 cells by infecting 20 mL of cells in Sf900-III medium at a cell 

density of 1.6 x 106 cells/mL. At the same time a 20 mL culture of uninfected cells was set up with 
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the same cell count, and all cultures were incubated in conical flasks at 28°C with shaking for 24 

h. Cells were counted and Sf900-III medium, sterile cover slips and a total of 1.0 x 106 infected or 

0.5 x 106 uninfected cells were transferred into each well of a 6-well plate, to give a total of 2 mL 

culture in each well. Plates were incubated at 28°C without shaking for another 24 h. Adhesion of 

the cells to the cover slips was verified under the microscope by gently rocking the plate. The 

supernatant medium was removed and the cells were washed with 2 mL wash buffer per well. 

This, and all following steps were performed 2-3 wells at a time to prevent the cells from drying 

out. Cells were then fixed with 1 mL fixing solution for 15 min, followed by two washes. This was 

followed by incubation of the cells in 1 mL glycine buffer for 15 min, and another two washes. 

Permeabilisation of the cells was performed for 10 min with 1 mL permeabilisation buffer, then the 

cells were washed once. Each cover slip was incubated for 1 h with primary antibody in 200 µL 

blocking solution (1:300 dilution of the antibody). This was applied gently by forming a meniscus 

over the cover slip. After four 3 min washes the cover slips were incubated with 200 µL secondary 

antibody in blocking solution (1:500 dilution). Two washes were performed then 1 mL DAPI 

solution was applied to the cover slips. After 5 min incubation, three washes were performed then 

the cover slips were removed from the 6-well plate. Using approximately 20 µL Citifluor per cover 

slip, they were mounted onto microscope slides, and the edges were sealed with transparent nail 

polish. 

Fluorescence microscopy was performed using a Leica DM RE fluorescence microscope, and 

fluorescence filter set. Photographs were taken using a Leica DC 500 camera mounted onto the 

microscope. A HCX PL Fluotar 100x/1.30 OIL objective was used with low fluorescence 

immersion oil. Scale bars were burned into some images using the analySIS LS software, which 

controls the camera. Images were deconvolved using AutoDeblur, merged images were created 

using ImageJ.  
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2.2  Analysis of GIGANTEA mRNA and protein stability in 
Arabidopsis 

This section describes materials and methods specifically used for experiments performed with 

Arabidopsis. 

2.2.1 Laboratory equipment 

 Growth cabinets with cool white fluorescent bulbs: Percival Scientific Inc., USA 

 Growth cabinet with coloured LEDs: E-30 LED Controlled Environment Chamber, Percival 

Scientific Inc., USA 

 Spectrophotometer: USB4000 Fiber Optic Spectrometer, Ocean Optics, USA 

            (calibrated with a LS-1-CAL-220 light source) 

 FUJIFILM Luminescent Image Analyser LAS-4000: Fujifilm Corporation, Japan 

 ABI 7900 HT Fast Real-time PCR machine: Applied Biosystems, USA 

2.2.2 Software 

 Multi Gauge V2.2: Fujifilm Corporation, Japan 

 SDS 2.3: Applied Biosystems, USA 

 QuantPrime: http://www.quantprime.de, (Arvidsson et al., 2008) 

2.2.3 Arabidopsis thaliana (L.) Heynh plant material  

2.2.3.1 Wild-type (WT) ecotypes 

 Landsberg erecta (Ler) 

 Columbia (Col) 
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2.2.3.2 Mutants 

Table 2.5: Arabidopsis mutants used in this study  

Line Ecotype Kindly gifted to J. Putterill by Described in 

phyA-2 Ler Dr. K. Franklin, University of 
Leicester, Leicester, UK 

(Whitelam et al., 1993) 

phyA-201/phyB-5 Ler Dr. K. Franklin, University of 
Leicester, Leicester, UK 

(Devlin et al., 1999) 

phyB-1 Ler Dr. K. Franklin, University of 
Leicester, Leicester, UK 

(Koornneef et al., 1980) 

phyB-1/phyD-1, B-1/E-1 
and B-1/D-1/E-1 

Ler Dr. K. Franklin, University of 
Leicester, Leicester, UK 

(Devlin et al., 1999) 

phyC-2 Ler Dr. D. Weigel, Max Planck 
Institute for Plant Breeding, 

Cologne, Germany 

(Balasubramanian et al., 
2006) 

phyD-1 Ler Dr. K. Franklin, University of 
Leicester, Leicester, UK 

(Aukerman et al., 1997) 

phyE-1 Ler Dr. K. Franklin, University of 
Leicester, Leicester, UK 

(Devlin et al., 1998) 

cry1-1 Ler Dr. K. Franklin, University of 
Leicester, Leicester, UK 

(Koornneef et al., 1980) 

cry2-1 Col Dr. C. Lin, University of 
California, Los Angeles, USA 

(Guo et al., 1998) 

cry1-304/cry2-1 Col Dr. C. Lin, University of 
California, Los Angeles, USA 

(Mockler et al., 1999) 

cry1-1/cry2-1/phyA-201 Ler Dr. M. Koornneef, Max Planck 
Institute for Plant Breeding, 

Cologne, Germany 

(El-Assal et al., 2003) 

ado1 Col Dr. T. Cashmore, University of 
Pennsylvania, Philadelphia, USA 

(Jarillo et al., 2001) 

ztl-3 Col Dr. D. Somers, Ohio State 
University, Columbus, USA 

(Somers et al., 2004) 

ztl-103 Col Dr. D. Somers, Ohio State 
University, Columbus, USA 

(Martin-Tryon et al., 2007) 

fkf-1 Col Dr. B. Bartel, Rice University, 
Houston, USA 

(Nelson et al., 2000) 

cop1-4 Col Dr. G. Coupland, Max Planck 
Institute for Plant Breeding, 

Cologne, Germany 

(McNellis et al., 1994) 

ztl-3 cab:luc (chlorophyll 
a/b binding 
protein:luciferase reporter 
in ztl-3)  

Col Dr. D. Somers, Ohio State 
University, Columbus, USA 

(Somers et al., 2004) 

ztl-103 ccr2:luc (cold-
circadian rhythm-RNA 
binding 2:luciferase 
reporter in ztl-103) 

Col Dr. D. Somers, Ohio State 
University, Columbus, USA 

(Somers et al., 2004) 

 

2.2.3.3 Lines used as controls 

 pGI::GI-TAP 30-12 (pGI30): pGI::GI-TAP in gi-2 mutant in Columbia background, made by 

K. David, Putterill Laboratory (David et al., 2006). 
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 35S::GI-TAP 18-42 (18-42): 35S::GI-TAP in gi-2 mutant in Columbia background, made by 

K. David, Putterill Laboratory (David et al., 2006). 

2.2.3.4 Lines selected from crosses made by the Putterill group and used in this 
study 

All lines are homozygous for the GI allele, the pGI::GI-TAP construct, and the respective mutant 

alleles. 

 cry1/2 L41-114: cry1-304/cry2-1 crossed with 30-12 

 cop1-4 L88-113: cop1-4 crossed with 30-12 

 ztl-103 cross: ztl-103 crossed with 30-12 

 Col L120-5: Columbia wild-type crossed with 30-12 

A detailed description on the tests that were performed on the crosses can be found in Appendix 

C. 

2.2.4 Buffers and solutions 

2.2.4.1 Chemicals and consumables 

 MS Salts and Vitamins: Duchefa Biochemie, The Netherlands 

 6-Benzylaminopurine (BAP): Sigma-Aldrich, USA 

 Silwet L-77: Lehle Seeds, USA 

 Miracloth: Calbiochem, USA 

 Micropore Tape: 3M Healthcare, Germany 

 Extract-N-Amp Plant PCR Kit: Sigma-Aldrich, USA 

 50 bp ladder: Gibco®, Invitrogen, USA 

 RNeasy Plant Mini Kit: Qiagen, Germany 

 TURBOTM DNase: Ambion®, Applied Biosystems; USA 

 RNase OUT Ribonuclease Inhibitor: Invitrogen; USA  

 SuperScript III Reverse Transcriptase: Invitrogen; USA 

 SYBR GREEN PCR Master Mix, Applied Biosystems; USA 

 384 Round Well PCR plates: Neptune Plastics; India 

 Optical Adhesive Film: Applied Biosystems; USA 

 Transfer Membrane: Whatman®, Schleicher & Schuell, Whatman International Ltd; 

England 

 3MM Paper: Whatman®, Schleicher & Schuell, Whatman International Ltd; England 

 SuperSignal® West Femto Substrate: Thermo Scientific, USA 
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 Cordycepin (3'-deoxyadenosine): Sigma-Aldrich, USA 

2.2.4.2 Antibiotics 

 TIM (tircarcillin/Clavulanic Acid): prepared as 200 mg/mL stock in MilliQ, used at 200 μg/mL  

 KAN (kanamycin): made as 100 mg/mL stock in MilliQ water, used at 100 μg/mL 

 GENT (gentamicin): made as 50 mg/mL stock in 50% methanol, used at 50 μg/mL  

 RIF (rifampicin): made as 50 mg/mL stock in 100% methanol, used at 50 μg/mL 

 SPEC (spectinomycin): made as 100 mg/mL stock in MilliQ water, used at 100 μg/mL 

2.2.4.3 Media 

 YN medium: 0.3% (w/v) beef extract, 0.5% (w/v) bacto-peptone, 0.8% (w/v) NaCl; 1% 

(w/v) yeast extract, pH to 7.3 with NaOH, autoclaved 

 Infiltration medium (IM): 4.4 g MS salts plus vitamins per L, 5% (w/v) sucrose, pH to 5.8 

with KOH, 10 μg/L benzylaminopurine (BAP) 

 MS plates: 4.4 g MS salts plus vitamins per L, 1% (w/v) sucrose, pH to 5.7 with KOH, 

0.8% (w/v) Agar, autoclaved 

 MS plates without sucrose: as MS-plates, but no sucrose added  

 200x Hydroponics medium (Gibeaut et al., 1997): kindly provided by N. Tama or M. Sue, 

School of Biological Sciences, The University of Auckland  

Tank A: 0.125 M KNO3, 0.3 M Ca(NO3)2 x 4H2O, 5 mM KCl, 0.144 mM Fe(III)- EDTA  

Tank B: 0.125 M KNO3, 0.1 M KH2PO4, 0.15 M MgSO4 x 7H2O, 10 mM H3BO3, 2 mM MnSO4 x 

4H2O, 0.4 mM ZnSO4 x 4H2O, 0.3 mM CuSO4  x 5H2O, 15 µM (NH4)6Mo7O24, 10 mM KCl 

Made up to 1x medium with tap water. 

2.2.4.4 Bacterial strains 

Agrobacterium tumefaciens strain GV3101 (Agrobacterium) containing pMP90RK (Koncz and 

Schell, 1986), transformed with pKD16 by K. David, Putterill Laboratory. 

2.2.4.5 Plasmid used in this work 

pKD-16: pART27 with GI cDNA (bases 1-3519) plus C-terminal TAP-tag under native promoter 

(bases -3-2740); made by K. David, Putterill Laboratory (David et al., 2006) (pART27 

vector from A. Gleave, Horticulture and Food Research Institute of New Zealand Ltd. 

Gleave, 1992). 
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2.2.4.6 Primers for Arabidopsis work 

Table 2.6: Primers used for RT RT-PCR, genotyping, sequencing, and mRNA stability 

experiments 

Name Sequence Target Use 

G775
1
 

(5‘)GACTCGAGTCGACATCGA
TTTTTTTTTTTTTTTTT(3‘) 

anneals to poly-A tail of 
mRNA 

cDNA synthesis 

GI Real-time For
2
 

(5‘)TTGCAACTCCAAGTGCTA
CG(3‘) 

anneals to GI bases 
941-960 

RT PCR 

GI Real-time Rev
2
 

(5‘)GCTCGAAGGAGTTCCACA
AG(3‘) 

anneals to GI bases 
1033-1052 

RT PCR 

CO Real-time II F
2
 

(5‘)ACTGGTGGTGGATCAAGA
GG (3‘) 

anneals to Arabidopsis 
CONSTANS 

RT PCR 

CO Real-time II R
2
 

(5‘)GAATTAGGGAACAGCCAC
GA(3‘) 

anneals to Arabidopsis 
CONSTANS 

RT PCR 

FT Real-time II F
2
 

(5‘)CTGGAACAACCTTTGGCA
AT (3‘) 

anneals to Arabidopsis 
FLOWERING LOCUS T 

RT PCR 

FT Real-time II R
2
 

(5‘)TACACTGTTTGCCTGCCA
AG (3‘) 

anneals to Arabidopsis 
FLOWERING LOCUS T 

RT PCR 

AtActin2 for
2
 

(5‘)CTCTCCCGCTATGTATGT
CGCCA(3‘) 

anneals to Arabidopsis 
ACTIN 

RT PCR, 
normalisation 

AtActin2 rev
2
 

(5‘)GTGAGACACACCATCACC
AG(3‘) 

anneals to Arabidopsis 
ACTIN 

RT PCR, 
normalisation 

At2g32170 For
3
 

(5‘)TGCTTTTTCATCGACACT
GC(3‘) 

anneals to Arabidopsis 
At2g32170 

RT PCR, 
normalisation 

At2g32170 Rev
3
 

(5‘)CCATATGTGTCCGCAAAA
TG(3‘) 

anneals to Arabidopsis 
At2g32170 

RT PCR, 
normalisation 

NIA2 F 
(5‘)AACTCGCCGACGAAGAA

GGTTG(3‘) 
anneals to Arabidopsis 

NITRATE REDUCTASE 2 
RT PCR, mRNA 
stability assay 

NIA2 R 
(5‘)GGGTTGTGAAAGCGTTGA

TGGG (3‘) 
anneals to Arabidopsis 

NITRATE REDUCTASE 2 
RT PCR, mRNA 
stability assay 

EIF4A F 
(5‘)ACCAACTTTGCTCCAGCA

TGGC (3‘) 

anneals to Arabidopsis 
Eukaryotic Translation 
Initiation Factor 4A1 

RT PCR, mRNA 
stability assay 

EIF4A R 
(5‘)TGGTCAAACTGACGTGCA

TCAAAC(3‘) 

anneals to Arabidopsis 
Eukaryotic Translation 
Initiation Factor 4A1 

RT PCR, mRNA 
stability assay 

phyB-1 F
4
 

(5‘)TCCTCAAGCGTCAAGGT 
TCT (3‘) 

anneals to Arabidopsis 
PHYB 

Genotyping 

phyB-1 R
4
 

(5‘) TCGCAGTGTGAGATCG 
AAAC (3‘) 

anneals to Arabidopsis 
PHYB 

Genotyping 

phyD-1 F
5
 

(5‘) GGC CAT CGC CGA AGT 
CGT C (3‘) 

anneals to Arabidopsis 
PHYD 

Genotyping 

phyD-1 R
5
 

(5‘) GAT TCT GTG ACC TTA 
GGG C (3‘) 

anneals to Arabidopsis 
PHYD 

Genotyping 

phyE-1 F
6
 

(5‘) GTC ACT TGC CCG ATG 
AGA TTG (3‘) 

anneals to Arabidopsis 
PHYE 

Genotyping 

phyE-1 R
6
 

(5‘) CTC CAA AGA CTT CAC 
CGG G (3‘) 

anneals to Arabidopsis 
PHYE 

Genotyping 

pGI1
7
 

(5‘)GAGGTAATTCTTAATA 
A(3‘) 

anneals to Arabidopsis GI 
promoter 

Sequencing of 
pKD16 

pGI3
7
 

(5‘)CTGTGGACATATGTCA 
C(3‘) 

anneals to Arabidopsis GI 
promoter 

Sequencing of 
pKD16 

CRY1F
8
 

(5‘)ATGTCTGGTTCTGTATCT
GGTTGTGGTTC(3‘) 

anneals to Arabidopsis 
CRY1 

Genotyping 

about:blank
about:blank
about:blank
about:blank
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CRY1R
8
 

(5‘)ATAGTTCTCATCCACAGC
CCAAG(3‘) 

anneals to Arabidopsis 
CRY1 

Genotyping 

CRY2F
8
 

(5‘)CACAGTCTTTGATTCGAA
GATC(3‘) 

anneals to Arabidopsis 
CRY2 

Genotyping 

CRY2R
8
 

(5‘)CTTATCAACATCAGCATC
CCAAGGG(3‘) 

anneals to Arabidopsis 
CRY2 

Genotyping 

Oli22
9
 

(5‘)ACTATTCGGAGCAATGGG
C(3‘) 

anneals to Arabidopsis GI Genotyping 

Oli37
10

 
(5‘)GGAGAACCACTAGTTGTA

GC(3‘) 
anneals to Arabidopsis GI Genotyping 

 

1 
(Frohman et al., 1988) 

2
 (Günl et al., 2009) 

3 
Primers designed by L. Zhang, Putterill Laboratory 

4 
Primer sequences kindly provided by K. Franklin 

5
 (Aukerman et al., 1997) 

6 
(Devlin et al., 1998) 

7 
Primers designed by K. David, Putterill Laboratory 

8 
Primers designed by C. Lin Group, University of California Los Angeles, USA 

9
 Primer designed by K. Lee, John Innes Research Centre, Norwich, UK 

10
 Primer designed by R. Milich, Putterill Laboratory 

2.2.4.7 Buffers and dyes 

 Protein extraction buffer: 0.03% (w/v) bromophenol blue, 12.5 mM Tris-HCl, pH 6.8, 1 mM 

EDTA, pH 8.0, 8 M urea, 5% (w/v) SDS, 2% (v/v) beta-mercaptoethanol 

 Transfer buffer: 25 mM Tris-HCl, 192 mM glycine, 20% (v/v) methanol, 0.01% (w/v) SDS 

 Ponceau solution: 0.5% (w/v) Ponceau S., 1% (v/v) Acetic Acid 

 TBS-T: 20 mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.1% (v/v) Tween-20 

 BLOTTO: 8% (w/v) non-fat milk powder dissolved in TBS-T 

 Incubation buffer (IB): 1 mM Pipes, pH 6.5, 1 mM sodium citrate, 1 mM KCI, 15 mM 

sucrose; prepared fresh before use or stored at 4°C for no longer than 20 h 

2.2.4.8 Antibodies 

 Primary antibody for GI-TAP detection: Anti-Protein A antibody, host species rabbit; Sigma 

Aldrich Chemicals, USA  

 Secondary antibody for GI-TAP detection: Peroxidase-conjugated AffiniPure Goat Anti-

Rabbit IgG; Jackson ImmunoResearch Laboratories Inc., USA 

 Primary antibody for actin detection: Anti-Actin monoclonal antibody, host species Mouse; 

Chemicon, now part of Millipore, USA 
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 Secondary antibody for actin detection: Peroxidase-conjugated AffiniPure Goat Anti-

Mouse IgG; Jackson ImmunoResearch Laboratories Inc., USA 

2.2.5 General Methods for Arabidopsis work 

2.2.5.1 DNA isolation from Agrobacterium  

 Buffer 1: 50 mM glucose, 10 mM EDTA, 25 mM Tris-HCl, pH 8.0 

 Buffer 2: 1% SDS, 200 mM NaOH; prepared fresh before use 

 Buffer 3: 3 M KOAc, 11.5% glacial acetic acid 

 TE buffer: 1 mM Na2EDTA, 10 mM Tris-HCl, pH 8.0 

Ten mL of YN +SPEC +RIF +GENT were inoculated with a single colony of Agrobacterium and 

incubated for 48 h at 28°C in a conical flask with shaking. The culture was then cooled on ice, 

transferred into centrifuge tubes, centrifuged at 4°C at 700g for 5 min, and the supernatant was 

removed. Lysozyme (3.6 mg) was dissolved in 750 µL ice cold buffer 1, and the pellet was 

resuspended in 650 µL of this mix. This was achived by vortexing for 10 sec and incubation at 

room temperature for 30 min. 1.35 mL buffer 2 was added and the tube inverted several times to 

mix the solutions. After incubation at room temperature for 30 min, 1 mL of cold buffer 3 was 

added and mixed by inversion. The resulting solution was incubated on ice for 5 min and 

centrifuged at 4°C at 700g for 10 min. The supernatant was transferred into a fresh tube, an equal 

volume of phenol:chloroform 1:1 was added, mixed by vortexing and centrifuged for 5 min at 

700g. The top phase was transferred into a fresh tube, and an equal volume of chloroform was 

added and mixed by vortexing. The solution was centrifuged for 5 min at 700g, and the upper 

aqueous phase transferred into a fresh tube. Two volumes of 100% ethanol were added and the 

DNA precipitated overnight at 4°C. Precipitated DNA was pelleted by centrifugation at 4°C at 

10,000g for 20 min and the supernatant was discarded. The pellet was washed with 2 mL of 70% 

ethanol, air-dried at room temperature, and resuspended in 50 µL TE buffer with 1 µL of 1 mg/mL 

RNaseA. The DNA solution was incubated at 37°C for 30 min and stored at -20°C. 

2.2.5.2 Plant cultivation on rock wool, seed collection and drying 

Approximately 50 seeds were put on wet filter paper and cold treated for 3-4 days at 4°C. They 

were then spread out on blocks of rock wool (~8 cm x 8 cm) in a grid like manner. Plants were 

cultivated in growth cabinets (22°C, 70% humidity) under LD conditions (16 h light followed by 8 h 

dark) using cool fluorescent lights, with regular watering using hydroponics medium.  
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For seed bulking, plants were cultivated in cabinets until the siliques began to turn yellow. Plants 

were then transferred to a dry glasshouse and left without watering until wilted. Cellophane bags 

were placed around wilted plants, so that all seeds would fall into the bag. For seed collection of 

plants used for bulking up of seed, and T1 seed collection 5-8 plants were put into one bag. For 

T2 and T3 seed collection, plants were bagged individually. Once the plants had dried completely, 

they were cut off at the stems into the bags. Seeds were released from the siliques by manual 

grinding and separated from the plant material by passing them through a fine meshed tea-

strainer. Seeds were stored in 1.5 mL microfuge tubes.  

In some cases stratified seeds on wet filter paper were handed to N. Tama, School of Biological 

Sciences, The University of Auckland, who performed plant cultivation and bulking up of seed, 

which he returned to the author of this thesis. He also helped with watering and bagging of plants. 

2.2.5.3 Plant tissue culture and harvesting of plant material 

Plants used for reverse transcription real-time PCR (RT RT-PCR) and Western Blot analysis were 

cultivated in sterile tissue culture. Seeds were surface sterilised in 1.5 mL microfuge tubes. 

Approximately 2000 seeds were put into a microfuge tube and soaked in 1 mL of autoclaved 

water for 30 min. The water was removed and the seeds were soaked in 1 mL of 95% ethanol for 

5 min. All following steps were carried out in a laminar flow hood. The ethanol was removed and 

the seeds were soaked in 1 mL of 7.5% sodium hypochlorite for 5 min. The hypochlorite was then 

removed and the seeds were rinsed 5 times with 1 mL sterile water. Seeds were plated onto 90 

mm x 14 mm round Petri dishes with MS-agar (MS plates) using a grid with 90 squares as a 

guide to evenly distribute them on the plate. Plating was performed using a sterile toothpick and 

plates were sealed with Micropore tape. They were cold treated for 3-4 days at 4°C, and 

transferred into tissue culture cabinets. Plants were cultivated under LD (16 h light/8 h dark) or 

SD (8 h light/16 h dark) conditions for 10-14 days at 22°C in fluorescent white light (approximately 

100 μE/m2/s). Experiments in different light conditions were performed by shifting the plates into a 

cabinet using coloured LEDs (as described in 2.2.6.5.2). 

For all tissue harvests, 1.5 mL safe lock microfuge tubes were used, which had a hole punched 

into the lid. Approximately 50 mg of whole seedlings were harvested into microfuge tubes, which 

were then immediately frozen in liquid nitrogen. Dark harvests were performed under green light, 

produced by covering a white LED head-lamp with at least seven layers of green cellophane. All 

tissue samples were stored at -80°C. Harvest times are expressed as Zeitgeber Time (ZT) (Zerr 

et al., 1990), which is the number of hours after the onset of illumination. 
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2.2.5.4 Reverse transcription real-time PCR (RT RT-PCR) 

2.2.5.4.1 RNA isolation 

Plant tissue was harvested as described in 2.2.5.3 and homogenised using a variable speed drill 

on a stand and plastic drill bits. Tubes with samples were held in a bath of liquid nitrogen and 

ground for 30 sec at high speed. The resulting powder was kept in liquid nitrogen until all samples 

were ground, then the RNA extraction was performed using the ―Qiagen RNeasy Plant Mini Kit‖ 

following the manufacturer‘s instructions. Elution was in 50 µL RNase free water. At first, the 

optional on-column DNase digest was performed as well as the optional wash step. In later 

extractions, the on-column DNase treatment was replaced by a treatment of the RNA extractions 

with TURBOTM DNase, which was performed in 50 µL reaction volumes according to the manual 

supplied by the manufacturer. RNA was quantified using the Nanodrop® ND-1000 

Spectrophotometer as described in 2.1.4.3. The wavelength-dependent extinction coefficient for 

RNA is 40 ng-cm/µL. Purity of the RNA was determined using the ratio of the absorbences at 260 

nm and 280 nm (A260/280). A ratio of around 2 indicated ideal RNA purity, while lower ratios 

indicate the presence of protein, phenol of other compounds that strongly absorb at or near 280 

nm.  

2.2.5.4.2 Reverse transcription (RT) 

Reverse Transcription was performed using Invitrogen ―RNase OUT Ribonuclease Inhibitor‖ and 

Invitrogen ―SuperScript III Reverse Transcriptase―, following the manufacturer‘s instructions. One 

µg of total RNA was used per reaction and reverse-transcribed using the poly-T primer G775 (see 

table 2.2.4.6). Per round of RT, at least one negative RT reaction (rt-) was performed, in which 

the SuperScript III was replaced by water. Real-time PCR on the rt- samples showed if there was 

contaminating genomic DNA (gDNA) in the cDNAs. All rt- reactions and cDNAs were stored at 

-20°C, and before use in real-time PCR diluted 1:20 in sterile water. 

2.2.5.4.3 Primer validation 

For each real-time PCR primer pair, the efficiency was tested by running a 2-fold dilution series of 

a Col or Ler WT ZT8 cDNA in MilliQ water from 1:2 to 1:128. Reaction mixes contained 5 µL 

SYBR GREEN PCR Master Mix, 0.5 µL forward primer (working stock 10 μM, final concentration 

0.5 μM), 0.5 µL reverse primer (working stock 10 μM, final concentration 0.5 μM), 2 µL water and 

2 µL of the cDNA dilution. All dilutions were assayed in triplicate. Runs were performed in 384-

well plates sealed with optical adhesive tape in an AB 7900 HT Fast Real-time PCR machine. 

The PCR programme was as follows: a warm-up step at 50°C for 2 min, followed by a step at 

95°C for 10 min to activate the DNA polymerase. This was followed by 40 cycles with the 
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following parameters: 15 sec denaturation at 95°C, and 60 sec annealing/extension at 60°C. To 

determine whether a single product was formed, this was followed by the recording of a 

dissociation curve. To generate this, a dissociation step with 15 sec at 95°C, 15 sec at 60°C, and 

a final 15 sec at 95°C was performed. A fixed threshold of fluorescence was then set 

automatically by the programme (SDS 2.3, Applied Biosystems), and the cycle number at which 

this threshold (CT; threshold cycle) was exceeded, was determined (for more details see the 

Applied Biosystems user bulletins, available for download at http://www.appliedbiosystems.com). 

For each triplicate reaction, the mean CT was calculated and, from this data, a calibration curve 

was plotted in Excel as log of concentration versus the mean CT-value. The efficiency was then 

calculated using the following formula: Efficiency = (10-1/slope-1) * 100. 

2.2.5.4.4 Real-time PCR 

All cDNA preparations analysed by real-time PCR were assayed in triplicate. Each PCR run also 

included a no template control (ntc), in which the cDNA was replaced with water, to check for 

general contamination and one or more rt- controls to check for gDNA contamination. Typically, 

no general contamination could be observed. Sporadically some residual genomic DNA could be 

detected, but since this was at a level several-fold lower than the observed experimental values, it 

did not influence the accuracy of the results. Runs were performed in 384-well plates sealed with 

optical adhesive tape in an AB 7900 HT Fast Real-time PCR machine. All samples were analysed 

using the same reaction mix and PCR programme (including the dissociation stage) described 

above (2.2.5.4.3). As described above, CT values were determined for both the gene of interest 

and the normaliser and the mean CT value was calculated for each triplicate reaction. GI 

expression levels were then evaluated using the ΔΔCT method. This was done by first subtracting 

the mean CT for actin or At2g32170 (Czechowski et al., 2005) from the mean CT for GI to 

normalise GI expression by accounting for unequal amounts of total cDNA in the reactions. In 

each experiment, these ΔCT values were generated for the mutant that was studied and the 

corresponding wild-type (WT) Arabidopsis (this is the WT corresponding to the background the 

mutant is in). The ΔΔCT was then calculated by subtracting the ΔCT of WT ZT8 from all ΔCT 

values. To get from this value to comparative expression levels, it needed to be taken from the 

logarithmic scale by using the formula: comparative expression level = 2-ΔΔCT. These comparative 

expression levels and the corresponding + and – standard deviations were then plotted in Excel 

versus the time of harvest of the samples. For more information on calculating ΔΔCT values and 

standard deviations see ―Guide to Performing Relative Quantitation of Gene Expression Using 

Real-Time Quantitative PCR‖ by Applied Biosystems, which can be downloaded from the Applied 

Biosystems website. 
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2.2.5.5 Western Blots 

2.2.5.5.1 Plant total protein extraction 

Plant tissue was cultured and harvested as described in 2.2.5.3 and stored at -80°C. Particular 

care was taken that all samples contained the same amount of plant material, and not more than 

50 mg. All samples were cooled in liquid Nitrogen at all times until the loading buffer was added. 

Tissue was ground using a variable speed electric drill with a plastic bit. Grinding was performed 

at medium speed for 30 sec. The volume of resulting powder was estimated by comparison to 

standards, and 1.5 times the volume of protein extraction buffer was added. The protein 

extraction buffer was immediately mixed with the powder using a pipette tip, and additional 

vortexing for 10 sec, before the sample was put on ice. After loading dye was added to all 

samples, they were homogenised for a further 20 sec by hand using a drill bit. Samples were then 

heated at 95°C for 5 min and centrifuged at 14,000g for 10 min at 4°C. The supernatant was 

transferred into fresh tubes and stored on ice before loading. All protein extractions were 

analysed on the same day they were prepared. Fresh protein extractions were prepared for each 

Western Blot that was performed. 

2.2.5.5.2 SDS-PAGE and  transfer and detection 

8% acrylamide gels, with 4% stacking gels, were prepared using the buffers listed in 2.1.3.1.5. 

Gels were stored at 4°C and were never older than three days by the time of use. Two identical 

gels were run of each set of samples containing a pre-stained molecular weight marker and a 

sample of protein from transgenic plant material containing GI-TAP protein (a sample of 30-12, 

harvested at ZT12) as positive control. Gels were loaded with 5 µL of protein extract from each 

sample and run in SDS running buffer at 110 V until the dye front reached the bottom of the gel. 

One gel was stained with Coomassie Blue (see 2.1.3.1.5) to check the quality of the protein 

extractions and the resolution of the gel, while the other gel was used for blotting. The Western 

Blot sandwich was assembled in a shallow glass bowl filled with transfer buffer and all 

components were soaked in transfer buffer before assembly. The sandwich consisted of the 

following components in the following order: one sponge pad, 2 pieces of 3MM paper, 

Nitrocellulose membrane, gel, 2 pieces of 3MM paper and another sponge pad. Transfer was 

performed at 100 V for 2 h using pre-cooled transfer buffer and an ice pack in the tank. After the 

transfer, the membrane was transiently stained with Ponceau stain, scanned, and then blocked 

with 50 mL of BLOTTO for 2 h at room temperature then overnight at 4°C. 

During the experiments used for characterisation of the transgenic lines, the membrane was cut 

horizontally in two halves, between the 50 and 75 kDa bands of the pre-stained protein marker. 
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On the high molecular weight half GI-TAP was detected using a polyclonal anti-Protein A antibody 

from rabbit in a 1:25,000 dilution which binds to the Protein A portion of the TAP tag. A goat anti-

rabbit-HRP-conjugate was used at a 1:20,000 dilution as the secondary antibody. On the low 

molecular weight half, actin was detected using a mouse monoclonal anti-actin antibody in a 

1:10,000 dilution as a primary antibody and a goat anti-mouse-HRP-conjugate was used at a 

1:20,000 dilution as the secondary antibody. During all later Western Blots, the membrane was 

left intact, and no detection of actin was performed, as ponceau staining of the membrane was 

used as loading control. All antibody incubations were performed in 15 mL of BLOTTO at 50 rpm 

shaking for 1-2 h. After each incubation 5 washes with TBS-T were performed at 250 rpm shaking 

for 10 min. Incubation of the membrane with West Femto was performed for 5 min using equal 

volumes of the two substrates. 

2.2.5.5.3 Signal acquisition and quantitation 

Signals were detected using a FUJIFILM Luminescent Image Analyser LAS-4000. Digital images 

were captured in high sensitivity mode and analysed in the FUJIFILM Multi Gauge software. For 

Western Blots for characterisation of the transgenic lines band intensities of GI-TAP and actin, 

and for all later Western Blots, band intensities of GI-TAP and three bands of the Ponceau 

stained membrane were quantified by the software, taking into account the intensity of the 

average background on the membrane. Intensities were measured in absorbance units (AU), and 

expressed as absorbance of the band minus absorbance of the background per square mm: (A-

B)/mm2. The intensity of each GI band was then normalised against loading either by division by 

the corresponding actin band intensity, or by the intensity of the sum of the three corresponding 

Ponceau bands of the same sample. The expression of GI-TAP for each time-course was 

calculated relative to the expression level at ZT12. For lines resulting from crosses with pGI::GI-

TAP 30-12, expression levels were also calculated relative to the positive control on the same 

blot, which was denoted as having a GI expression of 1. 

2.2.6 Methods for generation and characterisation of transgenic 
Arabidopsis lines 

2.2.6.1 Generation of pGI::GI-TAP lines 

For use in transformation of Arabidopsis by Agrobacterium infiltration, the pGI::GI-TAP construct 

was cloned into the vector pART27 by K. David, Putterill Laboratory (David et al., 2006). The 

resulting plasmid was called pKD16, and was provided to the author of this thesis in the form of a 

glycerol stock of Agrobacterium strain GV3101 containing the helper plasmid pMP90RK (Koncz 

and Schell, 1986) and pKD16. The glycerol stock was used to grow up colonies of Agrobacterium 
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on an YN +GENT +RIF +SPEC plate. GENT selects for the presence of the helper plasmid 

pMP90RK, RIF for the GV3101 strain, and SPEC for presence of pKD16. The plate was 

incubated at 28°C for 48 h. A single colony was used to inoculate a 4.5 mL liquid culture and 

isolate pKD16 using the Roche High Pure Plasmid Isolation Kit (Roche, Germany) according to 

the manual supplied by the manufacturer. Elution was performed in 65 µL MilliQ water. The 

plasmid was then transformed into DH5α E. coli cells as described in 2.1.4.6, and extracted from 

them using the Invitrogen PureLinkTM Quick Plasmid Miniprep Kit. Plasmid extraction was 

performed according to the manual supplied by the manufacturer; elution was performed in 50 µL 

MilliQ water. pKD16 isolated from Agrobacterium was partially sequenced as described in 2.1.4.4 

using pGI1 and pGI3 primers see 2.2.4.6. A map of pKD16 can be found in appendix A. 

2.2.6.2 Transformation of Arabidopsis by vacuum infiltration 

A single colony of Agrobacterium transformed with pKD16 was picked from a plate (see above) 

and used to seed 10 mL of sterile YN +SPEC +GENT +RIF in a 50 mL conical flask. The culture 

was incubated at 28°C for 20 h with shaking, then 1 L of sterile YN +SPEC +GENT +RIF in a 5 L 

flask was inoculated with 2.5 mL of this culture. The 1 L culture was incubated overnight at 28°C 

with shaking. The OD600 of the culture was measured, and when it reached 0.8 the cells were 

harvested by centrifugation at 4°C at 3000g for 20 min in 2 pre-cooled 1 L centrifuge bottles. BAP 

was added to 500 mL sterile, cold (~4°C) IM to a final concentration of 10 µg/L and the cell pellets 

were resuspended in this solution. Silwet-L77 (100 µL) was added to the IM/Agrobacterium 

solution, which was then poured into 2-4 glass beakers. Beakers were placed in a desiccator and 

rock wool blocks with flowering Arabidopsis plants were placed upside down on the beakers, so 

that the inflorescences were immersed in the Agrobacterium solution. A 686 mm Hg vacuum was 

then applied to the desiccator for 10 min using an Edwards (England) high vacuum pump. The 

vacuum was released slowly and the plants were removed and placed on paper towels so that 

the Agrobacterium solution could drip off. The plants were returned to a growth cabinet and left to 

self-fertilise. T1 seeds were collected as described in 2.2.5.2. 

2.2.6.3 Introduction of pGI::GI-TAP by crossing 

The pGI::GI-TAP construct was introduced into the phyB-1 mutant (see Table 2.4), by crossing, 

using pollen from the transgenic line Ler TG (see Table 5.3). Seeds from individual siliques were 

collected, sterilised in Miracloth packets (described in 2.2.6.4.2), and selection for transgenic lines 

was performed on MS +KAN plates. Surviving transgenic plants were transferred onto rock-wool 

and grown to maturity. T2 seeds were collected and hypocotyl experiments in red light (RR) (see 

2.2.6.5.2) were performed to select for T2 lines homozygous for the phyB-1 mutation. Seedlings 

displaying the typical phyB long hypocotyl phenotype in RR were transferred onto rock-wool and 
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grown to maturity. T3 seeds were collected and selection for lines homozygous for the transgene 

were performed as described below (see 2.2.6.4.3). 

2.2.6.4 Selection of single insertion homozygous lines 

2.2.6.4.1 Selection of T1 transformants 

Selection of transformed plants was performed by culture of T1 plants on MS-agar plates 

supplemented with KAN and TIM. KAN selected for the presence of the pART27-based T-DNA 

which includes the KAN resistance gene, while TIM prevented the growth of Agrobacterium on 

the plates. T1 seeds and seeds from control lines were surface sterilised in 15 mL polypropylene 

tubes. Each selection experiment included a positive control (a line that was definitely KAN 

resistant, e.g. 30-12) and a negative control (a wild-type line) to ensure the MS +KAN +TIM plates 

and growth conditions were appropriate for the selection. Per line, 0.2 g of seeds (approximately 

10,000 seeds) were put into one tube and were soaked in 15 mL MilliQ water for 30 min. They 

were then pelleted by centrifugation at 1700g for 3 min and the supernatant was discarded. This 

was followed by a 5 min treatment with 15 mL of 95% ethanol and a 10 min treatment with 15 mL 

of 7.5% sodium hypochlorite. In each step, the seeds were vigorously resuspended by shaking 

the tube, pelleted by centrifugation at 1700g for 2 min, and the supernatant was discarded. After 

addition of the sodium hypochlorite, all subsequent steps were performed in a laminar flow hood. 

Seeds were rinsed 5 times with 15 mL sterile MilliQ water, and finally resuspended in 4 mL of 

sterile MilliQ water. Stratification was performed at 4°C for 3-4 days, then the seeds were pipetted 

onto two 15 cm diameter MS +KAN +TIM agar plates per line, and spread using a pipette tip. 

Excess water was taken off of the plates, and they were sealed using Micropore tape. Selection 

plates were transferred into a plant tissue culture cabinet, and the plants were left to grow for 14 

days under LD conditions. After this time between 14 and 21 clearly resistant plants of each line 

were transplanted onto rock wool and grown to maturity in a growth cabinet. T2 seed was 

collected individually from 10 plants of each line as described in 2.2.5.2. 

2.2.6.4.2 Selection of T2 transformants with single insertions 

For each mutant line, T2 seeds from 10 independent T1 lines were grown on MS-agar plates 

supplemented with KAN to determine how many copies of the transgene were inserted. Each 

individual selection experiment also included a positive control (a line that was definitely KAN 

resistant) and a negative control (a wild-type line) to ensure the KAN plates and growth conditions 

were appropriate for the selection. Sterilisation of T2 seeds was performed in Miracloth packets, 

which were soaked in MilliQ water for 30 min, then the water was removed, and the seeds were 

soaked in 95% ethanol for 5 min. The ethanol was removed and the seeds were soaked in 7.5% 
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sodium hypochlorite for 10 min. After the addition of the sodium hypochlorite, all subsequent 

steps were performed in a laminar flow hood. The hypochlorite was removed and the packets 

were washed 5 times with sterile MilliQ water. Packets were opened using sterile tweezers and 

seeds of each packet were transferred onto one 90 mm diameter MS +KAN plate. Plates were 

cold treated at 4°C for 3-4 days and then transferred into a tissue culture cabinet.  

After 14 days under LD conditions, the control plates were checked and resistant and sensitive 

plants were counted for each of the independent transgenic lines. A chi-squared (χ2) test was 

performed on this data using the following formula: 
S
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E
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2 , where OR and 

OS are the observed number of resistant (R) and sensitive (S) plants and ER and ES are the 

expected numbers of resistant and sensitive plants if a 3:1 ratio is assumed. A χ2 result of less 

than 3.84 indicated that there was a 5% or less probability (P=0.05) that the null hypothesis (that 

the plants had a single insertion and therefore gave a 3:1 ratio) was incorrect.  

For 3 single insertion lines of each independent transgenic line 12 plants were transplanted onto 

a block of rock wool, and grown to maturity in a growth cabinet under LD conditions. T3 seed was 

harvested separately of each individual plant as described in 2.2.5.2. 

2.2.6.4.3 Selection of T3 homozygous transformants 

To select for lines that were homozygous for the transgene, seeds of 5-10 independent T2 lines 

were sterilised in Miracloth packets as described above and plated onto MS +KAN plates. Each 

individual selection experiment also included a positive control (a line that was definitely KAN 

resistant) and a negative control (a wild-type line) to ensure the KAN plates and growth conditions 

were appropriate for the selection. Plants from 100% KAN resistant, homozygous T3 lines were 

transplanted onto rock-wool, grown to maturity, and seed collected as described in 2.2.5.2. 

2.2.6.5 Characterisation of transgenic lines 

2.2.6.5.1 Flowering time measurement 

Plants were either sown directly onto rock wool or transplanted from MS plates onto rock wool 

and cultivated in growth cabinets under LD conditions as described in 2.2.5.2. Per line, 12 plants 

were analysed. Flowering time was measured by counting the number of rosette and cauline 

leaves at the time of flowering. The average total leaf number was calculated for each line, 

including the standard deviation. 
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2.2.6.5.2 Hypocotyl experiments 

Hypocotyl lengths of transformed and untransformed mutants, as well as crosses, and wild-type 

plants were analysed under a range of different light conditions: red light (RR), far-red light (FR), 

blue light (BB) and darkness (DD). Seeds were sterilised by shaking in 70% ethanol with 0.05% 

Triton X-100 for 5 min, followed by shaking in 100% ethanol for 15 min. In a laminar flow cabinet, 

seeds were then pipetted onto sterile filter paper and left to dry. Dry seeds were sprinkled onto 1x 

MS plates without sucrose. Approximately 30 seeds were sprinkled onto 6 plates per line (or 2 

plates per control line) and the plates were sealed with Micropore tape. For RR experiments Ler 

WT and phyB mutants were used as controls, for FR Ler and phyA, and for BB Ler and cry1, as 

these genotypes have well documented hypocotyl phenotypes (reviewed in Fankhauser and 

Casal, 2004). Plated seeds were kept in the dark at 4°C for 3 days, and subsequently exposed to 

white light in a tissue culture cabinet for 1.5 h (at 22°C), before they went back into DD (this time 

at 22°C) for another 20 h. For half of the plates of each line, this was followed by 4 days at 22°C 

in RR, FR or BB in a cabinet with coloured LEDs, which generate light of a defined wavelength. 

The other half of the plates was kept in a light tight box inside a tissue culture cabinet for the 

same time. 

Figure 2.1 shows the light regime used in all hypocotyl experiments and Table 2.7 shows the light 

intensities that were used and the wavelengths over which they were measured. Measurements 

were performed using an Ocean Optics Fiber Optic Spectrometer, which was calibrated before 

use. Spectra of the light emitted by each colour of LEDs were captured and can be found in 

appendix C. 

 

Figure 2.1: Light regime of hypocotyl experiments 

Plants were kept in the dark at 4°C for 3 days, transferred into white light (W) for 1.5 h, transferred into 

darkness (DD) at 22°C for 20 h, and exposed to either red light (RR), far-red light (FR), or blue light (BB) , 

or kept in the dark (DD) for 4 days at 22°C.  

4°C, dark W DD RR, FR or BB/DD

3 d 20 h1.5 h 4 d

4°C, dark W DD RR, FR or BB/DD

3 d 20 h1.5 h 4 d
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Table 2.7: Light conditions used for experiments in different colours of light 

Light condition Wavelength [nm] 
Intensity of 

LEDs 
Light intensity 

[photons/cm
2
/s] 

Light intensity 
[μE/m

2
/s] 

W 345.62-1042.30 N/A 6.11 x 10
15

 101.44 

RR 600.00-750.09 10% 1.10 x 10
15

 18.29 

FR 650.02-800.14 3% 1.04 x 10
14

 1.73 

BB 400.02-550.20 15% 4.44 x 10
14

 7.37 

After the exposure to RR, FR or BB and DD all plates were removed from the cabinets. From 

each plate the 10 seedlings with the longest hypocotyls were transferred onto fresh MS plates. 

Plants from the same line grown under the same condition were combined on one plate (resulting 

in plates with 30 seedlings). Seedling hypocotyl length was measured to the nearest 0.5 mm 

under a dissecting microscope using a ruler. All plates were photographed by I. McDonald, 

University of Auckland for documentation. For each line the mean hypocotyl length and its 

standard deviation were calculated for each plate in each condition. These were then used to 

calculate RR/DD, FR/DD or BB/DD ratios for each plate and from these the mean RR/DD, FR/DD 

or BB/DD ratios for each line and their mean SDs.  

2.2.6.5.3 Mutant genotyping  

DNA extractions from all selected transgenic lines and phyB, phyD and phyE mutants as well as 

Ler wild-type plants were performed using frozen plant tissue and the Extract-N-Amp Plant PCR 

Kit. Extractions were performed according to the manual supplied by the manufacturer, but using 

only half the recommended volume of extraction and dilution solutions. Three PCRs were 

performed on all isolated DNAs from the transgenic lines and the Ler WT – one with each primer 

set (Table 2.6). For the phyB, D and E mutants used as controls, only one PCR was performed 

with the primer set corresponding to the mutant. Reaction mixes for all PCRs contained 1x buffer, 

2.5 mM MgCl2, 0.25 mM dNTPs, 1 Unit polymerase, 0.125 µM of forward primer, 0.125 µM of 

reverse primer and 1 µL of DNA as template in a total volume of 20 µL. PCRs were performed on 

a AB GeneAmp 9700 thermo cycler. The PCR programme used for all three tests was: 94°C for 5 

min, followed by 35 cycles of 94°C for 30 sec, 50°C for 30 sec and 72°C for 30 sec and a final 

extension at 72°C for 5 min. 

PCR products from the phyB-1 test were subsequently digested with AlwNI (New England 

Biolabs® Inc., USA) and PCR products from the phyE-1 test with HinfI (Gibco®, Invitrogen, USA). 

All digests contained 17 µL of PCR reaction, 1 µL of enzyme (corresponds to 1 Unit) and 2 µL of 

10x buffer (NEB® buffer 4 for AlwNI and Roche sure/Cut® buffer H for HinfI). Digests were 

incubated at 37°C for 4 h, and DNA gel loading dye was added to all digests and PCR products. 
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Digests from the phyB-1 test were analysed on 2.5% agarose gels alongside a 1kb+ ladder (as 

described in 2.1.4.1). PCR products from the phyD-1 test and digested PCR products from the 

phyE-1 test were run on 8% acrylamide gels as described in 2.1.4.8, but using TBE buffer and 

gels made with TBE buffer. A 50 bp ladder was run on these gels and gels of all three tests were 

stained using ethidium bromide. Table 2.8 shows the expected sizes of PCR products and 

digested PCR products for each molecular test. 

Table 2.8: Expected PCR/restriction digest products 

Test for Band sizes for WT allele Band sizes for mutant allele 

phyB-1 549 and 202 bp 751 bp 

phyD-1 78 bp 64 bp 

phyE-1 252, 127, 80, 55 and 29 bp 252, 134, 127 and 29 bp 

2.2.7 Methods for GI mRNA stability assay 

2.2.7.1 Cordycepin treatment 

Plants were cultivated in sterile tissue culture on MS agar with sucrose in 15 cm vertical square 

plates for 10 days under LD conditions (as described in 2.2.5.3). Seeds were sterilised and plated 

in two horizontal rows of approximately 45 seeds each. The rows were situated at the top and in 

the middle of the plates so that the roots had enough room to grow along the MS-agar. For each 

experiment, two plates were used. 30 min before the time-point at which the experiment was 

performed (t=-30) the plants from one plate were carefully transferred into two beakers, each 

containing 10 mL incubation buffer. One beaker was used as control (C), where no inhibitor was 

added, and one for the treatment (T). Both beakers were put on a shaker in white light, far-red 

light or darkness. The second plate was also transferred onto the shaker. At t=0 tissue samples 

were taken from both beakers and the plate. Sampling from beakers was performed by taking out 

5-7 plants using tweezers, drying them on a paper towel, transferring them into a microfuge tube 

and freezing them in liquid Nitrogen. Sampling from plates was performed in the same manner, 

but without the drying step. After the sampling, 3 mg of cordycepin were added to the T beaker (to 

give a final concentration of 1.2 mM) and dissolved in the buffer. Further samples were taken at 

t=60 min, t=120 min, t=180 min, and for some experiments at later time-points. Samples were 

stored at -80ºC.  

2.2.7.2 Generation of cDNA and real-time PCR 

RNA extractions were performed as described in 2.2.5.4.1, and reverse transcription was 

performed as described in 2.2.5.4.2. Real-time PCR was performed as described in 2.2.5.4.4, 

with GI Real-time, NIA2 and EIF 4A primers listed in 2.2.4.6. NIA2 and EIF 4A primers were 
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designed using QuantPrime. Real-time PCR data was normalised against EIF4A. GI and NIA2 

mRNA amounts were calculated relative to the respective control at t=0 and plotted versus the 

time-point at which the sample was take. NIA2 was used as control for experimental conditions in 

each experiment. 

2.2.7.3 Calculation of mRNA half-lives 

For the calculation of half-lives, GI and NIA2 mRNA levels in T samples were calculated relative 

to T at t=0; these values are the so called ―normalised ratios‖ (nr) of mRNA present at each time-

point. The following formulas can then be used to first calculate the rate of decay (kdecay) for each 

mRNA, where t is the time in minutes after cordycepin treatment. The half-life (t1/2) in minutes of 

each mRNA is then calculated using the respective rate of decay. 

(1) 
t

nr
kdecay

)ln(
    (2) 

decay
k

t
2ln

2/1   

As the variation between biological replicates is considerably larger than the variation between 

the three technical replicates of each real-time PCR experiment, the half-lives in this thesis are 

expressed as the mean and SD of biological replicates. Half-lives over the first 3 h of each 

experiment were averaged. 
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3 EXPRESSION OF GI CONSTRUCTS IN E. COLI 

3.1 Introduction 

One main aim of this thesis was to biophysically characterise GI protein and if possible determine 

its structure by X-ray crystallography. Large quantities of soluble, pure GI protein needed to be 

generated, and two different approaches were taken to achieve this: expression of putative GI 

domains in E. coli and expression of full-length GI in baculovirus infected insect cells. Chapter 3 

describes the expression and purification of a putative ryegrass GI domain called RyeH19 and of 

Arabidopsis GI-N protein, while chapter 4 describes the expression of full-length GI in baculovirus 

infected Sf9 cells.  

At the start of this project, RyeH19 was thought to be a folded domain of GI (see section 1.9) and 

therefore suitable for biochemical studies. RyeH19 expression and purification were performed as 

described in section 3.2, and led to the finding that it was not possible to purify this protein 

sufficiently for further studies. Additionally, RyeH19 was found to be unstable, and an attempt was 

made to identify the amino acid sequences of its stable breakdown products, as desribed in 

section 3.3, to use this information for the design of new constructs. 

While this work was underway, Sawa and colleagues showed that GI protein interacts with FKF1 

(Sawa et al., 2007) (see section 1.9). Pull-down experiments with E. coli expressed GI constructs 

showed that this interaction was mediated by the N-terminal part of GI. The corresponding 

construct, called GI-N, was obtained from the Imaizumi group and expressed in E. coli as 

described in section 3.4.  

3.2 Expression and purification of the ryegrass H19 construct 
(RyeH19) 

DNA encoding a putative domain of ryegrass (Lolium perenne) GIGANTEA was cloned into the 

plasmid pProEX-HTb by M. Black, Structural Biology Laboratory (Black, 2007), and the resulting 

plasmid pProEX-HTbRyeGI-H19 was kindly provided for expression in E. coli. The RyeH19 

protein consist of amino acids 46-422 of ryegrass GI, and it was shown to be soluble and 

moderately stable when kept in buffers containing DDM (Black, 2007). It had been observed that 

it was possible to generate purer RyeH19 protein after IMAC and size exclusion than of the 

equivalent Arabidopsis H19 (AtH19) construct (Black, 2007), hence the former was selected for 

this work. Further purification of RyeH19, and subsequent biochemical characterisation and 
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structure determination were the initial aims. However, while this work was underway, AtH19, 

which had been believed to be an independent domain of GI, was found to form soluble 

aggregates (see introduction to this thesis). This indicated that the domain boundaries of AtH19 

might not quite match with the boundaries of an N-terminal domain of GI (M. Black, personal 

communication). As RyeH19 might not necessarily have identical properties, biochemical 

characterisation and structure determination were still attempted. However, it was found that 

RyeH19 was also unsuitable for these studies, and refinement of the RyeH19 construct, in order 

to generate protein representing a true GI domain, became the new aim. This was to be done by 

performing limited tryptic digests on RyeH19, and identification of the amino acid sequence of the 

resulting fragments. As most autonomously folding protein domains are generally at least 100 

amino acids in length, any fragment over 10 kDa in size could potentially represent a domain of 

GI, and its coding sequence would be cloned into pProEX-HTb, expressed, and analysed for 

solubility, stability and aggregation.  

3.2.1 Expression, solubility and small scale purification test of RyeH19 

pProEX-HTbRyeGI-H19 was kindly provided by M. Black, AgResearch Structural Biology 

Laboratory. The concentration of plasmid was determined using the NanoDrop® (see 2.1.4.3), and 

it was transformed into E.coli BL21 (DE3)/pRI952 cells by electroporation (see 2.1.4.7). These 

cells were used for protein expression, isolation of larger quantities of plasmid for sequencing, 

and further transformations. The plasmid had been fully sequenced in the past by M. Black, and 

sequencing results confirmed that it contained the correct RyeH19 sequence. This nucleotide 

sequence was translated into the RyeH19 amino acid sequence by the author of this thesis and 

can be found in Appendix B. The sequence reported here differs slightly from the sequence 

reported in Black (2007), which contains a number of reporting errors, resulting in a shorter 

sequence missing some amino acids. In this work pProEX-HTbRyeGI-H19 was partially 

sequenced as described in 2.1.4.4 to confirm the identity of the plasmid. The RyeH19 protein 

including the His-tag has a molecular weight of approximately 45 kDa and a theoretical pI of 6.00 

(calculated using ProtParam). Ryegrass has several alleles of GI, which differ slightly from each 

other. RyeH19 expression conditions and lysis buffer composition were previously optimised by 

M. Black (Black, 2007). 

It was necessary to ascertain that RyeH19 could be successfully expressed, that the protein was 

soluble, and that it could be purified using its His-tag. According to the established protocols, 

RyeH19 was expressed at 10°C as described in 2.1.5.2.2. Cell lysis, in buffer containing 0.2% 

DDM buffer, and separation of the soluble supernatant was at first performed on a small scale on 

pre- and post-induction samples as described in 2.1.5.2.3.1. Resulting insoluble and soluble 
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fractions of pre- and post-induction samples were analysed by SDS-PAGE as described in 

2.1.4.8. A band of approximately 45 kDa was observed in the soluble lysate after induction, but 

was not present before induction (Figure 3.1). This band had the correct size for His-tagged 

RyeH19, and it was concluded that soluble protein had been expressed.  

To establish whether soluble RyeH19 could be purified, soluble lysate from the same post-

induction sample was used for a pull-down experiment. This was performed in a microfuge tube, 

using Nickel-loaded resin as described in 2.1.5.2.4. The unbound protein fraction, third wash 

fraction, and resin with bound protein were analysed by SDS-PAGE as described in 2.1.4.8. The 

45 kDa RyeH19 band observed in the soluble lysate was depleted in the unbound protein fraction, 

indicating that RyeH19 had bound to the resin (Figure 3.1). The wash fraction contained no visible 

protein bands, confirming that all unbound proteins had been washed off the resin, and a 

prominent 45 kDa RyeH19 band was observed in the fraction of protein that was bound to the 

resin, along with some minor contaminants (Figure 3.1). It was concluded that soluble His-tagged 

RyeH19 could be expressed and purified. 

 

Figure 3.1: Expression, solubility and small scale purification test of RyeH19 

12% SDS-PAGE gel of pre- and post-induction, and pull-down samples of pProEX-HTbRyeGI-H19 

expressed in BL21 (DE3)/pRI952 cells. Insoluble (IS) and soluble (S) lysates of pre- and post-induction 

samples were loaded, along with samples from unbound (U) and wash (W3) fractions from the pull-down. 

Pull-down resin (R) was loaded into the last lane. The molecular weight marker is labeled M and band sizes 

are given in kDa. The arrow marks the RyeH19 band in the soluble lysate of the post-induction sample, the 

triangle marks RyeH19 bound to the resin. 

To confirm the identity of the 45 kDa band from the pull-down resin sample (Figure 3.1, lane R) it 

was cut out from the gel and analysed by MALDI-TOF as described in 2.1.4.9. Peptide mass 
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fingerprinting (PMF) performed by C. Buchanan and M. Middleditch confirmed that it contained 

RyeH19.  

3.2.2 IMAC purification of RyeH19 

After the successful small scale expression and purification of RyeH19, large quantities of protein 

needed to be expressed and purified for further studies such as biochemical characterisation and 

limited tryptic digests. Large scale expression was performed as described in 2.1.5.2.3.2, followed 

by IMAC purification of the soluble lysate from a 1 L culture as described in 2.1.5.2.5. A 5 mL 

HisTrapTM FF column was run on an ÄKTA PrimeTM system at 4°C, eluting with a linear imidazole 

gradient (10 mM to 500 mM) in buffers containing 0.2 mM DDM. Elution fractions (1 mL) were 

collected, and a UV trace at 280 nm recorded. This trace showed two distinct peaks (Figure 

3.2A). Fractions from both peaks were analysed by SDS-PAGE as described in 2.1.4.8. 

 

Figure 3.2: IMAC purification of RyeH19 

A: UV trace of an IMAC purification of soluble lysate from a 1 L expression of RyeH19. The two main peaks 

are indicated by arrows, the numbering of the fractions corresponds to the samples loaded on the SDS gel 

in B. The y-axis shows the absorbance at 280 nm in milli-absorbance units. B: 12% SDS-PAGE gel of 

IMAC elution fractions. Fractions 13 and 14 are from the first peak and contain contaminating proteins, 

fractions 22-28 are from the second peak and contain mostly RyeH19 (indicated by the triangle). The 

molecular weight marker is labeled M and band sizes are given in kDa. 

SDS-PAGE showed that the first IMAC peak (fractions 11-14) contained contaminating proteins 

that weakly bound to the column and were eluted at low imidazole concentrations (Figure 3.2B). 

Fractions from peak two contained a prominent 45 kDa RyeH19 band, which was absent in 

fractions 13 and 14 from peak 1. This was concluded to be RyeH19, which was eluted at higher 

imidazole concentrations than most of the E. coli proteins. 
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It was possible to partially purify RyeH19 using IMAC, although to a degree insufficient for 

biochemical characterisation or crystallisation. Previous work had shown that size exclusion 

chromatography did not improve the purity of IMAC purified RyeH19 (Black, 2007), and it was 

decided to investigate the effectiveness of ion-exchange chromatography as a second purification 

step. 

3.2.3 Ion-exchange chromatography of IMAC purified RyeH19 

IMAC fractions 21 to 29 were pooled and, to be able to perform ion-exchange chromatography 

(IEC), dialysed into a low salt buffer (10 mM HEPES, pH 8.0, 50 mM NaCl, 0.2 mM DDM) as 

described in 2.1.5.2.6. RyeH19 has a theoretical pI of 6.0, making it negatively charged in this pH 

8 buffer. A negatively charged protein can interact with the positively charged stationary phase of 

an anion-exchange column; therefore anion-exchange chromatography was performed on 

RyeH19. A MonoQ HR 5/5 column with a 1 mL bed volume was run on an ÄKTA PurifierTM 

system at 4°C as described in 2.1.5.2.6. Elution was performed using a linear gradient from 

50 mM to 1 M NaCl in DDM-containing buffers, and 1 mL fractions were collected. The UV trace 

of the IEC was recorded and showed three distinct peaks (Figure 3.3A). Fractions from all three 

peaks were analysed by SDS-PAGE as described in 2.1.4.8.  

 

Figure 3.3: Anion-exchange chromatography of IMAC purified RyeH19 

A: UV trace of an anion-exchange chromatography performed on IMAC purified RyeH19. The numbering of 

the fractions corresponds to the samples loaded on the SDS gel in B. The y-axis shows the absorbance at 

280 nm in milli-absorbance units. B: 12% SDS-PAGE gel of anion-exchange elution fractions. Fraction 9 is 

from the first peak, fractions 13-16 are from the second peak and fractions 24-28 are from the third peak. 

All analysed fractions contain RyeH19 (indicated by the triangle), but also contaminating E. coli proteins 

and RyeH19 breakdown products. The molecular weight marker is labeled M and band sizes are given in 

kDa. 
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The 45 kDa RyeH19 band was found in all analysed fractions along with other, mostly smaller 

bands (Figure 3.3B). Additional bands may represent contaminating E. coli proteins and/or 

RyeH19 breakdown products. It had previously been observed that recombinantly expressed 

Arabidopsis GI was quite unstable, and gel bands representing proteins that co-purified with GI 

had been identified as GI breakdown products (Black, 2007). Correspondingly it was assumed 

that at least some of the smaller proteins that were found to co-purify with RyeH19 could be 

breakdown products of this construct. The presence of RyeH19 in fractions across the whole salt 

gradient indicated that the protein might self-associate and form different multimeric states, or that 

RyeH19 may associate with its own breakdown products and/or contaminating E. coli proteins. It 

was therefore thought that purification of RyeH19 might be more successful if protein aggregation 

could be prevented. 

3.2.4 Use of high salt buffers to avoid aggregation of RyeH19 

The result of anion exchange chromatography indicated that RyeH19 might form aggregates, and 

it was not possible to improve the separation of RyeH19 from contaminating proteins achieved by 

IMAC. To allow further purification it was attempted to avoid the potential formation of aggregates. 

This can sometimes be achieved by using a high NaCl concentration in the lysis buffer as the 

ionic strength of a buffer influences the properties of a protein suspended in it (Sheehan, 2009). 

RyeH19 was expressed as before (see 2.1.5.2.3.2), and lysed in buffer containing a maximum 

NaCl concentration of 750 mM, as it was found that NaCl concentrations above 750 mM caused 

DDM to come out of solution when stored at 4°C. Lysis was performed as described in 

2.1.5.2.3.2, and the soluble lysate was stored at 4°C before IMAC purification, during which time 

some DDM came out of solution. The insoluble precipitate that had formed was removed by 

centrifugation and a sample of it was taken. The soluble supernatant was filtered and loaded onto 

a HisTrapTM FF column. IMAC was performed as described in 2.1.5.2.5, but with IMAC buffers 

containing 750 mM NaCl. The UV trace looked similar to the previous IMAC at lower NaCl 

concentration, but with a less pronounced second peak. Samples of the insoluble pellet, soluble 

supernatant/load, protein that did not bind to the column, and of fractions from both peaks were 

analysed by SDS-PAGE as described in 2.1.4.8.  

45 kDa protein bands of RyeH19 were observed in the insoluble pellet, load and unbound 

fractions (Figure 3.4). The band is absent in fraction 13 from the first peak of the IMAC UV trace, 

and present in fractions 25-27 from the second peak. It was concluded that even though some 

RyeH19 came out of solution along with the DDM, some remained in solution and it was possible 

to purify this by IMAC. Some of the contaminating bands after low and high salt IMAC 

purifications looked very similar, and RyeH19 purity was not improved using the latter (compare 
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Figure 3.2B and Figure 3.4). This led to the conclusion that lysis and purification in 750 mM NaCl 

did not improve RyeH19 purity.  

 

Figure 3.4: Lysis and purification of RyeH19 with buffers containing 750 mM NaCl 

12% SDS gel of samples from the insoluble pellet (P) after the DDM in the lysis buffer came out of solution;  

soluble supernatant that was loaded onto the IMAC column (L); unbound protein that came off the column 

(U); and fractions from the first (13) and second peak (25-27) of the UV trace of the elution of the IMAC 

column. The arrow indicates the RyeH19 band in the insoluble pellet, the triangle the RyeH19 bands in the 

elution fractions. The molecular weight marker is labeled M and band sizes are given in kDa. 

Summary and discussion 

Even with a combination of IMAC and IEC, or the use of high salt buffers it was not possible to 

purify RyeH19 sufficiently for biophysical characterisation and/or crystallisation for structure 

determination by X-ray crystallography. Additionally, the IEC trace indicated possible aggregation, 

and protein bands presumably resembling RyeH19 breakdown products were found after IMAC 

and IEC. The RyeH19 and Arabidopsis H19 (AtH19) constructs encoded the most soluble and 

stable GI protein fragments expressed by Black (Black, 2007, reviewed in the introduction to this 

thesis). It was first thought that both constructs represented one or more stable domains of GI, 

however, more recent experiments cast doubt on the assumption that the AtH19 protein might 

resemble a precise domain of GI. It was found to form soluble aggregates, be quite unstable and 

purification of AtH19 was also insufficient for further studies (see introduction to this thesis). 

Taken together with the new information obtained about RyeH19 in this work, it was hypothesised 

that the AtH19 and RyeH19 constructs did not quite match with true GI domain boundaries. It was 

possible that protein sequences outside the domain boundaries were not folded correctly and led 

to protein aggregation. It was decided to use the RyeH19 construct as a starting point to develop 

a smaller construct matching exact GI domain boundaries. 
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3.3 Identification of RyeH19 breakdown products for construct 
refinement 

As described above, RyeH19 protein was found to be quite unstable with smaller sized fragments 

detected repeatedly in purified samples of RyeH19, potentially comprising RyeH19 breakdown 

products. These smaller fragments appeared to be relatively stable throughout IMAC and IEC, 

and might be individual GI domains, making limited tryptic digests unnecessary for the generation 

of stable GI fragments. Previous work had demonstrated that designing constructs based on 

limited tryptic digests, MALDI-TOF MS results, and predicted domain boundaries around the 

peptides, had only limited success at producing soluble protein (Black, 2007). Therefore, it was 

attempted in this work to determine the exact amino acid composition of the RyeH19 breakdown 

products, in order to precisely locate domain boundaries. This was performed by liquid 

chromatography tandem mass spectrometry (LC-MS/MS) on RyeH19 breakdown products after 

IMAC and IEC purification which were either in solution or separated on an SDS-PAGE gel.  

Unlike MALDI-TOF MS, LC-MS/MS not only provides information about peptide mass, but also on 

the amino acid composition. One approach to determine the precise domain boundaries was to 

perform LC-MS/MS on purified RyeH19 and its breakdown products, which were separated on an 

SDS-PAGE gel, and subject to a complete tryptic digest. Semi-tryptic peptides found in these 

samples had to be terminal peptides, caused by the breakdown of RyeH19. It was attempted to 

find the two semi-tryptic peptides of each breakdown product as their sequence would be 

sufficient to determine the sequence of the whole breakdown product. Alternatively, the exact 

amino acid sequence of one terminal peptide and the exact mass of the whole breakdown 

product would need to be ascertained in order to determine the amino acid sequence of the 

breakdown product. This was attempted by LC-MS/MS on purified RyeH19 and its breakdown 

products in solution. 

To analyse RyeH19 by LC-MS/MS, protein expression and purification by IMAC and IEC were 

performed as described in 2.1.5.2. Fractions from each peak of the UV trace of the IEC (see 

similar trace in Figure 3.3) were pooled, resulting in three different samples of purified RyeH19. 

To be able to run a large quantity of protein on an SDS gel, and to have more concentrated 

protein for LC-MS/MS on RyeH19 in solution, all three samples were concentrated using 

centrifuge concentrators with a 10 kDa molecular weight cut-off as described in 2.1.5.2.7. 

Concentration was performed until precipitates started to form in the samples, and the protein 

concentration of the resulting samples was determined as described in 2.1.5.2.8. Approximately 

0.8 and 8 μg of concentrate from each peak were analysed on a 12% SDS gel as described in 

2.1.4.8. Bands at a molecular weight above that of RyeH19 (~45 kDa), had to be contaminating E. 
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coli proteins, and it was concluded that peak one contained the purest RyeH19 protein (Figure 

3.5A). Only protein from this peak was used for further analysis. An enlargement of the protein 

bands from peak one is shown in Figure 3.5B. 

 

Figure 3.5: IMAC and IEC purified, concentrated RyeH19 

A: 12% SDS gel with 0.8 µg (lanes labeled a) and 8 µg (lanes labeled b) of protein from all three IEC peaks 

(labeled 1-3). The triangle marks the position of the 45 kDa RyeH19 bands. The molecular weight marker is 

labeled M and band sizes are given in kDa. B: Enlargement of the protein bands found in peak 1. Individual 

bands are marked by arrows and labeled for identification of the corresponding proteins by LC-MS/MS. 

3.3.1 LC-MS/MS on RyeH19 breakdown products separated by SDS-
PAGE 

Approximately 8 μg of protein from IEC peak 1 were run on a 12% SDS gel and taken to Bender 

MassSpec at the University of Auckland, where D. Palmer and V. Kelly performed the following 

steps. Approximately 2 mm2 of each band were excised from the gel, and each band was 

assigned a letter as shown in Figure 3.5B. The protein from each band was extracted and tryptic 

digests were performed, followed by LC-MS/MS. The obtained peptide sequences were used to 

determine which proteins were present in each band, and to determine the exact sequence of the 

RyeH19 breakdown products. Protein identifications, information about semi-tryptic peptides, and 

peptide sequences were provided to the author of this thesis. Table 3.1 shows which proteins the 

peptides in each gel band could be assigned to. 

Peptides from ryegrass GI (LpGI), in this case from RyeH19, were found in all seven bands. Most 

bands also contained peptides from E. coli proteins, which seemed inseparable from RyeH19 by 

IMAC and IEC. The most abundant proteins, which could be clearly identified were transcription 

termination factor Rho (Rho), HTH-type transcriptional regulator, triosephosphate isomerase 

(TIM) and catabolite gene activator YeiE. Interestingly, Rho and TIM have also been identified as 
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contaminants in Arabidopsis GI purified by IMAC and size exclusion chromatography (Black, 

2007). Traces were found of the E. coli proteins acriflavine resistance protein A precursor, Xylose 

operon regulatory protein and coenzyme A biosynthesis bifunctional protein coaBC.  

Table 3.1: Protein identifications resulting form LC-MS/MS on gel bands from IMAC and 

IEC purified RyeH19  

Gel band Proteins present 

A LpGI and transcription termination factor Rho from E. coli 

B LpGI and trace E. coli proteins 

C LpGI and trace E. coli proteins 

D LpGI and HTH-type transcriptional regulator from E. coli 

E LpGI 

F Triosephosphate isomerase from E. coli and traces of LpGI 

G Catabolite gene activator YeiE from E. coli and traces of LpGI 

The N-terminal region of RyeH19 has no trypsin cleavage sites, and no peptides from this region 

could be found in any of the protein bands. In addition, it was not possible to find any semi-tryptic 

peptides belonging to any of the breakdown products. Figure 3.6 shows the RyeH19 amino acid 

sequence, with the His-tag and linker region marked in yellow. There were no peptides found in 

LC-MS/MS for the N-terminal part of RyeH19 up to the peptide marked in purple. This peptide 

seems to be part of a stable region of RyeH19 as it was found in all breakdown products (gel 

bands A-G, Figure 3.5B). The peptide marked in green was found in almost all breakdown 

products (all gel bands but F), and the peptide marked in pink was found in some of the smaller 

breakdown products (gel bands C-E). This might indicate that the region between these peptides 

is quite stable. The most C-terminal peptide of RyeH19 was only found in full-length RyeH19 (gel 

band A), and not in any of the breakdown products, indicating that the C-terminus of RyeH19 

might be more unstable than other parts of the protein. However, the frequency with which 

peptides are found is influenced by how well they ionise during the MS/MS experiment. Absence 

of certain peptides is therefore no evidence that they belong to an unstable region of RyeH19. 

The presence of some peptides in all or most breakdown products does nevertheless indicate 

that there is a stable core region closer to the N-terminal end of RyeH19.  

No semi-tryptic peptides, representing the most N- or C-terminal peptides of RyeH19 breakdown 

products could be found, making it impossible to determine the exact amino acid composition of 

any of the breakdown products using LC-MS/MS on trypsin digested protein extracted from gel 

bands.  
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Figure 3.6: Amino acid sequence of RyeH19. 

The His-tag and linker region is marked in yellow. Other colours mark peptides found by LC-MS/MS in all 

(purple) or many (green and pink) RyeH19 breakdown products. 

3.3.2 LC-MS/MS on RyeH19 in solution 

3.3.2.1 DDM-containing buffers 

LC-MS/MS on RyeH19 breakdown products in solution was performed to determine the exact 

masses of the intact breakdown products in addition to the sequences of individual peptides. The 

exact mass together with sequence information, ideally the sequence of one terminus of the 

protein, would be sufficient to determine the amino acid sequence of the entire breakdown 

product. 

IMAC and IEC purified RyeH19 from IEC peak 1 (see section 3.3) was concentrated to 

approximately 0.15 mg/mL and taken to the University of Auckland Centre for Genomics and 

Proteomics, where M. Middleditch performed all following steps. LC-MS/MS was performed using 

a C18 reversed phase column. Only signals of DDM in the RyeH19 buffer appeared in the LC-MS 

trace, and as it is known that in ESI-MS surfactant background ions can both obscure or suppress 

the protein signal (Loo et al., 1994), it was thought possible that DDM may have done one or the 

other. Another possibility was that RyeH19 and its breakdown products might not have been 

soluble when injected into the dilute formic acid mobile phase that was run over the LC column, 

and that they therefore did not chromatograph well. Alternatively, RyeH19 and its breakdown 

products might have been very hydrophobic when separated from the DDM during the 

chromatography and might not have come off the reversed phase column.  

To test the hypothesis that the DDM might interfere with the ESI-MS, myoglobin was added to a 

sample of purified RyeH19 from IEC peak one (see above), and subsequently LC-MS/MS was 

performed. It was possible to detect the myoglobin signal in the LC-MS trace, but no signals for 

MSYYHHHHHHDYDIPTTENLYFQGAMGSSEQFPEDVAQLIQSYYPSKEKRLVDEVL

ATFVLHHPEHGHAVVHPILSRIIDGSLSYDRHGSPFNSFISLFTQTAEKEYSEQWALA

CGEILRVLTHYNRPIFKVAECNDTSDQATTSYSLHDKANSSPENEPERKPLRPLSPW

ITDILLNAPLGIRSDYFRWCGGVMGKYAAGGELKPPTTAYSRGAGKHPQLMPSTPR

WAVANGAGVILSVCDEEVARYETANLTAAAVPALLLPPPTTPLDEHLVAGLPPLEPY

ARLFHRYYAIATPSATQRLLFGLLEAPPSWAPDALDAAVQLVELLRAAEDYATGMRL

PKNWLHLHFLRAIGTAMSMRAGMAADTTAALLFRILSQPTLLFPPLRHAEGVVQHEP

LGGYVSS
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RyeH19 or any of its breakdown products. It was therefore likely that RyeH19 stuck irreversibly to 

the C18 reversed phase column and it was attempted to overcome this problem by running the 

sample on a C4 column. Using this shorter chain reversed phase column, the DDM signal was 

still the dominant signal that could be observed in the LC-MS trace. It was also possible to detect 

some intact protein masses, but the protein signals were too weak in the presence of the buffer 

components to get MS/MS data for identification of the amino acid composition. It was concluded 

that DDM solubilised RyeH19 was not compatible with LC-MS/MS, and that a different 

solubilisation strategy for RyeH19 was required. 

3.3.2.2 Solubilisation of RyeH19 using Surfact-Amps® X-100  

RyeH19 was expressed as described in 2.1.5.2.2, and two pre- and post-induction samples were 

taken. These were resuspended in lysis buffer containing 0.45% and 0.01% Surfact-Amps® 

instead of DDM. Surfact-Amps® X-100 by Pierce is an aqueous solution of purified Triton X-100 

detergent, and at low concentrations is suitable for use in LC-MS/MS. Samples were lysed in 

Surfact-Amps® containing lysis buffer and soluble supernatants separated as described in 

2.1.5.2.3.1. Insoluble pellets and soluble supernatants of pre- and post-induction samples were 

analysed by SDS-PAGE as described in 2.1.4.8 (see Figure 3.7). 

Figure 3.7: Solubilisation of RyeH19 in Surfact-Amps®  
 

12% SDS gel with insoluble (IS) and soluble (S) fractions from pre- and post-induction samples from a 1 L 

RyeH19 expression. Lysis buffers with 0.45% and 0.01% of Surfact-Amps
®
 were used to solubilise RyeH19 

in the absence of DDM. Arrows mark RyeH19 bands in the insoluble post-induction samples. The molecular 

weight marker is labeled M and band sizes are given in kDa. 
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The 45 kDa RyeH19 band was observed in the insoluble fraction, but not in the soluble 

supernatant of the post-induction sample when using a lysis buffer with 0.01% Surfact-Amps® 

(Figure 3.7). When using a buffer containing 0.45% Surfact-Amps®, again the 45 kDa RyeH19 

band was observed in the insoluble fraction of the post-induction sample, but this time a faint 

band was also observed in the soluble supernatant. It was concluded that solubilisation of 

RyeH19 might be possible with concentrations of Surfact-Amps® above 0.45%. However, even 

though Surfact-Amps® is very pure, as a detergent it still causes problems in LC-MS/MS, and 

0.1% is usually the maximum concentration that would be loaded onto a reversed phase column 

(M. Middleditch, personal communication). Consequently, it was not possible to use Surfact-

Amps® to solubilised RyeH19 and its breakdown products for LC-MS/MS, and it was decided to 

explore the possibility of dissolving RyeH19 in a detergent free solution. 

3.3.2.3 Precipitation and removal of DDM 

As an alternative to using a detergent in LC-MS/MS, it was attempted to precipitate IMAC and 

IEC purified RyeH19, remove the DDM and solubilise the protein in formic acid, acetonitrile or 

isopropanol. These protein solutions could then be directly infused into the mass spectrometer 

without chromatography. At first, a test of this method was performed at the University of 

Auckland Centre for Genomics and Proteomics by M. Middleditch using human serum albumin in 

the same DDM containing buffer used for RyeH19 purification. It demonstrated that the method 

was working for a single soluble protein in solution. 

Concentrated, IMAC and IEC purified RyeH19 from IEC peak 1 (see section 3.3) was then 

precipitated at -20°C using acetone, and after centrifugation, three washes were performed with 

acetone to remove the DDM from the protein precipitate pellet. Resuspension of the pellet in 

either 0.1% formic acid, 50% acetonitrile, or 100% isopropanol was not successful. However, the 

proteins in the solution from each solubilisation attempt were analysed by infusion mass 

spectrometry. The results of this demonstrated that it was possible to remove the DDM, and that 

some proteins/peptides went into solution, but the background noise was very high and none of 

the identified peptides matched RyeH19. The pellet was then successfully resuspended in 100% 

formic acid, but again no peptides matching RyeH19 could be found in LC-MS/MS. It was 

concluded that it was not possible to dissolve RyeH19 in a detergent free solution that was 

suitable for LC-MS/MS.  

3.3.2.4 Protein extraction into a non-polar solvent phase 

Transfer of a detergent-solubilised protein into a buffer suitable for electrospray ionisation (ESI) 

mass spectrometry is a common problem when working with membrane proteins. A number of 



 94 

methods use precipitation and resolubilisation of the protein as described above, but it is also 

possible to use a liquid/liquid extraction method, as described by Barnidge and colleagues 

(Barnidge et al., 1999). Here a buffer composed of 2/5/2 (v/v/v) chloroform/methanol/water and 

1% acetic acid is added to the detergent solubilised protein and mixed by vortexing. The resulting 

emulsion is centrifuged at 10,000g for 5 min, separating the low density polar phase, containing 

water, methanol and the detergent from the high density non-polar phase containing chloroform 

and in many cases the protein of interest. 

IMAC, IEC purified and concentrated RyeH19 from IEC peak 1 (see section 3.3) was taken to the 

University of Auckland Centre for Genomics and Proteomics, where M. Middleditch performed the 

extraction as described above (for details see Barnidge et al., 1999). Infusion MS was performed 

on both the polar and non-polar phases, and evidence for the presence of DDM was found in the 

non-polar methanol phase. However, RyeH19 could not be detected in either phase. It 

presumably either precipitated, or entered into the methanol phase together with the DDM, which 

then blocked all other signals during analysis. 

Summary and discussion 

In conclusion, it was not possible to purify RyeH19 sufficiently to perform biophysical 

characterisation of the protein or crystallise it for structure determination by X-ray crystallography. 

Even after multiple purification steps there were too many contaminating E. coli proteins and 

RyeH19 breakdown products present. Neither was it possible to determine the exact amino acid 

composition of RyeH19 breakdown products, precluding the ability to refine the RyeH19 construct 

to a single soluble domain of GI.  

3.4 Expression and purification of the Arabidopsis GI-N 
construct 

While this work was underway, Sawa and colleagues showed in that the N-terminal part of 

Arabidopsis GI interacts with the proteins FKF1 and CDF1 (Sawa et al., 2007) (see introduction to 

this thesis). They designed a construct called GI-N, which they expressed in E.coli, fused to 

glutathione S-transferase (GST), and in yeast. In vitro GST pull-downs and yeast two-hybrid 

experiments showed that GI-N was able to interact with FKF1 and CDF1 (see supporting online 

materials to Sawa et al., 2007). These interactions indicated that GI-N was a correctly folded and 

at least relatively stable protein, possibly a domain of GI, which could be used for structure 

determination and biochemical characterisation. To test this hypothesis, the GST-GI-N construct 

cloned into the expression vector pDEST15 was kindly provided by the Imaizumi group. GI-N 
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consists of amino acids 1-391 of GI, which is a region of GI homologous to the one comprised by 

the RyeH19 construct (amino acids 46-422) (sequences see appendix B). 

3.4.1 Expression at 37°C and lysis in buffer with DDM 

GI-N was expressed at 37°C in a 1 L culture of E. coli BL21 (DE3) as described in 2.1.6.1.1, and 

pre- and post-induction samples were taken. As DDM had in the past proven to stabilise GI 

(Black, 2007), the cells were lysed in lysis buffer containing DDM as described in 2.1.6.1.2. It was 

assumed that GI-N was soluble, and to determine whether it could be purified using its GST-tag, 

a GST pull-down was performed as described in 2.1.6.1.3. Samples from this pull-down and of 

insoluble pellets and soluble supernatants of pre- and post-induction samples were analysed by 

SDS-PAGE as described in 2.1.4.8. The resulting gel is presented in Figure 3.8. 

 

Figure 3.8: Expression and purification of GI-N 

12% SDS gel of insoluble (IS) and soluble (S) fractions of pre- and post induction samples of a 1 L GI-N 

expression at 37°C and lysis in buffer with DDM. Soluble lysate from the post-induction fraction was used 

for a GST pull-down, form which the unbound fraction (U) and the third wash fraction (W3) were loaded 

alongside a sample of resin (R) used in the pull-down. The triangle marks the position of the 70 kDa GI-N 

band. The molecular weight marker is labeled M and band sizes are given in kDa. 

A ~70 kDa band was observed in the insoluble post-induction fraction, but not in the soluble 

lysate, or in pre-induction samples (Figure 3.8). This band had the correct size for GST-tagged 

GI-N, and it was concluded that the protein had been expressed, but was insoluble. No protein 

was observed in the sample of pull-down resin that was run on the same gel, and no difference 

was observed between the protein bands of the soluble lysate, which was used for the pull-down, 
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and of the sample of protein that did not bind to the resin (Figure 3.8, last three lanes). It was 

concluded that GI-N was not soluble when expressed and lysed under the conditions used. 

3.4.2 GI-N expression at 18°C and 37°C, and lysis in 0.1 TIP buffer 

In contrast to the author of this thesis, Sawa and colleagues did not use a lysis buffer with DDM, 

but what was called ―0.1 TIP buffer‖. This buffer consists of 50 mM Na-phosphate pH 7.4, 

100 mM NaCl, 5 mM EDTA, 1 mM PMSF, 1 µg/mL Aprotinin, 0.5 µM Leupeptin, 2 mM DTT and 

0.1% Triton X-100. It was decided to repeat the 37°C expression, and use 0.1 TIP buffer as lysis 

buffer to test if GI-N was more soluble in this buffer than in DDM lysis buffer. While Sawa and 

colleagues (Sawa et al., 2007) described the expression of GI-N in their supporting materials, 

they did not specify at which temperature the expression was performed. It was initially believed 

that the expression, which was allowed to take place for 3 h, was performed at 37°C, so this 

temperature was selected for the first expression trial in this work. As no soluble protein had been 

produced, it was decided to perform a second expression at a lower temperature and determine if 

this would result in soluble GI-N. 

GI-N was expressed at 18°C and 37°C as described in 2.1.6.1.1., and pre- and post-induction 

samples were taken. Lysis was performed as described in 2.1.6.1.2, using modified 0.1 TIP buffer 

(the PMSF, Aprotinin and Leupeptin were replaced by one Complete Mini EDTA free protease 

inhibitor cocktail tablet per 40 mL buffer). Samples of insoluble pellets and soluble supernatants 

of pre- and post-induction samples were analysed by SDS-PAGE as described in 2.1.4.8. As 

before, the ~70 kDa GI-N band was observed in the insoluble post-induction fraction, but not in 

the soluble lysate, or in pre-induction samples of the 37°C expression (Figure 3.9A). No GI-N 

band was observed in any of the samples from the 18°C expression. It was concluded that GI-N, 

or at least most of the protein when expressed at 37°C, was insoluble in 0.1 TIP buffer, and that 

at 18°C, no GI-N expression took place. This temperature sensitivity has been previously 

observed for pDEST15 (S. Lott, personal communication), and is therefore most likely not specific 

for GI-N. 

It was tested whether small amounts of GI-N not visible on a coomassie stained SDS-PAGE gel 

were soluble in 0.1 TIP buffer, and could be enriched by binding them to Glutathione SepharoseTM 

resin. A pull-down was performed on the soluble lysate from a 37°C post-induction sample (see 

section 3.4.2) as described in 2.1.6.1.3, but this time the resin was incubated with the soluble 

lysate for 1 h at 4°C with shaking, as described in the supplementary online materials from Sawa 

and colleagues (Sawa et al., 2007). Samples of the soluble supernatant loaded onto the resin, 
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protein that did not bind to the resin, wash fraction 3 and the resin were analysed by SDS-PAGE 

as described in 2.1.4.8. 

 

Figure 3.9: Expression of GI-N at 37°C and 18°C, and pull-down 

A: 12% SDS gel of insoluble (IS) and soluble (S) fractions of pre- and post induction samples of two 1 L GI-

N expressions at 37°C and 18°C. Lysis was performed in 0.1 TIP buffer and the soluble lysate from the 

37°C post-induction fraction was used for a GST pull-down. B: 12% SDS gel of samples from the GST pull-

down. Protein loaded onto the resin (L), the unbound fraction (U) and the third wash fraction (W3) were 

loaded alongside a sample of resin (R) used in the pull-down. The triangles mark the 70 kDa GI-N band. 

The molecular weight markers are labeled M and band sizes are given in kDa. 

There was no visible difference between the protein bands of the sample of unbound protein and 

the sample of protein loaded onto the resin (Figure 3.9B), and no 70 kDa GI-N band was 

observed in the latter or in the sample of resin loaded onto the gel. This indicated that no soluble 

GI-N was present. 

Summary and discussion 

In conclusion, it was not possible to produce a sufficiently large quantity of soluble GI-N to be 

visible on a coomassie stained SDS-PAGE gel, and it was doubted whether this was at all 

possible with the pDEST15-GI-N construct. As a result it was reasoned that it was not possible to 

produce sufficient amounts of soluble GI-N for further studies.It is unclear how much soluble GI-N 

protein Sawa and colleagues were able to produce using the pDEST15-GI-N construct (Sawa et 

al., 2007). However, very small quantities would have been sufficient for the in vitro pull down 

assays described in the paper. The only visualisation of GI-N shown in the paper was performed 

by staining a Western Blot membrane with the high sensitivity dye direct blue 71. This dye has a 
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sensitivity of 5-10 ng of protein, which is 10 times higher than the sensitivity of commonly used 

Ponceau S stain (Hong et al., 2000). The use of this dye might indicate that only small quantities 

of GI-N were present. 
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4 EXPRESSION OF FULL-LENGTH GI IN 
BACULOVIRUS INFECTED SF9 CELLS 

4.1 Introduction 

E. coli expression of full-length GIGANTEA and a range of constructs representing potential GI 

domains did not result in soluble protein that could be subject to biochemical characterisation 

and/or crystallisation for structure determination by X-ray crystallography (Black, 2007, and this 

work). It was thought that expression in a eukaryotic system able to perform post-translational 

modifications might be needed for correct GI folding and solubility. Baculovirus infected 

Spodoptera frugiperda cells (Sf9 cells) are frequently used for recombinant expression, as they 

can perform post-translational modifications such as glycosylation, and are superior to E. coli in 

the expression of large proteins (reviewed in Altmann et al., 1999). Full-length protein might fold 

better and be more stable than individual domains. Thus it was decided to express full-length 

Arabidopsis GI in Sf9 cells. The system chosen here was the Bac-to-Bac® Baculovirus Expression 

system, which is commercially available from InvitrogenTM. It was selected because of previous 

experience with this system in the Structural Biology Laboratory (The University of Auckland) and 

because of many reports of successful production of soluble plant proteins in this system. Recent 

examples of plant proteins that were successfully expressed in baculovirus infected insect cells 

are tobacco DNA methyltransferase (Kim et al., 2007a) and Arabidopsis adenosine 5'-

monophosphate deaminase (Han et al., 2005). In this thesis pFastBacTM vectors were used for 

transposition of GI into MultiBacTM bacmids. These were then used to generate recombinant 

baculovirus for infection of Sf9 cells and expression of GI.  

4.2 Generation of recombinant baculovirus containing GI 
cDNA 

For insect cell expression, the gene of interest was cloned into pFastBacTM entry vectors. Three 

different vectors were used in this work, pFastBacTM Dual, pFastBacTMHT and pMelFastBacTM, 

which enable expression of un-tagged, N-terminal His-tagged and N-terminal His-tagged secreted 

GI respectively (see Table 2.1). Expression of soluble GI had proven difficult in the past, and it 

was hoped that at least one of the three vectors would facilitate expression of soluble protein.  

For optimal cloning into the baculovirus vectors (i.e. as close to the start of the MCS as possible), 

a BamHI restriction site was introduced close to the 5‘ end of the GI cDNA. The vector pR30 

(made by K. David, Putterill Laboratory) containing the full-length Arabidopsis GI cDNA, was 
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provided to the author of this thesis. It was partly sequenced with M13 forward and reverse 

primers (2.1.4.4) to confirm its identity. In addition, the exact sequence of the 5‘ UTR of the GI 

cDNA in this vector was determined, and primers BamHI_pR30 and SstI_pR30 (see 2.1.3.1.9) 

were designed using this sequence information. BamHI_pR30 anneals to the 5‘ UTR of the GI 

cDNA and contains a BamHI restriction site, SstI_pR30 anneals further downstream in the GI 

cDNA close to an SstI restriction site. A map of pR30 is shown in Figure 4.1A. 

BamHI_pR30 and SstI_pR30 primers and pR30 plasmid DNA were used to amplify a ~670 bp GI 

fragment and introduce the required BamHI restriction site in the 5‘ UTR (2.1.7.2.2). This 

fragment was then used to replace the corresponding part of the GI cDNA in pR30 which did not 

contain the BamHI restriction site. To achieve this replacement, vector and insert had to be 

digested with KpnI and SstI. This digest could not be directly performed on the GI fragment, and it 

was therefore cloned into pGEM®-T Easy (2.1.7.2.4). This vector is suitable for the direct insertion 

of PCR products which have deoxy-adenosine overhangs. pGEM®-T Easy containing the GI 

fragment was sequenced using T7 and SP6 primers (2.1.4.4). Sequencing results confirmed the 

presence of the KpnI, BamHI and SstI restriction sites and that the PCR amplification of the 

fragment did not introduce any mutations into the GI coding sequence. pGEM®-T Easy with the 

inserted GI fragment was digested with the enzymes KpnI and SstI. The released GI fragment 

with its newly introduced BamHI restriction site was then ligated into KpnI and SstI digested pR30 

(2.1.7.2.4). The resulting vector was called pCS1 and a vector map is presented in Figure 4.1B. 

pCS1 was sequenced using the SstI_pR30 primer, and the resulting sequence confirmed the 

exact number of bases between the BamHI restriction site and the GI start codon (2.1.4.4). This 

information was used to select the pFastBacTMHT and pMelFastBacTM vectors in which the 

inserted GI sequence would be in the same reading frame as the His-tag. It was determined, that 

once cut out from pCS1 with BamHI and XbaI the insert would possess 5 bp in front of the start 

codon. Consequently, pFastBacTMHT B and its pMelFastBacTM equivalent were selected for 

cloning.  

pCS1, pFastBacTM Dual, pFastBacTMHT B and pMelFastBacTM were digested with BamHI and 

XbaI. Digested insert (from pCS1) and pFastBacTM plasmids were purified and the GI cDNA was 

ligated separately into each of the three pFastBacTM vectors. Details on all cloning steps can be 

found in 2.1.7.2. Resulting pFastBacTM vectors were called pDCS1, pHCS1 and pMCS1 

respectively (see Table 2.2). Sequencing results confirmed that all three vectors contained the GI 

cDNA and that in pHCS1 and pMCS1 it was in the correct open reading frame.  
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Figure 4.1: Vector maps of pR30 and pCS1 

Vector maps show the orientation of the GI cDNA insert, and the locations of the start codon and important 

restriction sites. pR30 (A) was the starting vector for cloning of the GI cDNA the into pFastBac
TM 

entry 

vectors. It was used to generate pCS1 (B) which contains the GI cDNA with a shortened 5‘ UTR and an 

additional BamHI restriction site. For details on cloning steps see section 4.2.  

pDCS1, pHCS1 and pMCS1 DNA was then used to transpose the GI cDNA into MultibacTM 

bacmids as described in 2.1.7.2.6. Recombinant bacmids bDCS1, bHCS1 and bMCS1 were 

isolated from the DH10 MultibacTM cells as described in 2.1.7.2.7 and on the same day used to 

transfect Sf9 cells as described in 2.1.7.4.1. Recombinant virus was generated from all three 

bacmids and amplified as described in 2.1.7.4.2. The three viral stocks that were generated were 

called vDCS1, vHCS1 and vMCS1. Viral stocks were stored light protected at 4°C and used for 

subsequent protein expressions. It was observed that over the course of 3-4 months, GI 

expression declined in cells infected with vHCS1. At this point, a fresh viral stock was generated 

using a glycerol stock of DH10 MultibacTM cells containing bHCS1 (2.1.7.4). 

4.3 Test of GI protein expression in Sf9 cells 

Viral stocks were used to infect Sf9 cells to determine if GI protein would be expressed, and 

whether it was soluble. Cells were grown and infected with vDCS1, vHCS1 and vMCS1, and after 

72 h, cells were harvested and cytoplasmic protein was extracted using HLB as described in 

2.1.7.6. Nuclear extraction was performed using a buffer which has previously been used to 

solubilise nuclear expressed human topoisomerase II α-isoform (TOPOIIα). This buffer contained 

25 mM Tris.Cl pH 8.0, 600 mM NaCl, 5 mM KCl, 1 mM MgCl2 and 5% glycerol. Remaining 

A B
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insoluble proteins were resuspended in denaturing NSB-SDS (2.1.7.1). Cytoplasmic, nuclear and 

insoluble protein fractions from all three infections were analysed by SDS-PAGE as described in 

2.1.4.8.  

A prominent ~130 kDa protein band was observed in the insoluble fractions of all three 

expression trials (Figure 4.2). Based on its molecular weight and high expression it was believed 

to contain GI protein. This was later confirmed by mass spectrometry (see section 4.4). GI was 

found to be highly expressed in cells infected with vDCS1 and vHCS1. Expression at lower levels 

was observed in cells infected with vMCS1. This was to be expected, as in these cells GI was 

expressed with a melittin secretion signal. Therefore most of the GI protein should have been in 

the insect cell medium rather than in the cells. No visible bands of GI protein could be observed in 

any of the cytoplasmic or nuclear fractions (Figure 4.2). 

 

Figure 4.2: GI expression test 

8% SDS gel of insoluble (IS), cytoplasmic (C) and nuclear (N) fractions of Sf9 cells infected with vDCS1 

(D), vHCS1 (H) and vMCS1 (Me). The molecular weight marker is labeled M and band sizes are given in 

kDa. The triangle indicates the position of the GI protein bands. 

From the first expression test it was clear that none of the three constructs yielded large amounts 

of soluble GI protein. It was found that GI solubility was not affected by expression of the protein 

with or without a His-tag. Additionally, when expressed with a melittin secretion signal, insoluble 

GI was still found inside the cells. This indicated that expression of secreted GI was no more 

successful in producing soluble GI than the two other forms of GI expression. It was decided not 

to continue on with expression of un-tagged or secreted GI protein, and to focus on the 

expression of His-tagged GI. Subsequently all infections were performed with vHCS1. 
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The optimal ratio of vHCS1 viral stock for Sf9 cell infection was determined empirically as 

described in 2.1.7.5. This method has been found to be equally effective as the titration of the 

viral stock when it comes to determining the optimal viral load for protein expression (J. Dickson, 

personal communication). After each round of protein expression it was re-assessed whether the 

viral load was still optimal, and if not, the amount of virus used in the next expression was 

adjusted accordingly. Protein extracted during expression testing and determination of the optimal 

viral load was analysed by SDS-PAGE, and the ~130 kDa GI protein band was never observed in 

the cytoplasmic or soluble fraction. This suggested that either insoluble protein was expressed or 

that GI associated with cellular debris such as nuclear membranes and was therefore not found in 

solution. As a result it was decided to explore the use of different buffer compositions to solubilise 

GI protein. 

4.4 GI solubilisation and purification tests 

GI expression, Sf9 cell harvest as 10x 4 mL aliquots and cell lysis are described in 2.1.7.6. 

Insoluble pellets were resuspended in 1 mL of each of ten different buffers (see 2.1.7.6.1.1 and 

table in Figure 4.3). These buffers contained 10% glycerol, which is used as a protein solubilising 

agent, 0.5% DDM, as this detergent has previously been shown to stabilise GI protein (see 

introduction to this thesis), and a range of buffers and salt concentrations typically used in buffer 

screens (Bashiri, 2009). Protein solubilisation was performed at 4°C for 48 h with shaking. 

Soluble supernatants of 24 and 48 h samples, and insoluble pellets resuspended in NSB-Urea 

were analysed by SDS-PAGE as described in 2.1.4.8. 

GI protein bands (~130 kDa) were observed in all insoluble fractions (Figure 4.3), with those of 

48 h samples containing less GI protein than those of 24 h samples. This suggested that Sf9 cell 

expressed GI protein might be slightly unstable, and at the same time demonstrated that it was 

more stable than E. coli expressed AtGI (Black, 2007). GI protein bands were also observed in 

many of the soluble fractions (Figure 4.3), indicating that it was possible to solubilise at least 

some GI protein. Buffers 7-10, which had higher salt concentrations than buffers 1-6 were 

observed to lead to more soluble protein than the lower salt buffers. 
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Figure 4.3: GI solubilisation test 

8% SDS gels of insoluble (IS) and soluble (S) fractions of GI expressed in Sf9 cells solubilised for 24 h or 

48 h using buffers 1-10. Buffer compositions can be found in the table on the bottom right. The molecular 

weight markers are labeled M and band sizes are given in kDa. The triangles indicate the position of the GI 

protein bands. 
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Solubilisation tests indicated that it was possible to solubilise GI protein, so to test if solubilised GI 

protein could be purified using its His-tag, a pull-down experiment was performed. GI was 

expressed in a 15 mL culture of Sf9 cells, hypotonic lysis was performed, and the cytoplasmic 

fraction discarded (see 2.1.7.6). Based on results from the first buffer screen the pellet was 

resuspended in 5 mL of solubilisation buffer with a high salt concentration (45 mM HEPES 

pH 8.0, 450 mM NaCl, 10% glycerol). It was not clear if DDM addition was necessary for GI 

solubilisation, and like all detergents it can interfere with purification steps. It was therefore 

decided not to include DDM in the solubilisation buffer. Solubilisation was performed at 4°C 

overnight with inversion.  

After 24 h a sample of the total protein solution was taken, and the remainder clarified. Soluble 

supernatants were removed, and insoluble pellets were resuspended in NSB-SDS and NSB-

Urea. A sample of the soluble fraction was taken, and a pull-down was performed using a column 

with cobalt charged resin as described in 2.1.7.7.3. Unbound protein, wash fractions and elution 

fractions were collected and analysed by SDS-PAGE along with all other samples that were taken 

(2.1.4.8). Prominent ~130 kDa GI bands were observed in samples taken from the total protein 

solution after solubilisation and from insoluble pellets (Figure 4.4A). Weaker bands were 

observed in samples from the soluble protein fraction, protein that did not bind to the column, and 

the first wash fractions. No GI band was observed in any of the elution fractions. These 

observations indicated that most of the GI protein was still insoluble after solubilisation and that 

GI protein in solution did not bind to the TALONTM resin. It is possible that the GI in the soluble 

fraction was not correctly folded soluble protein, but rather soluble aggregates of GI, or that the 

His-tag was occluded.  

As mentioned above, DDM was omitted from the solubilisation buffer, and it was possible that this 

caused insufficient GI solubilisation. To test this, DDM was added to 0.5% to the unbound protein 

fraction collected from the pull-down described above. Solubilisation was performed at 4°C 

overnight with inversion, then the solution was divided in half. Cobalt charged resin was added to 

one half, and a pull-down was performed (2.1.7.7.1). The remaining half was clarified by 

centrifugation, the soluble supernatant was transferred into a fresh tube, cobalt charged resin 

added, and a second pull-down performed. The insoluble pellet was resuspended in NSB-Urea 

and all samples were analysed by SDS-PAGE (2.1.4.8). The ~130 kDa GI band was observed in 

the original unbound protein fraction after overnight protein solubilisation with DDM, the insoluble 

fraction after solubilisation with DDM, wash fractions, and samples of resin from both pull-downs 

(Figure 4.4B). This led to the conclusion that it was not possible to solubilise GI. 
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Figure 4.4: GI purification tests 

A: 8% SDS gels of GI expressed in Sf9 cells, and solubilised in a high salt buffer (45 mM HEPES pH 8.0, 

450 mM NaCl, 10% glycerol). Samples were taken of the total protein solution (T), and insoluble (IS) and 

soluble (S) fractions after overnight solubilisation. A pull-down was performed on the soluble faction and 

samples were taken of the unbound protein (U), wash fractions (W1-7) and elution fractions (E1-5). B: 

0.5 % DDM was added to the unbound fraction from the pull-down and another solubilisation was 

performed overnight. A sample was taken of the unbound fraction plus DDM (U), this was divided into two 

halves and one half was centrifuged to separate the insoluble (IS) from the soluble fraction. Pull-downs 

were performed on one half of U and the soluble fraction of the other half. Samples were taken of the wash 

fractions (WT and WS) and resin (RT and RS) of both pull-downs. The molecular weight markers are 

labeled M and band sizes are given in kDa. The triangles indicate the position of the GI protein bands. 

Before any further tests were performed, it was verified that the ~130 kDa band contained GI 

protein. A representative band was excised from a gel (Figure 4.4A) and submitted to the 

University of Auckland Centre for Genomics and Proteomics for MALDI-TOF MS and PMF 

(described in 2.1.4.9). PMF results confirmed that the protein in the excised band was 

Arabidopsis GI.  

Summary and discussion 

The results of the purification tests indicated that with or without DDM in the solubilisation buffer, 

most of GI protein was insoluble. Additionally, GI in solution without DDM did not bind to cobalt 
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charged resin. GI protein bands were observed in samples of a pull-down of DDM solubilised 

protein when resin was loaded directly onto the gel without performing an elution. In this case 

insoluble GI could have been spun down with the resin during the pull-down and loaded along 

with it. It was concluded that it was not possible to sufficiently solubilise and purify GI protein with 

the buffers used so far, and it was decided to perform further buffer screening.  

4.5 GI solubilisation using an ion/pH solubility screen 

It was attempted to solubilise GI using an ion/pH screen that was developed to increase protein 

solubility by first screening a range of anion, cations and buffers, and then combining these to an 

optimal solubilisation buffer (Collins et al., 2004). The best solubilisation conditions found in this 

screen could later also be used for protein crystallisation.  

GI was expressed in Sf9 cells and 20x 750 µL aliquots of cells were harvested and lysed 

(2.1.7.6). Pellets containing insoluble protein were each resuspended in 100 µL of one of 20 

different solutions with a range of different pH, anions and cations (see 2.1.7.6.1.2 and table in 

Figure 4.5). Solubilisation was performed for 30 min at room temperature with shaking. After 

centrifugation of the samples, soluble supernatants were transferred into fresh tubes and 

insoluble pellets were resuspended in 100 µL NSB-Urea. Samples of soluble and insoluble 

fractions were analysed by SDS-PAGE (2.1.4.8). The ~130 kDa GI band was observed in all 

insoluble fractions (Figure 4.5). Additionally, GI bands were observed in some of the soluble 

fractions. When comparing GI amounts in soluble and insoluble fractions of each solubilisation, 

the following solutions were found to result in the highest apparent amounts of soluble GI: 

CHAPS pH 10.5 (6), MgCl2 (11), NaSO4 (18), Na2HPO4 (19) and Na2HC6H5O7 (20). 

In conclusion, it was possible to solubilise small amounts of GI using CHAPS and a range of 

anions and cations. To further improve the solubility of GI, four different solubilisation buffers were 

prepared, which included the components that were most successful in solubilising GI. These 

buffers (buffers A-D in table in Figure 4.6) all contained 100 mM CHAPS at pH 10.5 which can be 

problematic for subsequent purification steps. Therefore, another five buffers were prepared using 

different amounts of CHAPS or different buffering components at a less alkaline pH (buffers E-J).  
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Figure 4.5: pH/ion screen for GI solubilisation 

8% SDS gels of soluble (S) and insoluble (IS) fractions of GI expressed in Sf9 cells and solubilised for 30 

min using solutions 1-20. The table on the bottom right shows all compositions. The molecular weight 

markers are labeled M and band sizes are given in kDa. The triangles indicate the position of the GI protein 

bands. 
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Solubilisation with buffers A-F was performed on 6x 750 µL aliquots of cells expressing GI as 

described above (pH/ion screen). All insoluble pellets were resuspended in NSB-Urea, and all 

samples were analysed by SDS-PAGE (2.1.4.8). Solubilisation with buffers G-J was performed on 

3x 14 mL aliquots of cells expressing GI, and solubilisation was performed for 2 h at room 

temperature with shaking. Insoluble pellets were resuspended in NSB-Urea, and all samples were 

analysed by SDS-PAGE (2.1.4.8). Additionally, soluble fractions from solubilisation with buffers 

G-J were used to perform pull-down experiments (2.1.7.7.2) to test whether solubilised GI could 

be purified. GI bands (~130 kDa) were observed in the soluble fractions of solubilisations with 

buffers A-F (Figure 4.6), indicating that it was possible to solubilise small amounts of GI in buffers 

of different pH containing the correct anions and cations. Prominent GI protein bands were also 

observed in the insoluble fractions of solubilisations with buffers G-J (Figure 4.6), and faint bands 

in the soluble and unbound fractions, but no GI was observed in the elution fractions from the 

pull-down experiments. This indicated that only minor amounts of GI were soluble in buffers G-J, 

and that no soluble GI had bound to the resin used for the pull-down.  

Protein expressions for GI solubilisations with buffers E-J had been performed with a newly 

generated viral stock, therefore a representative ~130 kDa band was cut out from a gel (Figure 

4.6) and submitted to the University of Auckland Centre for Genomics and Proteomics for MALDI-

TOF MS and PMF (described in 2.1.4.9). PMF results confirmed that the protein in the excised 

band was Arabidopsis GI. 

Summary and discussion 

It was found that cells infected with a fresh stock of vHCS1 produced large quantities of GI, but 

only small amounts of it were soluble. No GI protein was eluted from pull-downs performed on 

soluble fractions, indicating that no soluble protein could be purified. When Sf9 cells were infected 

with the previous stock of vHCS1, GI solubilisation produced a higher ratio of soluble to insoluble 

protein, but the total amount of GI protein was smaller. It is likely that there is a limit to the amount 

of GI that can be held in solution.  

It was concluded that with the use of different buffers at different pH and a range of different 

anions, cations and salt concentrations it was not possible to solubilise GI protein that could be 

purified using its His-tag. It was considered necessary to explore the use of detergents to 

solubilise GI.  
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Figure 4.6: GI solubilisation in anion/cation/pH combination buffers 

8% SDS gels of insoluble (IS) and soluble (S) fractions of GI expressed in Sf9 cells and solubilised for 

30 min using buffers A-F or 2 h using buffers G-J. The table on the bottom right shows all buffer 

compositions. Pull-downs were performed on soluble fractions from solubilisations with buffers G-J, and 

unbound (U), wash (W) and elution (E) fractions were analysed along with cytoplasmic (C), insoluble (IS) 

and soluble (S) fractions. The molecular weight markers are labeled M and band sizes are given in kDa. 

The triangles indicate the position of the GI protein bands 
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4.6 GI solubilisation using detergents 

4.6.1 Deoxycholate and n-dodecyl-β-D-maltoside 

GI protein is known to have multiple hydrophobic regions and to interact with a number of proteins 

(see introduction to this thesis). Additionally, past work by M. Black has shown that GI expressed 

in E. coli can be partially solubilised and stabilised using the detergent DDM (Black, 2007). It was 

therefore attempted to use a buffer containing detergent to solubilise Sf9 expressed GI protein. 

Buffers containing 0.2% DDM, 1% deoxycholate (DC) or 1 M urea were prepared for GI 

solubilisation. These also contained ions found to potentially solubilise small quantities of GI (see 

section 4.5). Urea was selected as a non-detergent alternative for GI solubilisation, as detergents 

can interfere with protein purification and crystalisation attempts. It was thought that a 

concentration of 1 M, urea might be able to solubilise GI without denaturing it (Tanford, 1968) 

(buffer compositions see 2.1.7.6.1.4). Cells expressing GI (3x 14 mL) were lysed, and clarified by 

centrifugation into isoluble and insoluble fractions. Pellets containing insoluble protein were 

resuspended in 3 mL of DDM, DC or urea solubilisation buffer. Sf9 cell nuclei were fractured, and 

DNase and Benzonase were added to remove nucleic acids, improving detergent access to 

proteins. Solubilisation was performed overnight at 4°C with inversion. The solution was clarified 

by centrifugation, and insoluble pellets were resuspended in NSB-SDS. Samples of cytoplasmic, 

insoluble and soluble fractions were analysed by SDS-PAGE (2.1.4.8). 

Prominent GI protein bands were observed in all insoluble fractions (Figure 4.7). Faint GI bands 

were observed in the soluble fractions of DDM and urea solubilisations, indicating that it might 

have been possible to solubilise some GI protein. It was decided to perform pull-down 

experiments to determine whether the soluble GI protein could be purified.  

Soluble fractions from all three treatments (DDM, DC and urea) had been stored at 4°C, and in 

the DC solution white precipitate was visible. The sample was centrifuged, the supernatant 

transferred into a fresh tube, and the pellet resuspended in NSB-SDS. A 1 mL aliquot of the 

soluble supernatant from DC and the soluble fractions from DDM and urea solubilisations were 

used in pull-downs in microfuge tubes as described in 2.1.7.7.1. The load of each pull-down, the 

insoluble pellet of the DC solubilisation, and the wash fractions and resin from each pull-down 

were analysed by SDS-PAGE (2.1.4.8). The ~130 kDa GI band was only observed in one sample 

from the pull-down of GI solubilised in DC buffer: the insoluble pellet (Figure 4.7). This indicated 

that GI came out of solution when the soluble fraction was stored at 4°C before the pull-down was 

performed. In samples from pull-downs with DDM and urea solubilised GI, the GI protein band 
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was observed in the soluble fraction that was loaded onto the resin, and in the fraction containing 

the resin used to perform the pull-down. This indicated that in DDM and urea GI was partially 

soluble. An extraction in buffer containing 0.2% DDM was repeated and a subsequent pull-down 

was performed with an identical result (data not shown). 

 

Figure 4.7: Solubilisation of GI with DC, DDM or urea 

A: 8% SDS gels of insoluble (IS) and soluble (S) fractions of GI expressed in Sf9 cells and solubilised 

overnight at 4°C using buffers containing 1% deoxycholate (DC), 0.2% DDM or 1 M urea. B: 8% SDS gels 

of samples from pull-downs of GI. Soluble fractions from solubilisations with DC, DDM or urea (L) were 

loaded onto the resin, the unbound fraction (U) was removed, and the resin (R) washed (W). Protein in DC 

buffer came out of solution, was pelleted by centrifugation, resuspended in NSB-SDS and analysed as well 

(P). The molecular weight markers are labeled M and band sizes are given in kDa. The triangles indicate 

the position of the GI protein bands. 

These results indicated that it might be possible to pull-down GI which was solubilised in DDM or 

urea containing buffers. However, the resin used in the pull-downs was loaded straight onto the 

gel without performing an elution. It was possible that insoluble GI could have been spun down 
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with the resin during the pull-down and therefore loaded along with it. It was concluded that 

further pull-downs needed to be performed, to determine if GI protein was actually binding to the 

resin and whether it could be eluted.  

4.6.2 Pull-downs to test GI elution and His-tag function 

GI was expressed in 20 mL of Sf9 cell culture, cells were lysed and the pellet containing insoluble 

protein was resuspended in 3 mL of solubilisation buffer containing 1 M urea (see above). Nuclei 

were fractured and DNase and Benzonase added. Nickel charged resin (50 µL) was added and 

solubilisation was performed overnight at 4°C with inversion. A pull-down was performed as 

described in 2.1.7.7.2, by loading the sample with the resin into a column. Unbound and wash 

fractions were collected, and elution performed with 200 mM imidazole in the same buffer GI was 

solubilised in, but without urea. Elution fractions were collected and after elution, a sample of the 

resin was removed from the column and analysed by SDS-PAGE.  

GI protein bands were only observed in the unbound fraction and in the sample of resin loaded 

onto the gel (Figure 4.8A). This indicated that it was not possible to elute GI with 200 mM 

imidazole. Additionally, the large amount of GI in the unbound fraction indicated that the resin 

could have been overloaded with too much protein. 

To test if it was possible to elute GI with higher imidazole concentrations, 100 µL of nickel 

charged resin was added to the unbound fraction from the previous pull-down, and incubated at 

4°C overnight with inversion. Another pull-down was performed by loading the resin into a 

column, but this time elution was performed with buffers containing 200 mM, 500 mM and 1 M 

imidazole. Additionally, an attempt was made to strip any protein from the resin using a buffer 

with 100 mM EDTA. Unbound and elution fractions were collected and analysed by SDS-PAGE 

along with resin from the column.  

The result of the second pull-down was very similar to the first one: most of GI protein could be 

observed in the unbound fraction and in the resin loaded onto the gel (Figure 4.8B). A faint GI 

band was observed in the sample from the stripping of the resin.  

The results of the pull-downs indicated that at least most of GI protein could not be eluted from 

the resin with imidazole. It is possible, that GI protein aggregated on the column when the 1 M 

urea was removed by washing. This would explain why it did not elute but remained on the nickel 

resin. It was decided to perform another pull-down on fully denatured GI protein to analyse 

whether it was possible to elute GI at all. 
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Figure 4.8: Pull-downs of GI solubilised in 1 M urea 

8% SDS gels of pull-downs performed on GI solubilised overnight in buffer containing 1 M urea. Unbound 

(U), wash (W) and elution fractions (E) were collected and analysed alongside a sample of the resin (R). A: 

Elution was performed with 200 mM imidazole (E1-6). B: Elution was performed with 200 mM (E1), 500 mM 

(E2) and 1 M imidazole (E4-7). The resin (R) was then stripped with 100 mM EDTA (St). The molecular 

weight markers are labeled M and band sizes are given in kDa. The triangles indicate the position of the GI 

protein bands. 

GI was expressed in Sf9 cells, 10 mL of cells were pelleted by centrifugation and lysed. The pellet 

containing insoluble protein was resuspended in 1.5 mL of NSB-Urea, containing 8 M urea (see 

2.1.7.1). Nuclei were fractured, DNase and Benzonase added, and solubilisation performed 

overnight at 4°C with inversion. Insoluble pellets were resuspended in NSB-SDS. Nickel coated 

resin (50 µL) was added to the soluble fraction and incubated overnight at 4°C with inversion. A 

pull-down was then performed as described in 2.1.7.7.2, by loading the sample with the resin into 

a column. Unbound and wash fractions were collected, and elution was performed with 200 mM 

imidazole. Elution fractions were collected and analysed by SDS-PAGE. 

The ~130 kDa GI band was observed in insoluble and soluble fractions from the solubilisation as 

well as in the unbound fraction from the pull-down (Figure 4.9). Additionally, weaker, but clearly 

visible GI bands were observed in the elution fractions.  
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Figure 4.9: Pull-down of GI denatured in 8 M urea 

8% SDS gels of cytoplasmic (C), insoluble (IS) and soluble (S) fractions of GI expressed in Sf9 cells and 

denatured using buffer containing 8 M urea. The soluble fraction was used in a pull-down using nickel 

coated resin and the unbound fraction (U) collected. Elution was performed with 200 mM imidazole, and 

three fractions were collected (E). The molecular weight marker is labeled M and band sizes are given in 

kDa. The triangle indicates the position of the GI protein bands.  

The result from the pull-down demonstrated that it was possible to purify denatured GI using its 

His-tag. This indicated that previous solubilisation attempts using DDM or 1 M urea, which 

resulted in GI that could not be eluted from nickel or cobalt coated resin, had most likely not been 

successful in producing soluble protein. It was concluded that it was necessary to explore the use 

of other compounds to solubilise GI. 

4.6.3 Triton, BOG and CHAPS 

A wide range of detergents is available for the solubilisation of recombinantly expressed proteins. 

Amongst those is CHAPS, which in a previous solubilisation screen had been used as a buffer, 

and had been found to solubilise small amounts of GI (see section 4.4). It was decided to 

investigate the use of CHAPS at a higher concentration for solubilisation of GI. In addition, two 

other detergents commonly used to solubilise proteins were used for GI solubilisation: Triton X-

100 and octyl-beta-D-glucopyranoside (BOG).  

GI was expressed in Sf9 cells, 3x 10 mL of cells were lysed, and pellets containing insoluble 

protein were resuspended in 1.5 mL of solubilisation buffer containing 0.02% Triton, 30 mM BOG 

or 0.5% CHAPS (exact buffer compositions see 2.1.7.6.1.4). Nuclei were fractured, DNase and 

Benzonase added, and solubilisation performed overnight at room temperature with inversion. 

Insoluble pellets were resuspended in 1.5 mL NSB-SDS. Nickel coated resin (50 µL) was added 

to the soluble fractions and incubated overnight at room temperature with inversion. Pull-downs 
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were performed as described in 2.1.7.7.2, by loading the samples with the resin into columns. 

Unbound and wash fractions were collected, and elution was performed with 100 mM, 200 mM, 

500 mM and 1 M imidazole. Elution fractions were collected and analysed by small scale Bradford 

assay (2.1.7.7.4) for protein content. A colour change in the Bradford assay, which was 

considerably different from the colour change observed for imidazole alone, indicated the 

presence of proteins. Corresponding elution fractions were analysed by SDS-PAGE, along with 

resin taken out of each column after the pull-downs. The resulting gels are presented in Figure 

4.10. 

 

Figure 4.10: Solubilisation of GI with Triton, CHAPS or BOG 

A: 8% SDS gel of insoluble (IS) and soluble (S) fractions of GI expressed in Sf9 cells and solubilised 

overnight using buffers containing 0.02% Triton, 30 mM BOG or 0.5% CHAPS. B: 8% SDS gel of samples 

from pull-downs perfomed with nickel coated resin on soluble fractions from A. Unbound (U) and elution 

fractions (E) were analysed along with samples of resin (R) used in each pull-down. The molecular weight 

markers are labeled M and band sizes are given in kDa. The triangles indicate the position of the GI protein 

bands. 

Prominent GI protein bands (~130 kDa) were observed in insoluble fractions of the three 

treatments (Triton, BOG and CHAPS) but not in soluble fractions (Figure 4.10A). In contrast to 
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previous solubilisations, no GI protein bands were observed in any fractions from the pull-downs 

(Figure 4.10B). 

The results indicated that it was not possible to solubilise GI using 0.02% Triton, 30 mM BOG or 

0.5% CHAPS, and it was decided to investigate the use of further solubilisation compounds. 

4.6.4 DDM, Saponin, NDSB, FC-12 and LDAO  

DDM had in the past been shown to be useful for GI solubilisation and stabilisation (Black, 2007). 

However, it has not been possible to solubilise GI expressed in Sf9 cells using a buffer containing 

0.2% DDM. It was therefore attempted to solubilise GI with higher DDM concentrations and by 

adding Saponin or NDSB-195 to a DDM containing buffer. Saponin is a naturally occurring 

―saponification‖ agent which has been found to solubilise some membrane associated proteins. It 

is able to associate with Triton X-100 resistant membranes, known as lipid rafts, and is thought to 

do this by stripping membranes of cholesterol and sphingomyelins (Brown, 2006). This is believed 

to make membranes more accessible to detergents resulting in detergent soluble proteins. 

NDSB-195 is a non-detergent sulfo-betain (NDSB), which are another class of solubilising 

compounds that were included in the GI solubilisation attempts. Additionally, it was attempted to 

solubilise GI in buffers containing Fos-choline® -12 (FC-12), LDAO or a combination of LDAO and 

urea. FC-12 has membrane like properties, as it possesses a charged head group and long acyl-

lipid tail. It was used in an attempt to disrupt the Sf9 membrane in case GI was trapped in it. 

LDAO is a zwitter-ionic surfactant, which has been successfully used to purify membrane proteins 

with or without the addition of urea. 

GI was expressed in Sf9 cells, 6x 8 mL of cells were lysed, and pellets containing insoluble 

protein resuspended in 1.5 mL of solubilisation buffer. The six buffers that were used contained 

either 3% DDM, 3% DDM and 1% Saponin, 3% DDM and 1% NDSB-195, 1% FC-12, 1% LDAO 

or 1% LDAO and 1 M urea (exact buffer compositions see 2.1.7.6.1.4). Nuclei were fractured, 

DNase and Benzonase added, and solubilisation performed overnight at 28°C with inversion. 

Insoluble pellets were resuspended in 1.5 mL NSB-SDS. Soluble and insoluble fractions were 

analysed by SDS-PAGE as described in 2.1.4.8 

GI protein bands (~130 kDa ) were observed in the insoluble fractions of solubilisations with DDM, 

DDM and Saponin, and DDM and NDSB-195 (Figure 4.11). Faint GI bands were visible in the 

soluble fractions of solubilisations with DDM and FC-12, indicating successful solubilisation of GI. 

No clear protein bands were visible in the solubilisations with LDAO or LDAO and urea, indicating 
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that LDAO was not compatible with SDS-PAGE, and in the future would need to be removed 

before analysing proteins by this method.  

 

Figure 4.11: Solubilisation of GI with DDM, Saponin, NDSB, FC-12 and LDAO 

8% SDS gels of soluble (S) and insoluble (IS) fractions of GI expressed in Sf9 cells and solubilised 

overnight at 28°C using buffers containing 3% DDM, 3% DDM and 1% Saponin, 3% DDM and 1% NDSB-

195, 1% FC-12, 1% LDAO or 1% LDAO and 1 M urea. The molecular weight markers are labeled M and 

band sizes are given in kDa. The triangle indicates the position of the GI protein bands. 

To test if DDM or FC-12 solubilised GI could be purified, pull-downs were performed. As the 

nickel resin is imcompatible with 3% DDM, excess detergent was removed from the sample using 

Bio-Beads® (Bio-Rad, USA) which were added to the soluble fraction of the DDM and incubated 

at room temperature for 2 h. The Bio-Beads® were removed after the incubation, and nickel 

coated resin (50 µL) was added to the DDM and FC-12 soluble fractions and incubated overnight 

at room temperature with inversion. Pull-downs were performed as described in 2.1.7.7.2, by 

loading the samples with the resin into columns. Unbound and wash fractions were collected, and 

elution performed with 200 mM imidazole. Elution fractions were collected and analysed by SDS-

PAGE along with other samples that were colleted, including a sample of resin was taken out of 

each column after the pull-down. 

No GI protein bands were observed in any elution fractions or in the samples of resin that were 

loaded onto the gels (data not shown). This indicated that the detergent concentrations might still 

have been too high for the pull-downs to work, or that GI protein might have associated with the 

Bio-Beads®. It was decided to perform a new GI expression and solubilisation with FC-12 and 

remove the detergent by a different method: dialysis.  
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GI was expressed and solubilised with 1% FC-12 as described above. Detergent removal was 

performed by overnight dialysis using a 60 kDa cut-off membrane and 1 L of dialysis buffer 

(50 mM Tris, 10 mM MgCl2, 50 mM Na2HC6H5O7, 10 mM NaCl, 10% Glycerol, 5 mM KCl). Nickel 

coated resin (50 µL) was then added to the soluble fraction and incubated overnight at room 

temperature with inversion. Pull-downs were performed as described in 2.1.7.7.2, by loading the 

samples with the resin into columns. Unbound and wash fractions were collected, and elution 

performed with 200 mM imidazole. Elution fractions were collected and analysed by SDS-PAGE 

along with a sample of resin taken out of the column after the pull-down. 

It was observed that faint ~130 kDa GI protein bands were only present in the unbound fraction 

and in the sample of resin that was loaded onto the gel (Figure 4.12). The amount of GI observed 

in either fraction was very low, indicating that GI might not have been stable overnight in FC-12 

containing buffer.  

 

Figure 4.12: Pull-down of GI solubilised in FC-12 

GI was expressed in Sf9 cells, solubilised in buffer containing 1% FC-12, and the soluble fraction used in a 

pull-down experiment. The figure shows an 8% SDS gel of the unbound (U), wash (W) and elution (E) 

fractions from the pull-down, and a sample of resin (R). The molecular weight marker is labeled M and band 

sizes are given in kDa. The triangle indicates the position of the GI protein bands. 

In summary, the results indicated that it was not possible to solubilise and purify GI protein using 

buffers containing 3% DDM, 3% DDM and 1% Saponin, 3% DDM and 1% NDSB or 1% FC-12. It 

was decided to investigate the use of other reagents for GI solubilisation. 

4.6.5 Sarkosyl 

Sarkosyl is an ionic detergent known to solubilise proteins associated with the outer membrane of 

E. coli, and proteins trapped in inclusion bodies (Frankel et al., 1991). It was thought that these 
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properties may make it a suitable compound for solubilisation of GI, which is known to have large 

hydrophobic regions and form inclusion bodies when expressed in E. coli (Black, 2007). 

GI was expressed in Sf9 cells (50 mL), and pellets containing insoluble GI protein were 

resuspended in 1.5 mL buffer containing 0.6% Sarkosyl (buffer composition see 2.1.7.6.1.4) as 

described above. Solubilisation was performed at room temperature for 24 h with sampling after 

2 h. Samples taken after 2 and 24 h were centrifuged, the soluble supernatants transferred into 

fresh tubes and the insoluble pellets resuspended in NSB-SDS. The cytoplasmic fraction and 

soluble and insoluble fractions from both samples were analysed by SDS-PAGE. 

Prominent ~130 kDa GI protein bands were observed in the insoluble fractions of 2 h and 24 h 

solubilisations, and very faint bands were observed in the soluble fractions of the samples (Figure 

4.13). 

 

Figure 4.13: Solubilisation of GI with Sarkosyl 

8% SDS gel of cytoplasmic (C), soluble (S) and insoluble (IS) fractions of GI expressed in Sf9 cells and 

solubilised for 2 or 24 h using buffer containing 0.6% Sarkosyl. The molecular weight marker is labeled M 

and band sizes are given in kDa. The triangle indicates the position of the GI protein bands. 

The results indicated that it might be possible to solubilise small amounts of GI using a buffer 

containing 0.6% Sarkosyl. It was decided to perform a pull-down using nickel coated resin to 

determine if the solubilised GI could be purified. The Sarkosyl concentration in the 24 h fraction 

was reduced to 0.2% by dilution with solubilisation buffer without sarkosyl. A pull-down was then 

performed as described in 2.1.7.7.2 but with 200 µL of resin equilibrated with buffer containing 
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0.2% Sarkosyl. Unbound and elution fractions and a sample of the resin were analysed by SDS-

PAGE (2.1.4.8). 

No GI protein bands could be observed in any of the samples form the pull-down (data not 

shown). It was concluded that it was not possible to solubilise and purify GI using buffer 

containing 0.6% Sarkosyl. However, reports of successful protein solubilisation with Sarkosyl 

involved the use of much larger volumes of buffer than was used in this work. For example 

Peternel and colleagues used buffer containing 0.2% Sarkosyl at a pellet to buffer volume ratio of 

1:40 (Peternel et al., 2008). It was therefore decided to investigate if GI might be soluble in a 

larger volume of buffer with Sarkosyl. 

GI was expressed in 50 mL of Sf9 cells, the cells were lysed, and the pellet containing insoluble 

protein resuspended in 15 mL of buffer containing 0.2% Sarkosyl. Soluble and insoluble fractions 

of samples taken after 2 h and 24 h of solubilisation were analysed by SDS-PAGE. Results were 

almost identical to those of the solubilisation with 1.5 mL of Sarkosyl containing buffer described 

above (data not shown). 

Summary and discussion 

It was not possible to solubilise GI expressed in Sf9 cells using a range of different detergents 

and other solubilising agents. Rather than screeing more compounds, it was decided to 

investigate the use of a different technique for protein solubilisation.  

4.7 GI solubilisation using a membrane protein extraction 
method 

GI is known to have large hydrophobic regions and early structure predictions indicated it may be 

a membrane protein (Fowler et al., 1999, see introduction to this thesis). It was therefore decided 

to investigate the use of a method designed for membrane protein extraction, in case GI was 

trapped in the nuclear membrane of the Sf9 cells. The method used in this thesis is based on a 

paper published by White and colleagues (White et al., 2004). 

GI was expressed in 50 mL of Sf9 cells, the cells were lysed and the pellet containing insoluble 

protein used to perform a membrane protein extraction as described in 2.1.7.6.2. Extractions 

were performed with stirring on ice or at room temperature for between 1 and 24 h. Additionally, 

an extraction without sonication and therefore without addition of glutathione was performed. All 

collected samples were analysed by SDS-PAGE (2.1.4.8). 
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Figure 4.14 shows a typical SDS-PAGE gel of samples from two solubilisations performed for 

24 h. Samples were taken at the start of the extractions (t0) and after solubilisation at room 

temperature (RT) or 4°C. GI protein bands were observed in insoluble fractions of both 

solubilisations, but not in the soluble fractions. Extractions performed for 1 h or without sonication 

led to almost identical results (data not shown). 

 

Figure 4.14: GI solubilisation using a membrane protein extraction method 

8% SDS gel of cytoplasmic (C), soluble (S) and insoluble (IS) fractions of GI expressed in Sf9 cells and 

solubilised using a membrane protein extraction method. Extractions were performed at room temperature 

(RT) or at 4°C, and samples were taken at the beginning of the extractions (t0) and after 24 h (S and IS). 

The molecular weight marker is labeled M and band sizes are given in kDa. The triangle indicates the 

position of the GI protein bands. 

Summary and discussion 

The results from all membrane protein extraction experiments indicated that this method was not 

suitable for solubilisation of GI expressed in Sf9 cells. 

In conclusion, it was not possible to solubilise GI in buffers containing a range of different 

buffering components at a range of pHs; a selection of ions, detergents or other solubilising 

agents in a variety of different combinations; or using a membrane protein extraction method. It 

was therefore decided to investigate the localisation of GI in Sf9 cells as this may help to design 

further approaches for GI solubilisation. 
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4.8 Localisation of GI in Sf9 cells by immunocytochemistry 

The localisation of GI in Sf9 cells was investigated using immunocytochemistry on infected, fixed 

Sf9 cells. Information about the localisation of GI in Sf9 cells might offer an explanation why it was 

not possible to solubilise GI, and at the same time help to devise more successful solubilisation 

strategies. Immunocytochemistry was also performed on cells expressing full-length human 

recombinant phosphatidyl-inositol-3-kinase γ-isoform (PI3Kγ), which is localised in the cytoplasm 

of Sf9 cells and is soluble in a buffer containing 25 mM Tris-HCl pH 8, 300 mM NaCl, and 5% 

glycerol. This enabled comparison of the localisation of GI with that of a soluble, cytoplasmic 

protein.  

A method for Sf9 cell immunocytochemistry was developed based on methods for mammalian 

cell cultures, and a baculovirus stock for PI3Kγ expression (cloned into pFASTBacHT B™ and 

expressed using MultiBac™) was kindly provided by J. Dickson, Structural Biology Laboratory. 

The optimal infection conditions for GI and PI3Kγ expression were determined, and experiments 

were performed using DAPI staining to visualise nucleic acids and two different fluorescent 

secondary antibodies to visualise GI and PI3Kγ (described in 2.1.7.8). Photographs were taken, 

deconvoluted and in some cases merged as described in 2.1.7.8.2.  

Two different secondary antibodies were used to visualise GI and PI3Kγ accumulation: Alexa 488 

(green fluorescence) and Alexa 568 (red fluorescence). Figure 4.15 shows fluorescence 

microscopy images of GI and PI3Kγ visualised using Alexa 488, while Figure 4.16 shows images 

with both antibodies. Nucleic acids were visualised in blue using DAPI staining of the same cells 

used for GI and PI3Kγ localisation. Additionally, phase contrast images of the cells are provided, 

showing morphological differences between infected and uninfected cells.  

It was observed that insoluble GI protein accumulated unevenly in the Sf9 cells, while soluble 

PI3Kγ displayed an even expression pattern (Figure 4.15A). This pattern was observed with both 

secondary antibodies. In both cases uninfected control cells displayed a small amount of 

background fluorescence, which was easily distinguishable from the fluorescence of GI and 

PI3Kγ. Phase contrast images of infected Sf9 cells expressing GI and PI3Kγ showed what looked 

like an uneven cell surface compared to uninfected cells. 
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Figure 4.15: Immunocytochemistry of GI and PI3Kγ expressed in Sf9 cells 

Immunostaining, DAPI staining and phase contrast microscopy performed on Sf9 cells expressing GI or 

PI3Kγ; uninfected cells were used as control. Each row shows the same cells. A: The first column shows GI 

and PI3Kγ, visualised using Alexa 488 fluorescent secondary antibodies. The second column shows 

nucleic acids visualised using DAPI staining, and the third column shows phase contrast images. Scale 

bars represent 20 μm. B: Close-up images of individual Sf9 cells shown in A. The first column shows GI 

and PI3Kγ, visualised using Alexa 488, the second column shows nucleic acids visualised using DAPI 

staining, the third column shows an overlay of the fluorescence and DAPI images, and the fourth column 

shows phase contrast images. 
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GI and PI3Kγ fluorescence was observed not to overlap with DAPI fluorescence (Figure 4.15B). 

This demonstrated that neither GI nor PI3Kγ associated with nucleic acids, indicating that both 

were localised outside the nucleus or in the nuclear membrane. In fact, PI3Kγ had been shown to 

localise to the cytoplasm as it could be extracted in soluble form from Sf9 cells by hypotonic lysis 

(J. Dickson, personal communication).  

 

Figure 4.16: GI and PI3Kγ expression patterns in Sf9 cells 

Immunostaining and phase contrast microscopy performed on Sf9 cells expressing GI or PI3Kγ; uninfected 

cells were used as control. Images show individual Sf9 cells. A: Close-up images of GI and PI3Kγ 

localisation visualised using Alexa 488 (green) and Alexa 568 (red) fluorescent secondary antibodies. B: 

Close-up images of GI visualised using Alexa 488 (top row), and phase contrast images of the same cells 

(bottom row).  

Figure 4.16 shows close up images of the cellular localisation of GI and PI3Kγ. GI protein 

accumulates in distinct foci, while PI3Kγ appears evenly distributed throughout the cytoplasm 
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(Figure 4.16A). Phase contrast images show changes in cell morphology in the same regions 

where GI accumulates (Figure 4.16B). 

Summary and discussion  

The observation that GI and PI3Kγ displayed different localisation patterns correlated with the 

difference in solubility between Sf9 expressed GI and PI3Kγ. GI protein did not seem to be 

localised inside the nucleus, but might have been associated with the nuclear membrane. Further 

experiments using markers specific for individual cellular compartments or organelles would be 

needed to determine the exact localisaiton of GI. The formation of GI foci might indicate that the 

protein aggregated or interacted with other proteins inside the Sf9 cells.  

It was not possible to devise further GI solubilisation strategies based on the results of the 

immunocytochemistry experiments performed to determine the localisation of GI in Sf9 cells. GI 

protein seemed to aggregate, indicating that a different method of GI expression such as the use 

of cultured plant cells or co-expression of GI with one of its known interactors might be necessary 

to produce soluble GI protein.  
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5 GENERATION AND CHARACTERISATION OF 
ARABIDOPSIS pGI::GI-TAP LINES 

5.1 Introduction 

The second main aim of this thesis was to study the regulation of GI protein levels in Arabidopsis. 

Previous work had shown that GI protein levels are post-translationally regulated and that GI is 

degraded in the dark by the proteasome (David et al., 2006). It was believed that GI was actively 

stabilised in the light, and experiments by David and colleagues in different colours of light 

indicated that both blue and red light stabilised GI. Subsequent analysis of cry1/2 mutant 

Arabidopsis plants indicated that the cryptochrome photoreceptors might be involved in the 

stabilisation of GI in blue light (Black, 2007) (see section 1.9). Based on these results, a range of 

Arabidopsis mutants were obtained (see 2.2.3.2), and used to determine which photoreceptor(s) 

might stabilise GI. These mutants were used in this thesis to analyse the influence of both red 

and blue light photoreceptors on GI protein accumulation. Double and triple mutants were 

included in this study, because photoreceptors often act redundantly (see section 1.7). COP1 acts 

downstream of the phytochromes and cryptochromes as a negative regulator of light signalling 

(see section 1.8), therefore a cop1 mutant was also included in this study to analyse whether 

COP1 might be involved in the regulation of GI protein accumulation. A full list of lines used in this 

work can be found in 2.2.3. This list includes information on mutant alleles and ecotypes.  

The collection of Arabidopsis mutants lacking one or more photoreceptors or COP1 was studied 

under a range of different light conditions to see if the regulation of GI protein levels was altered 

in any of these lines compared to WT plants. To distinguish between effects on GI transcription 

and post-transcriptional regulation, relative GI mRNA and protein levels were measured by 

reverse transcription real-time PCR (RT RT-PCR) and quantitative Western Bloting respectively. 

As no antibody against GI was available, the pGI::GI-TAP construct (described in David et al., 

2006) needed to be introduced into the Arabidopsis lines that would be studied. This enabled 

detection of transgenic GI via the protein A part of the tag, and at the same time would enable 

possible future GI interactor studies in the mutant lines using pull-down experiments. The TAP tag 

consists of protein A, an r-TEV cleavage site, and calmodulin binding protein, and has a size of 

30 kDa (Rigaut et al., 1999). Chapter 5 describes the generation and characterisation of the 

transgenic Arabidopsis lines, performed by crossing or gene transfer. Chapters 6 and 7 describe 

the experiments performed with these lines in long and short day conditions and in single colours 

of light respectively. 
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5.2 Generation of transgenic Arabidopsis by crossing 

Two methods were used to introduce the pGI::GI-TAP construct into Arabidopsis: transformation 

with Agrobacterium and crossing with the well established line pGI30, which carries the pGI::GI-

TAP construct. Crossing with pGI30 was the favoured method because all resulting plant lines will 

carry the transgene in the same locus, which will enable direct comparison of GI levels. It is 

preferable to only perform crosses into mutant lines in the same ecotype background as pGI30, 

which is Columbia (Col), and not all mutant lines were available in this ecotype. Mutant lines in a 

Landsberg erecta (Ler) background and a Ler wild-type (WT) line were therefore transformed 

using Agrobacterium as described in section 5.3. 

Three pGI::GI-TAP lines were generated by other members of the Putterill Group by crossing 

pGI30 with Col WT, and cop1 and cry1/2 mutants. In addition, the trangenic ztl-103 mutant line 

obtained from the Somers group was bred to homozygousity for the pGI::GI-TAP construct. The 

resulting transgenic lines are listed in section 2.2.3.4. Tests performed to ensure the crossed lines 

were homozygous for the transgene and the respective mutation(s) are summarised in Appendix 

C. 

Once the pGI::GI-TAP carrying Ler WT line ―Ler TG‖ was generated and characterised (see 

below), it was used to cross the pGI::GI-TAP construct into the phyB mutant, which is in a Ler 

background. Time constraints did not permit the generation of additional crosses. Crossing of Ler 

TG with phyB was performed as described in 2.2.6.3, and seed was collected from individual 

siliques. Selection for transgenic T1 lines was performed on MS +KAN plates, and T2 seed was 

collected as described in 2.2.5.2. Selection for lines homozygous for the phyB mutation was 

performed on the T2 seeds, using hypocotyl assays in RR as described in 2.2.6.5.2. T2 seedlings 

displaying the long hypocotyl phenotype typical for phyB mutants were transferred onto rock-wool 

and grown to maturity. T3 seeds were then collected from individual plants as described in 

2.2.5.2.  

Lines generated by crossing were included in some of the experiments performed to characterise 

the transgenic lines generated by Agrobacterium transformation as described in section 5.4.  

5.3 Generation of transgenic Arabidopsis using vacuum 
infiltration with Agrobacterium 

Transformation of the Ler WT and phyA, phyAB, phyBD, phyBE, phyBDE, phyD, phyE, cry1, 

ado1, and cop1 mutants (see 2.2.3) with the pGI::GI-TAP construct was performed using vacuum 
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infiltration of Arabidopsis inflorescences with Agrobacterium. This method leads to stable 

integration of the transgene into the plant genome, but has some drawbacks, making it necessary 

to perform a range of tests on the transgenic plants that are generated. Firstly, it is possible that 

the transgene may be inserted multiple times. Therefore, it was necessary to select lines of 

transformed Arabidopsis which had a single insertion of pGI::GI-TAP (see section 5.3.1). 

Secondly, to generate a uniform population of transgenic plants, it was necessary to ensure that 

lines used for further studies were homozygous for the transgene (see section 5.3.2.). Thirdly, as 

the insertion of the transgene into the genome is a random process, it was necessary to analyse 

the homozygous, single insertion lines for flowering and light perception related phenotypes to 

ensure that the location of the transgene did not affect GI transcript or protein levels. This was 

achieved by comparing transgenic lines with their non-transgenic counterparts and by comparing 

independent transgenic lines to each other (see section 5.4). 

Mutant and wild-type Arabidopsis lines were transformed with the same pGI::GI-TAP construct 

that was used to generate the line pGI30. The plasmid pKD16 contained this construct, and was 

available in the form of a glycerol stock of Agrobacterium (for detail on pKD16 see 2.2.6.2). 

Initially, this glycerol stock was used to grow Agrobacterium cultures on a plate, pKD16 was 

extracted from these cells, and transformed into E.coli DH5α cells as described in 2.2.6.2. pKD16 

was isolated from E.coli and partially sequenced as described in 2.2.6.1. Sequencing results 

confirmed that the isolated plasmid was pKD16, and revealed the orientation of the pGI::GI-TAP 

construct. For a plasmid map of pKD16 see Appendix A. 

Colonies from the Agrobacterium plate were grown as liquid cultures and used to transform 

pKD16 into a range of Arabidopsis mutant lines (see above and Table 2.5) and a Ler WT line as 

described in 2.2.6.2. T1 seeds were collected from the transformed plants as described in 2.2.5.2. 

These seeds were sterilised and plated onto MS-agar plates supplemented with KAN and TIM (as 

described in 2.2.6.4.1) to select for the insertion of the transgene, which confers KAN resistance. 

phyBD mutant plants produced only small amounts of seeds, therefore only a small number of T1 

seeds were available for this line. 

After 14 days, resistant and susceptible plants were counted to estimate the transformation rates 

(see Table 5.1). Siliques that were formed from flowers generated after the transformation were 

not removed from the plants, hence the observed transformation rates may be lower than the 

actual rates. For most lines, 14 to 21 resistant T1 plants were transplanted from the selection 

plates onto rock-wool and grown to maturity. The selection of transformed phyBD mutant seeds 

only led to three resistant plants, therefore only three plants were transplanted for this mutant. T2 
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seeds were harvested individually from all transplanted T1 plants, as they represented individual 

transgenic lines that carried the transgene in different positions in their genome. 

5.3.1 Selection of pGI::GI-TAP lines with single insertions 

Heterozygous transgenic T1 lines were left to self cross, therefore lines with a single insertion of 

the transgene would lead to a ratio of 3:1 of resistant to sensitive T2 plants on MS +KAN plates. 

Lines with two insertions in freely segregating loci would give a 15:1 ratio, triple insertions would 

lead to a 63:1 ratio and so on. T2 seeds were collected from individual T1 plants. For most lines 

seeds from 10 different T1 plants were tested for pGI::GI-TAP copy number. Seeds were 

sterilised and plated onto MS +KAN plates as described in 2.2.6.4.2. After 14 days of growth 

under LD conditions, KAN resistant and sensitive plants on each plate were counted and χ2 

values were calculated for all T1 lines as described in 2.2.6.4.2. From the 10 independent 

transgenic lines per mutant or WT line that had been transformed (e.g. phyA), the three with the 

lowest χ 2 values for a single insertion were selected for further studies (e.g. phyA-3, phyA-4 and 

phyA-9). 

The χ2 test can also be used to determine if plants have double or triple insertions, by calculating 

χ
2 values for the corresponding expected ratios of resistant and sensitive plants. Table 5.1 shows 

how many T1 plants from each Arabidopsis line that was transformed had single, double or triple 

insertions, and the identification (ID) numbers of the T2 lines with the lowest χ2 values for single 

insertions. Twelve plants from each of these three lines were transplanted onto rock-wool, grown 

to maturity, and T2 seed was collected from each individual plant. 

5.3.2 Generation of homozygous pGI::GI-TAP lines 

To generate genetically homogeneous populations of plants for further studies it was necessary 

to select for lines that were homozygous for the pGI::GI-TAP construct. The transgenic single 

insertion T2 plants transferred onto rock-wool resulted from the selfing of a heterozygous T1 

plant, which means that one quarter of them would be expected to be homozygous for the 

inserted transgene. These T2 plants would correspondingly form T3 seed which is 100% KAN 

resistant. One half of the T2 plants would be heterozygous and therefore give a mix of T3 plants 

that are heterozygous or homozygous for the transgene and plants that are homozygous WT. On 

MS +KAN plates this would result in a 3:1 ratio of resistant to sensitive plants. The last quarter of 

the T2 plants would be homozygous lacking the transgene, and these would not have survived 

the selection for single insertion lines. Transgenic T2 plants from the phyB cross would also be a 
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mix of homo- and heterozygous plants, and corresponding T3 seeds were therefore subjected to 

the same selection procedure as transgenic plants resulting from Agrobacterium transformation. 

Seeds from 5 individual T2 plants per single insertion line (e.g. five plants from each phyA-3, 

phyA-4 and phyA-9), and seeds from 8 phyB cross lines homozygous for the phyB mutation 

(called line L554), were sterilised and plated onto MS +KAN plates as described in 2.2.6.4.3. After 

14 days of growth under LD conditions, plates were analysed for the presence of KAN susceptible 

plants. Plates with 100% KAN resistant plants represented homozygous T3 lines. Per T2 line one 

homozygous T3 line was selected for further studies (e.g. phyA-3-I, phyA-4-II and phyA-9-I, or 

L554-1). Plants from these lines were transferred onto rock-wool, grown to maturity and 

harvested for T4 seed. If the 5 T3 lines from one T2 line did not include a homozygous line, the 

selection process was repeated with seeds from another 5 T2 plants from the same line. Table 

5.1 summarises the number of plants per T2 line that underwent selection, how many 

homozygous lines were found amongst these, and the identifier (ID) of the homozygous lines that 

were selected for further studies.  
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Table 5.1: Results of transformation of Arabidopsis lines with the pGI::GI-TAP construct 

Mutant/ 
WT Line 

Transfor- 
mation 
rate in  

% 

Number of 
T1 plants/ 
siliques 

harvested 
for seed 

Number of 
T2 lines 

with single  
insertions 

Number of 
T2 lines 

with double 
insertions 

Number of 
T2 lines 

with triple 
insertions 

Identifi-
cation 

number 
of T2  

rescued 

Number of 
T3 plants 
per line 

used  
for 

selection 

Number 
of 

homo- 
zygous 

lines 

Homozygous, single-insertion lines 
selected for further characterisation 

phyA 0.21 10 7 2 none 3, 4, 9  5 each 9 phyA-3-I, phyA-4-II, phyA-9-I 

phyAB 0.14 10 7 none 1 3, 7, 10 5, 5, 10 3 phyAB-3-II, phyAB-7-III, phyAB-10-VI 

phyBD 0.20 3 3 none none 1, 2, 3 5, 5, 10 3 phyBD-1-I, phyBD-2-III, phyBD-3-IX 

phyBE 1.52 10 5 2 2 1, 3, 10 5 each 11 phyBE-1-III, phyBE-3-I, phyBE-10-I 

phyBDE 0.34 10 5 3 1 4, 5, 8  5 each 6 phyBDE-4-IV, phyBDE-5-X, phyBDE-8-III 

phyD 0.20 10 6 none 4 1, 2, 3 5, 10, 5 7 phyD-1-I, phyD-2-VII, phyD-3-III 

phyE 0.29 10 7 1 2 2, 6, 8 5 each 8 phyE-2-I, phyE-6-III, phyE-8-IV 

cry1  0.13 10 4 1 1 4, 8, 9 10, 5, 5 5 cry1-4-VI, cry1-8-I, cry1-9-I 

ado1  0.54 10 9 none 1 3, 5, 10 5 each 11 ado1-3-IV, ado1-5-III, ado1-10-V 

cop1 0.96 10 6 3 none 6, 7, 10 5 each 7 cop1-6-I, cop1-7-I, cop1-9-II 

Ler WT 0.61 10 5 3 2 5, 8, 10 5 each 7 Ler-5-III, Ler-8-III, Ler-10-I 

phyB n/a 30 all n/a n/a L554 8 1 phyB L554-1 
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5.4 Characterisation of the transgenic lines 

The three single-insertion homozygous lines selected per transformed Arabidopsis line (e.g. 

phyA-3-I, phyA-4-II and phyA-9-I, see Table 5.1) underwent further characterisation to determine 

which of the three was closest to the untransformed line in terms of flowering time and GI mRNA 

levels. In addition Western Blots were performed to compare GI protein levels between the three 

lines. Results from all three experiments were used to select the most suitable lines for the 

analysis of GI mRNA and protein levels. 

5.4.1 Flowering time assays 

Flowering time is a distinctive phenotypic feature that can vary strongly between different 

Arabidopsis mutants and WT lines (Koornneef et al., 1991). The flowering time of transformed 

and untransformed mutants, as well as crosses, and wild-type plants was measured by counting 

the total number of rosette and cauline leaves at the time of flowering. Early flowering plants have 

fewer leaves at flowering than late flowering plants, and ideally the average leaf number of a line 

should not be changed by the insertion of the transgene. 

Flowering time of transformed Arabidopsis lines and the corresponding untransformed lines was 

measured as described in 2.2.6.5.1. Figure 5.1A shows the results of all flowering time 

measurements for transgenic lines generated by Agrobacterium transformation. The average leaf 

number and standard deviation for each line are shown. Lines with strongly altered flowering 

times were unsuitable for the analysis of GI mRNA and protein levels, and were not selected for 

further investigation. 

Figure 5.1B shows photographs of two particularly late flowering transgenic lines in comparison 

with transgenic lines in the same mutant or WT background, which had unchanged flowering 

times. Ler-5-III and phyE-6-III both flowered much later than the corresponding untransformed 

line and than the other two transformed lines that were analysed. In total there were six 

transgenic lines in which the insertion of the transgene caused late flowering. Some flowered so 

late that it was impossible to distinguish between rosette leaves and axillary leaves, and the leaf 

number at flowering could therefore not be determined. There were two transgenic lines, both in 

an ado1 mutant background, where the transgene integration caused slightly early flowering. 
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Figure 5.1: Comparison of flowering time of transgenic Arabidopsis lines with the 

corresponding untransformed lines 

A: Flowering time data from all transgenic T3 lines generated by Agrobacterium transformation and their 

untransformed equivalents. The data presented is the mean total leaf number at flowering (n=12) +/- SD. 

Asterisks mark lines that flowered so late that the leaf number could not be determined. B: Photographs of 

two examples of late flowering transgenic T3 lines (Ler-5-III and phyE-6-III). 

5.4.2 Reverse transcription real-time PCR analysis of GI mRNA levels 
in transgenic lines 

RT RT-PCR was performed to determine GI mRNA levels in transgenic lines that were generated 

by Agrobacterium transformation. This was necessary, as the position in which the transgene was 

integrated into the Arabidopsis genome can influence its expression levels and might result in 

altered cycling of GI transcript.  
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Transgenic and WT lines were cultivated in sterile tissue culture, samples were collected at ZT0 

and ZT10, RNA was extracted and RT RT-PCR performed by H. Liu (Putterill Group) (described 

in 2.2.5.3 and 2.2.5.4). The primers ―GI Real-time For‖ and ―GI Real-time Rev‖ were used to 

amplify GI cDNA, and ―AtActin2 for‖ and ―AtActin2 rev‖ were used to amplify Actin, which was 

used as a normaliser (primer sequences see Table 2.6). The primers used here to amplify GI 

anneal to endogenous and transgenic GI cDNA and were therefore used to determine total GI 

mRNA levels. The real-time PCR results were provided to the author of this thesis. 

GI mRNA cycling in transgenic lines was compared to mutant and WT non-transgenic lines, with 

GI levels known to be lowest at ZT0 and highest at ZT10 in WT Arabidopsis grown under LD 

conditions (Fowler et al., 1999). Experiments performed on the non-transgenic mutant lines used 

in this thesis showed that GI mRNA levels in most mutants also displayed WT-like cycling. The 

only exceptions to this were the ztl mutant lines, in which GI cycling was reduced under LD 

conditions (see section 6.2). Analysis of the results obtained for the transgenic lines showed that 

in all lines GI levels were lower at ZT0 than at ZT10, but in many cases GI mRNA levels were 

higher at ZT0 than expected. It was concluded that this was a result of the sampling process, as 

some samples were actually taken up to 45 min after ZT0, and GI mRNA levels are known to 

transiently peak shortly after dawn: 25 min (Locke et al., 2005) or 2 h (Paltiel et al., 2006) after 

lights on, depending on experimental procedures. This was taken into account when determinig if 

the cycling of GI mRNA was reduced in transgenic lines.  

In several cases GI mRNA levels in the three transgenic lines with the same mutant or WT 

background differed strongly from the untransformed line and from each other. This was to be 

expected, as in many cases the addition of the transgene would increase total GI levels in the 

transgenic lines compared to their non-transgenic counterparts. The extent of this increase is 

dependent on the position of the transgene in the Arabidopsis genome and would therefore vary 

between independent transgenic lines. In other cases, additional copies of GI may lead to gene 

silencing, resulting in reduced total GI levels in some transgenic lines. However, most transgenic 

lines displayed unchanged GI mRNA cycling patterns indicating that in this respect they were 

suitable for further studies (Table 5.2). 

As an example, Figure 5.2 shows GI mRNA levels in Ler WT and three transgenic Ler lines. The 

line Ler-5-III was found to have very low GI mRNA levels at ZT0 and ZT10, and displayed less 

pronounced GI cycling. Lowered GI levels correlated with the late flowering phenotype of Ler-5-III 

(see section 5.4.1) and were possibly due to gene silencing. Ler-8-III and Ler-10-I both showed 

cycling of GI mRNA levels, with GI mRNA levels in Ler-8-III being higher than those in Ler-10-I, 

Ler-5-III, and in the non-transgenic Ler WT line. A second experiment performed on Ler-8-III 
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confirmed that GI mRNA levels in this line were considerably higher than in WT and pGI30 (data 

not shown). It was concluded that the line Ler-10-I was the most suitable for further studies.  

 

Figure 5.2: GI mRNA levels in Ler WT and three transgenic Ler lines 

Reverse transcription real-time PCR was performed to determine GI transcript levels at two time-points, 

ZT0 and ZT10. GI mRNA levels were normalised to actin and data is presented as the mean of three PCR 

replicates +/- SD. 

While lowered GI mRNA levels were observed in all late flowering lines, no increase in GI mRNA 

levels could be observed in the slightly early flowering ado1 lines. Also, there were plant lines in 

which lowered GI mRNA levels did not cause late flowering, such as e.g. the line phyBD-3-IX. 

Table 5.2 summarises flowering time and GI mRNA cycling results for all transgenic lines. Only 

transgenic lines with GI mRNA levels displaying the same cycling pattern as the corresponding 

non-transgenic line were selected for full analysis of GI mRNA and protein levels.  

5.4.3 pGI::GI-TAP levels in transgenic Arabidopsis lines 

Quantitative Western Blots were performed to determine GI-TAP protein levels in the three 

transgenic lines for each Arabidopsis mutant or WT that were transformed. This was done to 

assess whether there was a variation in protein levels between the three lines. If one line differed 

from the other two, it would be considered an ―outlier‖ and would not be selected for further 

studies. 
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Plants were cultivated in sterile tissue culture and at ZT0 and ZT10 samples were harvested as 

described in 2.2.5.3. Total protein extractions and quantitative Western Blots were performed as 

described in 2.2.5.5, using Actin as a loading control. As mentioned above, samples were taken 

up to 45 min after ZT0, which was accounted for when analysing differences in protein levels 

between ZT0 and ZT10. Figure 5.3 shows an example of a Western Blot for the three transgenic 

Ler lines. Ler-5-III had very low GI-TAP protein levels, which was in good agreement with the very 

low GI mRNA levels and late flowering phenotype of this plant line. Ler-8-III and Ler-10-I both 

displayed the expected pattern for GI-TAP levels in a wild-type line: low levels at ZT0 and high 

levels at ZT10. Of all three lines, the GI protein cycling pattern observed in Ler-10-I was closest to 

that observed in the well established line pGI30 (David et al., 2006).  

 

Figure 5.3: Characterisation of transgenic lines by quantitative Western Blot analysis of GI-

TAP protein levels 

A: Western Blot signals for GI-TAP and Actin in ZT0 and ZT10 samples from three different transgenic Ler 

lines. B: Results of quantitation of GI-TAP and actin bands in AU/mm
2
 in all samples, normalisation of GI-

TAP to the Actin loading control, and comparison of GI-TAP levels at ZT0 and ZT10. 

The results of the quantitative Western Blots for all transgenic lines are summarised in Table 5.2. 

GI-TAP levels were compared between the three transgenic lines of each Arabidopsis mutant or 

WT that was transformed. As expected, this translated into low or even undetectable GI-TAP 

protein levels in all lines in which very low GI mRNA levels were observed. 

Based on flowering time data, GI mRNA cycling patterns, and GI-TAP protein levels collected for 

each set of three transgenic lines, one line was selected, which was most similar in flowering time 

and GI mRNA cycling to the corresponding untransformed mutant line. If two lines had 

unchanged flowering time and GI mRNA levels (e.g. phyBE-1-III and phyBE-3-I), the Western Blot 

results were taken into account, and lines that showed the same result as at least one of the two 

other lines were selected over lines with unique results. Ler transgenic lines were also compared 

to the well established line pGI30. All data collected on the lines generated by Agrobacterium 

transformation is summarised in Table 5.2. This table also shows which of the lines was selected 

for further studies. All selected transgenic lines are summarised in Table 5.3 along with the 

abbreviations which from this point on are used as their names. 

ZT0    ZT10   ZT0   ZT10  ZT0   ZT10

Ler-5-III       Ler-8-III       Ler-10-I 

GI-TAP

Actin

5.1081.16815211517774110Ler-10-I

10.229160747367740Ler-10-I

6.1614.27915718167265610Ler-8-III
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1.3110.0902238102008910Ler-5-III

10.069245003167770Ler-5-III
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actinActinGI-TAPZTLine

5.1081.16815211517774110Ler-10-I
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Table 5.2: Results of flowering time assays, reverse transcription real-time PCR and 

Western Blots on transgenic plants generated by Agrobacterium transformation 

Transgenic  
line 

Flowering  
time 

GI expression/cycling GI-TAP signals 
Selected 

line 

phyA-3-I unchanged cycling strong and cycling  

phyA-4-II late cycling weaker and cycling — 

phyA-9-I unchanged cycling very weak and cycling — 

phyAB-3-II unchanged cycling very weak and cycling — 

phyAB-7-III unchanged cycling weak and cycling — 

phyAB-10-VI unchanged cycling strongest of the 3 and cycling  

phyBD-1-I unchanged cycling strongest of the 3 and cycling  

phyBD-2-III late very low and reduced cycling  no signal at either time-point — 

phyBD-3-IX unchanged very low and cycling  weak and cycling — 

phyBE-1-III unchanged cycling weaker than others and cycling — 

phyBE-3-I unchanged cycling strong and cycling  

phyBE-10-I unchanged cycling strong and cycling — 

phyBDE-4-IV unchanged cycling strong and cycling — 

phyBDE-5-X unchanged cycling strong and strongest cycling  

phyBDE-8-III unchanged cycling strong and cycling — 

phyD-1-I unchanged very low and cycling no signal at either time-point — 

phyD-2-VII late very low and reduced cycling no signal at either time-point — 

phyD-3-III unchanged cycling strong and cycling  

phyE-2-I unchanged cycling strong and cycling  

phyE-6-III late very low and cycling very weak and higher at ZT0 — 

phyE-8-IV unchanged cycling strong and cycling — 

cry1-4-VI late very low and reduced cycling almost no signal — 

cry1-8-I unchanged cycling strongest of the 3 — 

cry1-9-I unchanged cycling strong and cycling  

ado1-3-IV early like untransformed strongest of the 3 and cycling — 

ado1-5-III early like untransformed strong and least cycling  

ado1-10-V unchanged very low  weakest and cycling — 

cop1-6-I unchanged cycling strong and cycling  

cop1-7-I unchanged slightly reduced cycling strong and cycling — 

cop1-9-II unchanged slightly reduced cycling strongest of the 3 and cycling — 

Ler-5-III late very low and reduced cycling  very weak and cycling — 

Ler-8-III unchanged cycling  very strong and cycling — 

Ler-10-I unchanged cycling closest to pGI30 and cycling  

All selected lines were further characterised by hypocotyl assays and genotyping. Both of these 

tests were performed to ensure that the correct photoreceptor mutations were present in the 

transgenic lines. Hypocotyl assays would at the same time reveal if the introduction of the 

transgene had changed the hypocotyl phenotype compared to the untransformed mutant line. 
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Table 5.3: Summary of selected transgenic lines  

Line for further studies Abbreviation        Origin Background 

phyA-3-I phyA TG
a 

This thesis Ler 

phyAB-10-VI phyAB TG
a
 This thesis Ler 

phyBD-1-I phyBD TG
a
 This thesis Ler 

phyBE-3-I phyBE TG
a
 This thesis Ler 

phyBDE-5-X phyBDE TG
a
 This thesis Ler 

phyD-3-III phyD TG
a
 This thesis Ler 

phyE-2-I phyE TG
a
 This thesis Ler 

cry1-9-I cry1 TG
a
 This thesis Ler 

ado1-5-III ado1 TG
a
 This thesis Col 

cop1-6-I cop1 TG
a
 This thesis Col 

Ler-10-I Ler TG
a
 This thesis Ler 

phyB L554-1 phyB CR
b
 This thesis Ler 

cry1/2 L41-114 cry1/2 CR
c
 Putterill Group Col 

cop1-4 L88-113 cop1 CR
c
 Putterill Group Col 

ztl-103  ztl-103 CR
c
 Putterill Group Col 

Col L120-5 Col CR
c
 Putterill Group Col 

pGI::GI-TAP 30-12 pGI30 David et al., 2006 Col 
 

a
 Lines generated by Agrobacterium transformation (TG) 

b
 Line generated by crossing (CR) with Ler TG 

c 
Lines generated by crossing (CR) with pGI30 by other Putterill Group members 

5.4.4 Hypocotyl assays on selected transgenic Arabidopsis lines 

The hypocotyl length of plants cultivated in continuous light (W, RR, FR or BB) compared to the 

same line cultivated in darkness is a distinctive phenotypic feature, which varies strongly between 

different photoreceptor mutants (Fankhauser and Casal, 2004). Hypocotyl experiments were 

performed to determine the W/DD, RR/DD, FR/DD or BB/DD ratios of the selected transgenic 

lines and to confirm that the addition of the transgene had not changed this characteristic 

phenotype. Additionally, genotyping was only available for the phyB-1, phyD-1 and phyE-1 

mutations, and hypocotyl assays were therefore used to confirm the presence or absence of 

photoreceptor mutations in the different mutant lines. 

Seeds from all selected lines and corresponding untransformed lines were sterilised and 

cultivated on MS plates without sucrose as described in 2.2.6.5.2. Three plates per line were 

exposed to darkness, another three to R, FR or B. Exposure to different colours of light was 

performed in a Percival cabinet (see 2.2.1) using coloured LEDs to generate light of a defined 

wavelength. Light intensities can be found in 2.2.6.5.2., and light spectra in Appendix C. 

Seedlings were transferred onto fresh plates (see Figure 5.4) and measured as described in 

2.2.6.5.2. The mean hypocotyl length of the ten longest seedlings from each plate was used to 

calculate W/DD, RR/DD, FR/DD or BB/DD ratios for each pair of light and dark treated plates. The 

ratios were then used to calculate the mean ratio and SD for each line. 
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Figure 5.4: Photographs of seedlings in a red light hypocotyl experiment 

Ler WT, phyB and ado1 seeds underwent a red light hypocotyl experiment. Plates on the left show 

seedlings exposed to red light, plates on the right show seedlings kept in darkness. phyB has a long 

hypocotyl phenotype in RR, while ado1 has a short hypocotyl phenotype under the same conditions. 

(Photographs taken by I. McDonald, School of Biological Sciences, The University of Auckland) 

Figure 5.4 shows photographs of a WT and two mutant lines in a red light hypocotyl experiment. 

The Ler WT line has shorter hypocotyls in red light than in darkness (Figure 5.4A), while the phyB 

mutant has almost the same length of hypocotyl in both conditions (Figure 5.4B). Consequently, 

the RR/DD ratio of phyB is larger than the one of Ler WT, which means that phyB has a long 

hypocotyl phenotype in RR. Conversely, ado1 has a short hypocotyl phenotype in RR, its 

hypocotyls are shorter that WT hypocotyls in RR (Figure 5.4C), leading to a low RR/DD ratio. The 
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observed RR/DD ratios +/- SD for these lines were: Ler WT: 0.63 ±0.03, phyB: 1.07 ±0.07 and 

ado1: 0.40 ±0.04. 

Each transgenic line and its corresponding non-transgenic line were analysed in the light 

condition in which a characteristic phenotype was expected (RR for red light photoreceptor 

mutants, BB for blue light photoreceptor mutants, etc.). Some lines were additionally analysed in 

other light conditions to ensure they carried only the desired photoreceptor mutation (e.g. cry1 

was analysed in BB and RR). Figure 5.5 shows the results for all hypocotyl experiments that were 

performed; RR/DD, FR/DD and BB/DD ratios are plotted +/- SD. Table 5.4 shows which 

phenotype was expected for which line and summarises the results of the hypocotyl experiments 

(without standard deviations). 

 

Figure 5.5: Results of hypocotyl experiments in red, far-red and blue light 

Hypocotyl assays were performed in RR, FR and BB and RR/DD, FR/DD and BB/DD ratios were 

determined for transgenic lines and their non-transgenic counterparts. The data is presented as the mean 

of three biological replicates (three plates with 10 plants each) +/- SD. 
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Table 5.4: Hypocotyl phenotypes of Arabidopsis lines before and after transformation with 

the pGI::GI-TAP construct 

Line 
Expected 

phenotype 
RR/DD  
before 

 RR/DD  
transgenic 

FR/DD  
before 

 FR/DD  
transgenic 

BB/DD  
before 

 BB/DD  
transgenic 

phyA TG long in FR -- -- 0.87 0.85 -- -- 

phyAB TG long in R and FR 1.46 1.28 1.12 0.93 -- -- 

phyB CR long in R 1.14 1.10 -- -- -- -- 

phyBD TG long in R 1.31 1.42 -- -- -- -- 

phyBE TG long in R 1.45 1.21 -- -- -- -- 

phyBDE TG long in R  1.26 1.63 -- -- -- -- 

phyD TG slightly long in R  0.73 0.73 -- -- -- -- 

phyE TG like WT  0.60 0.61 -- -- -- -- 

cry1 TG long in B 0.63 0.57 -- -- 0.90 0.89 

cry1/2 CR long in B -- -- -- -- 0.80 1.04 

ado1 TG short in R 0.40 0.27 -- -- -- -- 

ztl-103 CR short in R 0.32 0.43 -- -- -- -- 

cop1 TG short in FR 0.49 0.49 0.42 0.48 -- -- 

cop1 CR short in FR 0.49 0.46 0.42 0.47 -- -- 

Ler TG ---- 0.63 0.74 0.22 -- 0.38 -- 

Col CR ---- 0.59 0.58 0.18 -- 0.30 -- 

pGI30 ---- 0.59 0.65 -- -- -- -- 

In most cases the hypocotyl phenotype of the transgenic line did not differ from the corresponding 

non-transgenic line, in some cases there was a slight difference. However, all lines still retained 

their characteristic long, short or wild-type like hypocotyl phenotypes and were therefore found to 

be suitable for further studies. Additionally, the hypocotyl assays confirmed that the transgenic 

lines contained the correct photoreceptor mutations.  

5.4.5 Genotyping of selected transgenic Arabidopsis lines 

Molecular tests to detect phyB-1, phyD-1 and phyE-1 mutations were performed on all selected 

transgenic lines generated by Agrobacterium transformation. This was done to ensure that none 

of the seeds had cross-contaminated during the various rounds of selection and bulking up of 

seeds. Many of the phytochrome single, double and triple mutants have very similar flowering and 

hypocotyl phenotypes, which made it necessary to use a molecular test to distinguish between 

them. 

DNA was extracted from plants from all lines as described in 2.2.6.5.3. Genotyping for the phyD-1 

mutation was performed by PCR, genotyping for phyB-1 and phyE-1 by PCR and subsequent 

restriction digest. Molecular tests are described in detail in section 2.2.6.5.3. In each case the test 

generated DNA fragments which, when analysed on a gel, displayed a difference in band size 

depending on whether the wild-type or mutant PHYB, PHYD or PHYE allele had been amplified 

and digested. When the size differences were only a few bases, as in the phyD-1 and phyE-1 

tests, the bands were analysed on 8% acrylamide gels, while phyB-1 tests could be analysed on 

2.5% agarose gels (described in 2.2.6.5.3). Each test included a Ler WT and a phyB, phyD or 
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phyE mutant DNA sample, so that band sizes of the transgenic lines could be compared to these 

standards. Band sizes of these standards corresponded exactly to the band sizes that were 

expected for each test (see Table 2.8). It was discovered that the molecular test for phyB-1 also 

detected the phyB-5 mutation. 

Figure 5.6 panels A-C show agarose and acrylamide gels of the molecular test performed on all 

transgenic lines, including the mutant and wild-type standards. Figure 5.6D shows the genotyping 

of the phyB CR line, on which phyB-1, phyD-1 and phyE-1 tests were performed. 

 

Figure 5.6: Genotyping for phyB-1, phyD-1 and phyE-1 

Genotyping for the phyB-1, phyD-1 and phyE-1 mutations was performed on all transgenic lines. A: 

Agarose gel (2.5%) of genotyping of selected transgenic lines for the phyB-1 mutation; B and C: Acrylamide 

gels (8%) showing the results of genotyping for the phyD-1 and phyE-1 mutations respectively. 1: phyA TG, 

2: phyAB TG, 3: phyBD TG, 4: phyBE TG, 5: phyBDE TG, 6: phyD TG, 7: phyE TG, 8: cry1 TG, 9: 

ado1 TG, 10: cop1 TG, 11: Ler TG. D: Acrylamide gel (8%) showing the results of genotyping of phyB CR 

for phyB-1, phyD-1 and phyE-1. 1-3: phyB CR DNA after molecular tests were performed. Lanes marked B, 

D or E: DNA from non-transgenic phyB, D or E mutant lines, Ler: Ler WT DNA included in same tests as 

transgenic lines. M: size marker, band sizes are given in base pairs. 

Genotyping demonstrated that all mutants carried the expected mutations. Table 5.5 summarises 

all genotyping results. Molecular tests on crosses other than phyB were carried out by other 

members of the Putterill Group (Appendix C). 
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Table 5.5: Results of genotyping of transgenic lines 

Line  phyB-1 phyD-1 phyE-1 Others 

phyA TG
 

no no no nd 

phyAB TG yes no no nd 

phyB CR
 

yes no no nd 

phyBD TG yes yes no nd 

phyBE TG yes no  yes nd 

phyBDE TG yes yes yes nd 

phyD TG no yes no nd 

phyE TG no no yes nd 

cry1 TG no no no nd 

cry1/2 CR — — — cry1 and cry2 

ado1 TG no no no nd 

ztl-103 CR — — — nd 

cop1 TG no no no nd 

cop1 CR — — — nd 

Ler TG no no no nd 

Col CR — — — nd 

 

Summary and discussion 

All transgenic lines selected for futher studies in this work were identical or similar to the 

untransformed lines in terms of their flowering time and hypocotyl phenotypes. In addition they 

displayed reasonable GI-TAP protein levels, and molecular tests demonstrated that they carried 

the expected mutations. Crosses fulfilled the same criteria for flowering time, hypocotyl 

phenotypes and mutations. Lines listed in Table 5.3 were therefore found suitable for the use in 

subsequent experiments to determine the influence of a range of different photoreceptors, and a 

negative regulator of light signalling on the regulation of GI mRNA and protein levels. 
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6 ANALYSIS OF THE REGULATION OF GI mRNA AND 
PROTEIN LEVELS IN LONG AND SHORT DAY 

CONDITIONS 

6.1 Introduction 

At the start of this project it was known that GI protein levels were influenced not only by light and 

dark, but also by different colours of light, and that they differed between WT and cry1/2 mutants 

(David et al., 2006; Black, 2007) (see section 1.9). Therefore, the selected transgenic lines (Table 

5.3) were at first grown in LD and analysed for changes in the regulation of GI protein levels, with 

the aim of finding at least one line with clear differences in GI accumulation compared to WT. This 

line would then be studied in more detail to analyse whether the corresponding photoreceptor(s) 

or COP1 might be involved in stabilisation of GI in the light. For transgenic lines made by 

Agrobacterium transformation, additional analyses would also include the study of two additional 

independent transgenic lines with the same mutation(s). While this work was underway, it was 

published that ZTL and COP1 influence GI protein levels (Kim et al., 2007b; Yu et al., 2008) (see 

section 1.9), therefore additional experiments in SD were performed to better compare the results 

obtained in this work with the published results. Furthermore, experiments measuring CO and FT 

mRNA levels were performed to investigate whether observed GI levels or proposed models of GI 

regulation led to the expected changes in CO and FT levels.  

Before the selected transgenic lines could be used to study GI protein accumulation, it was 

necessary to determine whether GI mRNA cycling (over the course of a whole LD) had been 

altered by the addition of the transgene. GI mRNA levels were therefore determined in LD time-

course samples of transgenic and non-transgenic lines grown under LD conditions, and 

compared between them. Section 6.2 describes the results of GI mRNA measurements in all non-

transgenic lines, while the results of the transgenic lines are presented in section 6.3. GI protein 

levels were then to be analysed by quantitative Western Blots, but first this method needed to be 

optimised and validated. The results of these validation experiments are described in section 

6.4.1., with the results of the quantitation of GI protein levels in the transgenic lines presented in 

section 6.4.2.  

6.2 Analysis of GI mRNA levels in non-transgenic lines under 
LD conditions 

Relative GI mRNA levels were determined by RT RT-PCR on samples from LD time-courses (see 

2.2.5.4). Three pairs of primers were used for the measurement of GI expression levels and their 

normalisation. The primers ―GI Real-time For‖ and ―GI Real-time Rev‖ amplified a 112 bp 
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fragment of the coding region of GI spanning nucleotides 941-1052, and were used to detect GI 

transcript. For normalisation, ―AtActin2 for‖ and ―AtActin2 rev‖ primers were used to detect actin 

transcript, and later ―At2g32170 for‖ and ―At2g32170 rev‖ primers were used to detect At2g32170 

transcript (all primer sequences see Table 2.6). Expression levels of the latter were shown to be 

even more consistent than those of actin during night and day cycles (Czechowski et al., 2005), 

therefore At2g32170 was used as a new reference gene. Some samples (e.g. Col WT and Ler 

WT cultivated under LD conditions) were analysed using both reference genes, and no 

considerable difference was observed between the results (data not shown). It was therefore 

concluded that data obtained from normalisation to actin could be compared to data obtained 

from normalisation with At2g32170, e.g. results for phyA (normalised to actin), and results for ztl-3 

(normalised to At2g32170). However, when results for a mutant line were calculated relative to 

results from a WT line, e.g. results for phyA relative to Ler WT ZT8, then results for both lines 

were normalised to the same reference gene. 

To be able to use the ΔΔCT method (explained in 2.2.5.4.4) for evaluation of the real-time PCR 

results, it needed to be ensured that the amplification efficiencies of the primers for the genes of 

interest and the reference genes were close to equal. This is the case if the slopes of the 

calibration curves of two primer pairs differ by less than 0.1. Calibration curves were therefore 

generated for all sets of primers and the efficiency of each primer pair was calculated as 

described in 2.2.5.4.3. For the GI, actin and At2g32170 primer pairs used in this work the 

calculated efficiencies were 99.6%, 100% and 99.7% respectively. The slopes of the calibration 

curves were all within 0.01 to 0.06 of each other. All primer pairs could therefore be used for real-

time PCR measurements using the ΔΔCT method. 

All RNA extractions carried out for GI mRNA quantitations in this thesis were performed as 

described in 2.2.5.4.1. Typically, these would yield 40 µL of RNA in RNase free water at 

concentrations between 500 and 1000 ng/µL, and with an A260/280 ratio of 2.12 - 2.25. DNase 

treatments were performed on column or in solution on 8000 ng of RNA. The latter resulted in 

purer RNA samples with A260/280 ratios between 2.00 and 2.10. These samples would typically 

contain 40 µL of RNA at concentrations between 110 and 160 ng/µL. Reverse transcription was 

performed on 1 µg of DNase treated RNA as described in 2.2.5.4.2. Resulting cDNAs were 

diluted 1:20 in RNase free water, and real-time PCR was performed as described in 2.2.5.4.4. GI 

data was normalised to either actin or At2g32170. 

To study possible differences in GI regulation it was first examined whether there were any 

differences in GI mRNA levels between Arabidopsis WT and mutant lines. This was done to 

establish a ―base line‖ for GI mRNA cycling in these lines. All pGI::GI-TAP lines analysed later 

except for pGI30 express GI-TAP as well as endogenous full-length GI transcript which could 



 

147 

influence total GI mRNA levels and the pattern of GI mRNA cycling. pGI30 carries the gi-2 

mutation and therefore expresses mutant transcript, at levels of about a quarter of the GI 

transcript detected in WT (Fowler et al., 1999). Table 6.1 shows the lines that were analysed, how 

many times each experiment was repeated with an identical result, and from how many 

independent cultivations of plants the samples came. If more repeats than cultivations were 

performed, then some repeats were performed with two samples from the same cultivation. For 

example, phyBDE was cultivated twice; two different samples were analysed from the first 

cultivation, and one from the second. As indicated in the table, for some of the phytochrome 

mutants only two time-points were examined, ZT0 and ZT8. Typically, repeats of experiments 

described in this chapter were performed using samples that were harvested from an 

independent cultivation of the same line. However, sometimes repeats were performed with a 

second biological replicate from the same cultivation of a line. 

Table 6.1: Measurement of GI mRNA levels in non-transgenic Arabidopsis lines cultivated 

under LD conditions 

Line 
Identical 

replications 

Number of 
independent 
cultivations 

phyA 1 1 

phyAB ZT0 and ZT8 1 

phyB 1 1 

phyBD ZT0 and ZT8 1 

phyBE ZT0 and ZT8 1 

phyBDE 2/3 2 

phyD ZT0 and ZT8 1 

phyE ZT0 and ZT8 1 

cry1 1 1 

cry1/2 1 1 

ado1 2/2 1 

ztl-3 2/2 2 

cop1 1 1 

cry2 1 1 

fkf1 1 1 

phyC 1 1 

cry1/cry2/phyA 1 1 

Ler WT 2/2 2 

Col WT 4/4 3 

Normalised GI expression data was used to compare GI mRNA levels between different mutant 

lines, and between mutant and wild-type lines. This was achieved by calculating all data relative 

to the level of the corresponding WT line at ZT8. Consequently, GI mRNA levels in Col WT and 

Ler WT were 1 at ZT8. Additionally, the pattern of GI mRNA cycling was compared between lines 

by expressing GI mRNA levels relative to ZT8 of each line itself. This means that the level of GI 

mRNA expression is 1 for each line at ZT8, so that the cycling patterns can be compared rather 

than the expression levels at each ZT.  
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For lines with a variety of phytochrome mutations, GI mRNA levels were at first only determined 

for ZT0 and ZT8, and results were calculated relative to Ler ZT8. It was analysed whether any of 

the lines would be considerably different from WT at either a time-point of very low or very high GI 

expression. This was done to save time compared to analysing the full time-course for each line. 

Figure 6.1A shows the results at both time-points, and Figure 6.1B shows an enlargement of the 

ZT0 results. Full time-course results for the main far-red and red photoreceptors mutant lines 

phyA and phyB respectively, as well as for the phyBDE triple mutant are shown in Figure 6.2. 

 

Figure 6.1: GI mRNA levels in phytochrome mutants cultivated under LD conditions 

Reverse transcription real-time PCR was performed to determine GI mRNA levels in Arabidopsis mutant 

and WT plants cultivated under LD conditions and harvested at ZT0 and ZT8. A: GI mRNA levels at ZT0 

and ZT8 were calculated relative to Ler WT ZT8. B: Enlargement of ZT0 time-point from A. Data is 

presented as the mean of three PCR replicates +/- SD. 

Small differences between the different phytochrome mutants, and between mutants and WT 

lines could be observed at ZT8, but none of them were clearly above 2-fold and could therefore 

be considered noteworthy. At ZT0 the differences between the lines seemed to be bigger, but as 

the GI mRNA levels measured here were very low, the data is not very accurate. 
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Figure 6.2 shows the results for all lines of which 20 h time-courses were studied. The top graph 

shows all data relative to the corresponding WT line at ZT8, the bottom graph shows all data 

relative to ZT8 of each line. For lines that were analysed multiple times, one representative data 

set is shown. 

 

Figure 6.2: GI mRNA levels in Arabidopsis mutants cultivated under LD conditions 

Reverse transcription real-time PCR was performed to determine GI mRNA levels in Arabidopsis mutant 

and WT plants cultivated under LD conditions. A: Comparison of GI mRNA levels between the lines. GI 

mRNA levels were calculated relative to the corresponding WT line at ZT8. B: Comparison of expression 

patterns of GI mRNA. GI mRNA levels were calculated relative to each line at ZT8. Data is presented as 

the mean of three PCR replicates +/- SD. 

The phyBDE, ado1 and ztl-3 mutants were the only lines that displayed different GI mRNA levels 

when compared to WT lines (Figure 6.2). phyBDE mutants displayed lower GI mRNA levels at 

ZT8 than WT plants (Figure 6.2A), but the same pattern of GI mRNA cycling (Figure 6.2B), while 

ztl mutants displayed lower GI mRNA levels and a different cycling pattern (Figure 6.2A and B). It 
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was therefore decided to cultivate phyBDE and ztl-3 a second time to assess whether the 

difference in GI mRNA levels compared to the WT lines might be significant (see next section).  

As described above, for most lines, plants were only cultivated and analysed once. It was 

assumed that this would be sufficient as most of the lines did not display considerable (> 2-fold) 

differences to WT lines (Figure 6.2). Additionally, many lines contained mutations that were also 

found in other lines and results would therefore validate each other. Furthermore, results from the 

analysis of GI mRNA levels of the transgenic lines generated from the mutants (see section 6.3) 

could also be used to validate the results of the untransformed lines.  

Wild-type Col and Ler lines were cultivated and analysed multiple times to ensure the results for 

these lines were correct, as all mutant lines were compared to these. The pattern of GI mRNA 

cycling is well documented in these WT lines (Fowler et al., 1999; Park et al., 1999) and 

corresponds exactly to what was observed in all experiments performed in this work: very low GI 

mRNA levels at dawn, rising to highest levels at ZT8 (in LD with a 16 h light phase), and declining 

thereafter to very low levels at ZT20 (representative data is shown in Figure 6.2). 

6.2.1 Further analysis of the phyBDE and ztl mutants 

In the first experiment that was performed, the phyBDE mutant seemed to have slightly lower GI 

mRNA levels at ZT8 than the corresponding Ler WT line. A technical RT RT-PCR replicate was 

therefore performed, using the same phyBDE RNA used in the first experiment. The results were 

almost identical to the previous ones and confirmed that there was a considerable difference in GI 

mRNA levels between phyBDE and Ler WT. (Figure 6.3). However, when the phyBDE line was 

cultivated again and GI mRNA levels were determined for this independent cultivation, the 

difference between phyBDE and Ler WT was less than 2-fold at ZT8 (Figure 6.3).  



 

151 

 

Figure 6.3: Difference between technical repeats and repeat cultivations when measuring 

GI mRNA levels in phyBDE cultivated under LD conditions 

Reverse transcription real-time PCR was performed to determine GI mRNA levels in Arabidopsis phyBDE 

mutant and Ler WT plants cultivated under LD conditions. Data was calculated relative to Ler WT ZT8 and 

is presented as the mean of three PCR replicates +/- SD. 

Only two of the mutant lines analysed under LD conditions displayed a different GI expression 

pattern and changed GI mRNA levels when compared to WT: ado1 and ztl-3 (Figure 6.2). These 

results contrasted with what had been reported for the ztl-103 mutant by the group of D. Somers, 

which was that there were no differences in GI mRNA levels between WT and ztl-103 cultivated 

under LD conditions (Kim et al., 2007b). It was therefore decided to validate the ado1 and ztl-3 

results.  

ADAGIO (ADO) and ZTL are two different names for the same gene, and the ado1 and ztl-3 

mutations are identical. The two lines are merely listed separately here, as two different batches 

of seeds were gifted to J. Putterill from two different people (see Table 2.5). The line called ado1 

was used for transformation, while the line ztl-3 was only used to further investigate the difference 

in GI mRNA levels between ztl mutants and WT lines. Hence, it was deemed sufficient to repeat 

the ztl-3 time-course.  

Ztl-3 was cultivated and analysed again under LD conditions, together with two other ztl mutant 

lines: ztl-3 cab:luc and ztl-103 ccr2:luc (see Table 2.5). GI mRNA levels in all these lines were 

determined as described above, and calculated relative to Col WT ZT8 cultivated under LD 

conditions. Relative GI mRNA levels in Col WT and the three ztl mutant lines are presented in 

Figure 6.4. 
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Figure 6.4: GI mRNA levels in different ztl mutant lines cultivated under LD conditions 

Reverse transcription real-time PCR was performed to determine GI mRNA levels in Arabidopsis ztl mutant 

lines and Col WT plants cultivated under LD conditions. Data was calculated relative to Col WT ZT8 and is 

presented as the mean of three PCR replicates +/- SD. 

As previously observed in the ado1 and ztl-3 lines (Figure 6.2), GI mRNA levels were also found 

to differ considerably from those in WT in the second cultivation of ztl-3 and all other ztl mutant 

lines that were analysed (Figure 6.4). In all three mutant lines GI mRNA levels were lower than in 

WT at ZT8, and GI mRNA cycling displayed an altered pattern. It was therefore concluded that GI 

mRNA levels and cycling pattern differed strongly between ztl mutants and WT plants. The 

difference between these results and what was reported by the Somers group (Kim et al., 2007b) 

was hypothesised to be due to the different day lengths that were used. Members of the Somers 

group cultivated their plants in LD which have 12 h of light and 12 h of darkness, while in this 

work plants were cultivated in LD that have 16 h of light and 8 h of darkness. The day length the 

plants were exposed to in this work was therefore longer, and it was decided to perform 

measurement of GI mRNA levels in the transgenic ztl-103 line also used to study GI-TAP levels 

(ztl-103 CR) under LD and SD conditions (see sections 6.3 and 6.5).  

Summary and discussion 

Noteworthy differences in GI mRNA levels could be found between WT and ztl-3 and ztl-103 

mutant lines in the LD conditions used in this thesis. GI mRNA levels in ztl mutants were 

considerably lower than in WT at ZT8 and they were found to have an altered cycling pattern, 

which did not display the pronounced peak of GI mRNA levels observed in WT plants. No 

difference could be found between WT and any other photoreceptor mutant line, or between WT 

and cop1. 
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6.3 Analysis of GI mRNA levels in transgenic lines under LD 
conditions 

GI mRNA levels were determined in transgenic pGI::GI-TAP lines cultivated under LD conditions 

in the same way as in non-transgenic lines (described in section 6.2.). Table 6.2 shows the lines 

that were analysed, and how many times each experiment was repeated. For most lines, plants 

were only cultivated and analysed once. It was assumed that this would be sufficient as most of 

the lines did not display any considerable differences to the corresponding non-transgenic mutant 

or WT lines. GI mRNA levels in the lines phyBDE TG, cry1 TG and Col CR were found to differ 

slightly from the levels in the corresponding non transformed lines. These lines were therefore 

cultivated and analysed a second time. GI mRNA levels in the lines phyB CR, ado1 TG, pGI30 

and 18-42 were also analysed twice, but here both samples came from the same cultivation. 

Table 6.2: Measurement of GI mRNA levels in transgenic Arabidopsis lines cultivated 

under LD conditions 

Line 
Identical 

replications 

Number of 
independent 
cultivations 

phyA TG 1 1 

phyB CR 2/2 1 

phyBDE TG 2/2 2 

cry1 TG 2/2 2 

cry1/2 CR 1 1 

ado1 TG 2/2 2 

ztl-103 CR 2/2 2 

cop1 CR 1 1 

Ler TG 1 1 

Col CR 2/2 2 

pGI30 2/2 1 

18-42 2/2 1 

Normalised GI expression data obtained from RT RT-PCR performed on the transgenic lines was 

used to compare GI mRNA levels and patterns of GI mRNA expression between transformed 

lines and their untransformed counterparts. GI mRNA levels were therefore calculated relative to 

ZT8 of the corresponding WT line and relative to ZT8 of each line as previously done for the non 

transformed lines. Figure 6.5 shows the results for all lines that were studied. The top graph 

shows all data relative to the corresponding WT at ZT8, the bottom graph shows all data relative 

to ZT8 of each line. For lines that were analysed multiple times, one representative data set is 

shown. 
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Figure 6.5: GI mRNA levels in transgenic pGI::GI-TAP lines cultivated under LD conditions 

Reverse transcription real-time PCR was performed to determine GI mRNA levels in transgenic Arabidopsis 

mutant and WT plants cultivated under LD conditions. A: Comparison of GI mRNA levels. GI mRNA levels 

were calculated relative to the corresponding WT line at ZT8. B: Comparison of expression patterns of GI 

mRNA. GI mRNA levels were calculated relative to each line at ZT8. All data is presented as the mean of 

three PCR replicates +/- SD. 

Differences in GI mRNA expression levels between the transgenic lines generated by 

Agrobacterium transformation (Figure 6.5A) were most likely caused by the integration of the 

pGI::GI-TAP construct in different locations in the genome. The differences were therefore not 

expected to reflect influences of the mutation(s) present in the lines on GI expression. The only 

exception was the ado1 TG line; as GI mRNA levels have been shown to differ from levels in WT 

in untransformed ztl mutants (see section 6.2.1) it was believed that the ztl mutation might 

influence GI expression. It is interesting to note that there were a number of lines with 
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considerably lower GI mRNA levels than the well established line pGI30, but no lines with strongly 

elevated GI levels (Figure 6.5A). 

The lines cry1/2 CR, cop1 CR and ztl-103 CR resulted from a cross with pGI30, and the first two 

lines were found to have GI mRNA levels very similar to pGI30 (Figure 6.5A). Ztl-103 CR however 

was found to have slightly lower GI mRNA levels. phyB CR, which resulted from a cross with 

Ler TG, was found to have GI mRNA levels that were very similar to those in Ler TG (see Figure 

6.5). 

The comparison of GI expression patterns in the transgenic lines demonstrated that phyBDE TG, 

cry1 TG, Ler TG and Col CR had a slightly different expression pattern from the rest of the lines. 

At ZT12 these lines had slightly higher GI mRNA levels than the other lines, giving the GI mRNA 

cycling curve a shoulder (Figure 6.5B). This difference is not very big, but it was not observed in 

the phyBDE, cry1, Ler WT and Col WT lines (Figure 6.2) and therefore needs to be taken into 

consideration when analysing post-transcriptional regulation of GI in these lines. Ztl-103 CR and 

ado1 TG were found to have the same GI mRNA cycling pattern as their untransformed 

equivalents: lower levels than WT at ZT8 and higher levels at ZT12 and ZT16 (compare Figure 

6.2B and Figure 6.5B).  

To confirm that the GI expression pattern in ztl-103 CR and ado1 TG was more than 2-fold 

different from the GI expression pattern in pGI30, the two lines were cultivated and analysed a 

second time. GI mRNA levels in pGI30 and the second cultivations of ztl-103 CR and ado1 TG 

were calculated relative to Col WT ZT8 and are shown in Figure 6.6. 

 
Figure 6.6: GI mRNA levels in transgenic ztl mutant lines cultivated under LD conditions 

Reverse transcription real-time PCR was performed to determine GI mRNA levels in transgenic Arabidopsis 

ztl mutant and WT plants cultivated under LD conditions. Data was calculated relative to Col WT ZT8 and is 

presented as the mean of three PCR replicates +/- SD. 
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The repeated analysis of GI mRNA levels in ztl-103 CR and ado1 TG demonstrated that the GI 

expression patterns in both lines differed considerably from the GI expression pattern in pGI30 

(Figure 6.6). Neither of the ztl mutant lines displayed the pronounced peak in GI mRNA levels that 

is found in pGI30 at ZT8. Taken together with the results obtained for the non-transgenic ztl 

mutant lines (see section 6.2) this indicates that, when cultivated under LD conditions of 16 h 

light/8 h dark, ztl mutant Arabidopsis have a strongly reduced GI mRNA cycling pattern compared 

to WT plants. This differs from the results published by Kim and colleagues for plants grown 

under LD conditions of 12 h light/12 h dark (Kim et al., 2007b). 

Summary and discussion 

Overall, the results obtained for GI mRNA levels and cycling patterns in the transgenic lines 

demonstrated that the transgenic lines have relatively ―normal‖ GI mRNA levels and cycling 

patterns and can therefore be used to study GI-TAP protein levels. Slight differences that have 

been found for phyBDE TG, cry1 TG, Ler TG and Col CR will be taken into account when 

possible differences in post-transcriptional regulation of GI are investigated in these lines. 

6.4 Analysis of GI-TAP protein levels under LD conditions 

GI-TAP protein levels in samples from transgenic pGI::GI-TAP lines cultivated under LD 

conditions were determined using quantitative Western Blots. Plants were cultivated and samples 

were taken as described for the samples used for determination of GI mRNA levels in these lines 

(see section 6.3). At first it was necessary to establish Western Blot and protein quantitation 

protocols to determine relative GI-TAP levels as accurately as possible. Section 6.4.1 describes 

the protocols that were established and the experiments that were performed to validate the 

method. Results of GI-TAP quantitation in the transgenic lines are presented in section 6.4.2.  

6.4.1 Quantitative Western Blots - method validation 

Quantitative Western Blots had been used in the Putterill Laboratory in the past. However, it was 

not possible to replicate previous results using the same protocol. It is possible that some of the 

reagents that were used had been changed slightly by the companies that produce them since 

the Western Blots were previously performed. In particular, it was not possible to produce a 

reliable signal for actin, which was at first used to normalise the GI-TAP signals for loading. It was 

therefore decided to change to a different normalisation method: the quantitation of three protein 

bands in each lane on the Ponceau stained membrane, before blocking and probing with the anti-

protein A antibody. Additionally, the loading dye into which the protein extraction was performed 

was changed from a loading dye that contained 2% SDS and 100 mM DTT to one that contained 

5% SDS, 8 M urea and 2 % beta-mercaptoethanol (see 2.2.4.7). This was done to ensure that all 
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proteins in all samples were fully denatured and could therefore enter into the gel evenly. 

Furthermore, the amount of plant tissue used per protein extraction was reduced from 100 mg to 

50 mg, the amount of loading dye that was added to the ground plant tissue was increased from 1 

time to 1.5 times the volume of the powder, and a vortexing step was introduced after the addition 

of the loading dye. Detailed methods and compositions of all buffers that were used can be found 

in 2.2.5.5. GI protein is very unstable in total protein extracts, and GI-TAP levels can decrease 

even after a single freeze thawing (K. David and M. Black, Putterill Laboratory, personal 

communication). Therefore, for each Western Blot that was performed, total plant protein was 

freshly extracted from a separate plant tissue sample.  

At first it was determined whether the new method allowed for precise quantitation of GI protein in 

total plant extracts across the whole membrane. To this end, total protein was extracted from one 

sample of pGI30 ZT12 cultivated under LD conditions. The same volume of total protein in 

loading dye was loaded into each of nine wells of a SDS-PAGE gel, and a quantitative Western 

Blot was performed to determine the normalised amount of GI-TAP protein in each lane. Figure 

6.7 shows the image taken of the GI-TAP chemiluminescence signals on the membrane (top left), 

and the scan of the Ponceau stained membrane that was used for quantitation (bottom left). Each 

GI-TAP signal was quantified as well as three Ponceau stained bands in the corresponding lanes 

(see boxes around the bands on the Ponceau stained membrane). The table in Figure 6.7 shows 

the results of the GI-TAP and Ponceau quantitations as well as the normalised GI-TAP/Ponceau 

values. 

 

Figure 6.7: Validation of quantitative Western Blots: quantitation across the membrane 

One sample of pGI30 ZT12 was processed and nine aliquots of this loaded onto a gel. A quantitative 

Western Blot was performed and the intensity of GI-TAP chemiluminescence signals as well as of Ponceau 

stained bands in each lane was quantified. Top left: chemiluminescence signals on membrane; bottom left: 

scan of Ponceau stained membrane. Blue squares mark bands that were quantitated, the red square marks 

the background. Right: quantitation of chemiluminescence signal and Ponceau stained band intensities in 

each lane and normalisation of the chemiluminescence signal using the Ponceau quantitation.  
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The greatest difference that was found between any two of the nine identical amounts of sample 

that were loaded was 1.12-fold (Figure 6.7). This demonstrated that GI-TAP levels could be 

quantified precisely across the whole membrane. Further validation experiments with multiple 

loading of one sample of pGI30 ZT12 were performed every time a new batch of loading dye was 

prepared, and when a new batch of nitrocellulose membrane was used. The largest fold-

differences found were between 1.12 and 1.29 (data not shown). Some of the variation that was 

observed might be have been due to differences in loading, as it is almost impossible to load 

identical amounts of protein in loading dye into each well of the gel. It was concluded that the 

method worked with the required precision. 

GI protein is very unstable in total protein extracts, even when those are kept on ice (K. David and 

M. Black, Putterill Laboratory, personal communication). It was therefore necessary to determine 

if the same amount of GI-TAP protein would be detected in individually prepared total protein 

extracts from samples from the same line harvested at the same time-point, or if GI levels might 

drop more in one sample than in another while these were being processed. To test this, total 

protein was extracted from four samples of pGI30 ZT12 cultivated under LD conditions. The same 

volume of protein in loading dye of each sample was loaded into a well of an SDS-PAGE gel, and 

a quantitative Western Blot was performed. In addition, a sample of protein extracted from 

Ler WT tissue was analysed on the same Western Blot. This was done to analyse whether any 

non-specific signals would be observed in samples not containing GI-TAP protein. Figure 6.8 

shows the image taken of the GI-TAP chemiluminescence signals on the membrane (top left), 

and the scan of the Ponceau stained membrane that was used for normalisation (bottom left). 

The table on the right summarises the results of the GI-TAP and Ponceau quantitations as well as 

the normalised GI-TAP/Ponceau values.  

The largest difference in GI-TAP protein levels that was found between the four samples was 

1.16-fold (Figure 6.8). No GI-TAP protein band could be observed in the Ler WT sample (Figure 

6.8), and an identical result was obtained when analysing a Col WT sample (data not shown). It 

was therefore concluded that is was possible to extract the same amount of intact GI-TAP protein 

from each sample, and that the established method did not result in unspecific 

chemiluminescence signals in samples not containing GI-TAP protein. 
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Figure 6.8: Validation of quantitative Western Blots: quantitation in identical samples 

Four samples of pGI30 ZT12 plant material were processed individually. A quantitative Western Blot was 

performed and the intensity of GI-TAP chemiluminescence signals as well as of Ponceau stained bands in 

each lane was quantified. Top left: chemiluminescence signals on membrane; bottom left: scan of Ponceau 

stained membrane. Right: quantitation of chemiluminescence signal and Ponceau stained band intensities 

in each lane, and normalisation of the chemiluminescence signal using the Ponceau quantitation.  

The last parameter that needed to be tested was the linear range of the GI-TAP quantitation. It 

was necessary to establish that it was possible to accurately detect relative GI-TAP levels over a 

wide range of GI-TAP concentrations, as might be expected in the time-course samples from the 

transgenic lines. To achieve this, total protein was extracted from two samples: a sample of 

pGI30 ZT12 cultivated under LD conditions, which contains the highest previously observed 

amount of GI-TAP protein (David et al., 2006), and a sample of Ler WT ZT12, which contains no 

GI-TAP protein. A 2-fold pGI30/Ler WT dilution series was prepared to 1/128 using total protein 

extracted from the two samples. The same volume of each dilution was loaded into the wells of a 

SDS-PAGE gel, and a quantitative Western Blot was performed to determine the relative amount 

of GI-TAP protein in each lane. The chemiluminescence signal of GI-TAP in each lane was 

normalised to three protein bands on the Ponceau stained membrane as described above. The 

concentration of the undiluted pGI30 ZT12 sample was defined as 1, and all other GI-TAP 

concentrations were calculated relative to the amount of GI-TAP protein in this sample. Figure 6.9 

shows the image taken of the GI-TAP chemiluminescence signals on the membrane (top left), 

and the scan of the Ponceau stained membrane that was used for normalisation (bottom left). 

The table on the right summarises the dilutions that were prepared and the dilutions that were 

determined by quantitative Western Blot. 
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 Figure 6.9: Validation of quantitative Western Blots: dynamic range 

Protein was extracted from pGI30 ZT12 and Ler WT ZT12 samples and a dilution series was prepared. A 

quantitative Western Blot was performed and the intensity of GI-TAP chemiluminescence signals as well as 

of Ponceau stained bands in each lane was quantitated. Top left: chemiluminescence signals on 

membrane; bottom left: scan of Ponceau stained membrane. Right: comparison of the dilutions that were 

prepared and the dilutions that were determined by quantitative Western Blot. 

It was demonstrated that up to a 1/32 dilution of a pGI30 ZT12 sample it was possible to 

accurately determine the relative amount of GI-TAP protein by quantitative Western Blot. At 

higher dilutions, the measured GI-TAP dilutions were first higher, then lower than the prepared 

dilutions. When evaluating this result it has to be taken into account that it is difficult to prepare an 

accurate dilution series using samples in slightly viscous loading dye. Correspondingly, some of 

the inaccuracy in determining relative GI-TAP levels in samples from the dilution series might 

actually be due to inaccuracies in preparing the dilutions. A second dilution series experiment was 

performed using dilutions of pGI30 in Col WT12 up to 1/32. The results were very similar to the 

ones described above (data not shown). It was therefore concluded that it was possible to 

accurately quantify GI-TAP levels by Western Blot, at least over a range from the levels found in 

pGI30 at ZT12 down to 1/32 of that amount. 

Based on all the validation experiments that were performed, it was concluded, that the 

quantitative Western Blot method established here was working with high precision and accuracy. 

It could therefore be used to determine relative GI-TAP levels in samples from the transgenic 

lines that were generated. Should a difference of more than 32-fold be found between any two 

samples, then it would be taken into account that the observed difference might not be accurate.  
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6.4.2 Results of GI-TAP protein measurements under LD conditions 

Plants were cultivated and samples were taken as described above. Table 6.3 shows how many 

times each line was cultivated and how many identical Western Blots were performed on the 

samples that were collected. Most lines were cultivated once, only lines that displayed a possible 

difference when compared to pGI30, and pGI30 itself were cultivated multiple times. 

Table 6.3: Measurement of GI-TAP protein levels in Arabidopsis cultivated under LD 

conditions 

Line 
Identical 

replications 

Number of 
independent 
cultivations 

phyA TG 2/3 1 

phyAB TG 2/2 1 

phyB CR 2/2 1 

phyBD TG 2/3 1 

phyBE TG 2/2 1 

phyBDE TG 4/4 2 

phyD TG 2/2 1 

phyE TG 2/3 1 

cry1 TG 3/3 2 

cry1/2 CR 4/5 2 

ado1 TG 2/3 1 

ztl-103 CR 2/2 1 

cop1 TG 2/2 1 

cop1 CR 2/2 1 

Ler TG 2/2 1 

Col CR 3/3 2 

pGI30 2/2 2 

 

The first LD time-course that was analysed for relative GI-TAP protein levels was that of pGI30. 

Relative GI-TAP levels in this line had been studied before, and it was therefore possible to 

compare the results found here with previously reported results (David et al., 2006; Kim et al., 

2007b; Sawa et al., 2007). Quantitative Western Blots were performed on samples from two 

individual cultivations of pGI30, and GI-TAP levels were calculated relative to ZT12. Figure 6.10 

shows the images taken of the GI-TAP chemiluminescence signals on the two Western Blot 

membranes (top panels), the scans of the Ponceau stained membranes that were used for 

normalisation (middle panels), and the results of the relative quantitation of GI-TAP in each time-

course (bottom panel). Results were calculated relative to ZT12 of each time-course. 
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Figure 6.10: Two quantitative Western Blots performed on pGI30 cultivated under LD 

conditions 

Two quantitative Western Blots were performed to determine relative GI-TAP protein levels in pGI30 

cultivated under LD conditions. A and B: The top panels show the chemiluminescence signals of the GI-

TAP bands, the bottom panels show the scans of the Ponceau stains of the same membranes. C: Results 

from both Western Blots. GI-TAP levels were normalised for loading using the Ponceau quantitation, and 

calculated relative to ZT12 of each time-course. 

In both LD time-courses of pGI30 the typical GI protein cycling pattern was observed: low GI 

protein levels at dawn, rising to highest levels at ZT12, and then decreasing again to low levels at 

ZT20 (Figure 6.10). Additionally, the results of both Western Blots were very similar, indicating 

that the reproducibility of the quantitative Western Blots used in this work to determine relative GI-

TAP levels was very good.  

However, the average 4-fold difference in GI-TAP levels between ZT0 and ZT12 found in this 

work was much lower than the more than 20-fold difference previously observed (David et al., 
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2006). As discussed, it was demonstrated that the method used in this work was capable of 

accurately detecting GI-TAP differences between 2- and 32-fold (Figure 6.9). It was therefore not 

clear why previously observed differences in GI-TAP levels could not be observed with this 

method. 

Discrepancies might be due to experimental differences such as: previous results were obtained 

using a peroxidase anti-peroxidase (PAP) antibody rather than an anti-protein A primary antibody 

and rabbit secondary antibody; plants were cultivated under slightly different conditions (on rock-

wool rather than in sterile tissue culture); a different protein extraction buffer was used (see 

section 6.4.1); and chemiluminescence signal quantitation was previously performed by 

quantitation of band intensities on photographic film, rather than by using a cooled CCD camera. 

Interestingly, experiments performed by the group of T. Imaizumi, in which GI-TAP was detected 

using the same Sigma anti-protein A antibody used in this work, but again a different protein 

extraction buffer, also showed much smaller differences in GI-TAP amplitude than observed by 

David and colleagues (Sawa et al., 2007). Sawa and colleagues comment in their supporting 

online materials that the differences might be due to differences in detection method sensitivity. 

Furthermore, the results obtained here for pGI30 were very similar to the ones published by the 

Somers group: Kim and colleagues found an approximately 5-fold difference in GI-TAP levels 

between ZT0 and ZT12 in samples from pGI30 cultivated under 12h light/12 h dark LD conditions. 

This difference in GI-TAP levels was reduced in a ztl mutant background (Kim et al., 2007b). It 

was concluded that, like the method used by Kim and colleagues, the method used here would be 

able to detect considerable differences in GI protein cycling between Arabidopsis mutant and WT 

lines. 

As shown in Table 6.3, at least two identical Western Blots were performed for each line. For 

some lines, which possibly displayed slight differences to pGI30, up to 4 identical Western Blots 

were performed. It is not possible to present all the raw data in this thesis, therefore 

representative data from a Western Blot showing a line with strong, WT-like GI protein cycling 

(phyBD TG), and a line with considerably less cycling than pGI30 (ado1 TG) is shown in Figure 

6.11. All following figures in this and the subsequent sections, which present relative GI-TAP 

protein levels, show representative data from one Western Blot per line. 

Both ado1 TG and phyBD TG had been generated by transformation with Agrobacterium, and GI-

TAP levels could differ between the lines depending on the location of the insertion of the 

transgene. Figure 6.11 shows GI-TAP level relative to pGI30 on the same Western Blot 

membrane as well as GI-TAP levels in both lines relative to their own ZT12. While phyBD TG 

displayed GI protein cycling in a pattern very similar to pGI30 (Figure 6.10), ado1 TG clearly 

displayed a reduced amplitude of cycling.  
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Figure 6.11: Western Blot raw data example 

A quantitative Western Blot was performed to determine relative GI-TAP levels in phyBD TG and ado1 TG 

cultivated under LD conditions. A: Ponceau stained membrane, used for quantitation of three bands in each 

lane to normalise the GI-TAP signal. Total protein extracts from samples harvested at ZT0, 4, 8, 12, 16 and 

20 from both lines cultivated under LD conditions were analysed along with a sample from ZT12 of pGI30 

(control). B: Chemiluminescence image of GI-TAP bands, merged with a photograph taken of the same 

membrane, which shows the molecular weight marker. Molecular weights of markers in A and B are given 

in kDa. C: Normalised GI-TAP levels in phyBD TG and ado1 TG relative to pGI30 ZT12 on the same 

membrane. D: GI-TAP levels relative to ZT12 of each time-course. 

As described above, at least two Western Blots were performed for each transgenic line. If the 

results were identical or very similar to each other, and showed no difference when compared to 

the results for pGI30, no further Western Blots were performed. In case a difference between the 

two results for one line, or to pGI30 was found, the Western Blot was repeated up to three more 

times. Table 6.3 shows in how many cases this led to an identical result. Figure 6.12 shows 

representative data from one Western Blot for each transgenic line that was analysed under LD 

conditions. All data presented in this figure were calculated relative to ZT12 of each line to 

compare the pattern of GI protein cycling between the lines rather than GI-TAP levels.  
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Figure 6.12: GI-TAP levels in pGI::GI-TAP lines cultivated under LD conditions relative to 

ZT12 of each line. 

Quantitative Western Blots were performed on transgenic mutant and WT lines cultivated under LD 

conditions. All data was normalised for loading and calculated relative to ZT12 of each individual line. For 

each line data from one representative Western Blot is shown. A: Red and far-red light photoreceptor 

mutants and control lines. B: Blue light photoreceptor mutants and control lines. C: Cop1 lines made by 

transformation or crossing, and control lines.  
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It was observed that none of the red light photoreceptor mutants displayed a considerable change 

in GI protein cycling pattern when compared to WT (Figure 6.12A). Amongst the blue light 

photoreceptor mutant lines ado1 TG and ztl-103 CR stood out as they were found to have a GI 

protein cycling pattern with a strongly reduced amplitude compared to all other lines including 

pGI30. The lines cry1 TG and cry1/2 CR seemed to have a GI protein cycling pattern with a 

slightly less pronounced peak than pGI30, but the difference was not as striking as between the 

ztl mutant lines and pGI30 (Figure 6.12B). The lines cop1 TG and cop1 CR were found to have GI 

protein cycling patterns very similar to those of pGI30 and Col CR, with the cycling of GI protein in 

cop1 TG displaying a slightly less pronounced peak than in pGI30 (Figure 6.12C). In summary, 

only the two ztl mutant lines ado1 TG and ztl-103 CR displayed an altered GI cycling pattern 

compared to WT.  

The lines cry1/2 CR, ztl-103 CR, cop1 CR and Col CR all resulted from crosses with pGI30. It was 

therefore possible to compare GI-TAP levels in these lines to the levels found in pGI30 and 

between the lines themselves. The line phyB CR resulted from a cross with the line Ler TG, and it 

was therefore also possible to compare GI-TAP levels between these two lines. To normalise GI-

TAP levels between Western Blots, GI-TAP levels for all lines that were made by crossing, or 

used to make the crosses, were calculated relative to a sample of pGI30 that was quantitated on 

the same Western Blot membrane. Figure 6.13 shows the results from one representative 

Western Blot per line. 

 

Figure 6.13: Relative GI-TAP levels in lines made by crossing 

Quantitative Western Blots were performed on transgenic lines that were made by crossing, and on the 

lines that were used for crossing. GI-TAP levels were normalised for loading and calculated relative to a 

sample of pGI30 ZT12 which was quantitated on the same membrane. For each line data from one 

representative Western Blot is shown. 
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It was found that GI-TAP levels in Col CR and cop1 CR were almost identical to those in pGI30, 

and GI-TAP levels in phyB CR were almost identical to those in Ler TG (Figure 6.13). GI-TAP 

levels in cry1/2 CR were found to possibly be a little lower than in WT at ZT12, and GI-TAP levels 

in ztl-103 CR were found to be the lowest amongst all the lines resulting from crosses with pGI30 

(Figure 6.13).  

Summary and discussion  

It was found that GI-TAP protein cycling in most mutant lines was identical or very similar to the 

pattern observed in the transgenic WT lines. In addition, GI-TAP protein levels in most lines made 

by crossing did not differ considerably from the levels in the lines which were used to make the 

crosses, i.e. pGI30 or Ler TG. The line cry1/2 CR was repeatedly found to have a protein cycling 

pattern with a slightly less pronounced peak than pGI30, and to have slightly lower GI-TAP levels 

at ZT12. Differences between cry1/2 CR and pGI30 were however quite small and therefore most 

likely not significant. To test how unchanged GI proteins levels in cry1/2 and phyBDE could be 

reconciled with the strong flowering phenotypes of these mutants, CO and FT mRNA levels were 

measured as described in section 6.6. 

Two lines that were found to have a GI cycling pattern with lower amplitude than pGI30 were 

ado1 TG and ztl-103 CR, with ztl-103 CR displaying slightly reduced GI-TAP levels at ZT12 

compared to pGI30. The same reduced amplitude pattern was also observed for GI mRNA in 

both lines (see section 6.2.1). These results did not match with the results published by the 

Somers group, who found that under LD conditions mutations in ZTL changed GI protein cycling, 

but not GI mRNA cycling. In particular, it was found that ZTL stabilises GI protein and thereby 

regulates GI protein accumulation at a post-translational level (Kim et al., 2007b). As mentioned 

before, Kim and colleagues grew plants in LD with 12 h of light and 12 h of darkness, while in this 

work plants were cultivated in LD with 16 h of light and 8 h of darkness. It was hypothesised that 

the use of different lengths of light phases might have caused the difference in results, and it was 

therefore decided to measure GI mRNA and protein levels in ztl-103 CR cultivated under SD 

conditions (8 h light/16 h darkness), as described in section 6.5.  

While the work for this thesis was underway, the group of X. W. Deng showed that in the early 

part of the day GI mRNA levels in cop1-4 mutants were higher than in WT plants when cultivated 

under LD and SD conditions (16 h light/8 h darkness and 8 h light/16 h darkness respectively) (Yu 

et al., 2008). Additionally, Yu and colleagues studied transgenic plants containing a 35S::GI-GFP 

construct, and found that under SD conditions GI-GFP levels in cop1-4 plants did not reach the 

same levels as in WT and displayed a reduced amplitude of cycling (Yu et al., 2008). Experiments 

performed for this thesis showed no considerable differences in GI mRNA or protein cycling under 

LD conditions between cop1-4 and Col WT or between cop1 CR and pGI30. It was therefore 
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decided to measure GI mRNA and protein levels in cop1 CR cultivated under SD conditions to 

see if any effects of the cop1-4 mutation on GI mRNA or protein levels could be detected in plants 

cultivated in shorter day lengths (see section 6.5). The work of Yu and colleagues also led to a 

proposed model for the regulation of GI levels: in the dark GI interacts with COP1 and ELF3, 

leading to degradation of GI, while in the light COP1 is inhibited by the cryptochromes (Yu et al., 

2008). To test this model in terms of flowering time genes downstream of GI, which should be 

influenced by a change in GI protein cycling, CO and FT mRNA levels were measured in cop1-4 

and cry1/2 mutants as described in section 6.6.  

6.5 Analysis of cop1 and ztl cultivated under SD conditions 

GI mRNA and protein levels were measured in ztl-103 CR and cop1 CR, as well as in pGI30 

cultivated under SD conditions. As a control GI mRNA levels were measured in Col WT. All lines 

were cultivated once under SD conditions as described in 2.2.5.3. 

GI mRNA levels were determined by RT RT-PCR as for LD experiments (described in 2.2.5.4). To 

compare expression levels between the different lines, GI mRNA levels of all lines were 

calculated relative to Col WT at ZT8 (Figure 6.14). Additionally, GI mRNA levels for each line 

were calculated relative to ZT8 of the same line under LD conditions, so that GI expression in SD 

and LD could be compared within one line (Figure 6.15).  

 

Figure 6.14: GI mRNA levels in Arabidopsis lines cultivated under SD conditions 

Reverse transcription real-time PCR was performed on plants cultivated under SD conditions to determine 

GI mRNA levels. GI expression levels were calculated relative to ZT8 in Col WT and are presented as the 

mean of three PCR replicates +/- SD. 
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Under SD conditions, GI mRNA levels in the lines ztl-103 CR and cop1 CR were found to be very 

similar to those in pGI30 (Figure 6.14). All three transgenic lines displayed the same GI mRNA 

cycling pattern as the Col WT line, which corresponds to the well documented SD GI mRNA 

pattern: a very pronounced peak at ZT8 and rapidly declining GI mRNA levels thereafter (Fowler 

et al., 1999). Differences in GI mRNA levels between ztl-103 CR and pGI30, and between 

cop1 CR and pGI30 were less than 2-fold at ZT4 and ZT8 and were therefore not considered to 

be noteworthy. This indicated that neither the cop1-4 nor the ztl-103 mutation influenced GI 

mRNA levels under SD conditions. 

The comparison of GI mRNA levels in plants cultivated under SD and LD conditions revealed that 

the cop1 CR line exhibited the same GI mRNA cycling pattern as the WT lines Col WT and pGI30 

under both day lengths (Figure 6.15B, C and D). GI mRNA levels in the line ztl-103 CR were 

found not to differ from those in Col WT and pGI30 under SD conditions, but under LD conditions 

(Figure 6.15A and D).  

 

Figure 6.15: Comparison of GI mRNA levels in plants cultivated under SD and LD 

conditions 

Reverse transcription real-time PCR was performed on plants cultivated under SD and LD conditions to 

determine GI mRNA levels. GI expression levels were calculated relative to ZT8 in LD of each line and are 

presented as the mean of three PCR replicates +/- SD. 

In conclusion, at the time-points that were investigated, the cop1-4 mutation was found to have no 

clear effect on GI mRNA levels under LD or SD conditions. However, GI cycling patterns in 
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cop1-4 seemed to differ less between SD and LD than those of Col WT and pGI30. The ztl-103 

mutation was found to affect GI mRNA levels under LD, but not under SD conditions.  

To look for post-transcriptional effects on GI regulation, GI-TAP protein levels were determined in 

cop1 CR, ztl-103 CR and pGI30 cultivated under SD conditions. All three lines were cultivated 

once and two quantitative Western Blots with identical or very similar results were performed for 

each line. GI-TAP levels were calculated relative to a sample of pGI30 ZT12 cultivated under LD 

conditions, which was analysed on the same Blot. Results from one representative Western Blot 

per line are presented in Figure 6.16. 

 

Figure 6.16: Relative GI-TAP levels in plants cultivated under SD conditions 

Quantitative Western Blots were performed to determine relative GI-TAP level in Arabidopsis mutant and 

WT lines cultivated under SD conditions. Data was normalised for loading and calculated relative to a 

sample of pGI30 ZT12 cultivated under LD conditions which was quantitated on the same membrane. For 

each line data from one representative Western Blot is shown. 

It was found that under SD conditions, GI protein levels were slightly reduced in the cop1 CR and 

ztl-103 CR lines when compared to pGI30 (Figure 6.16). Both mutant lines had around 2-fold 

lower GI protein levels than pGI30 at all time-points, and levels in ztl-103 CR were lower than in 

cop1 CR between ZT8 and ZT20. Taken together with the findings that under SD conditions 

neither of the lines displayed considerable differences in GI mRNA levels when compared to 

pGI30, these results indicated, that under SD conditions both COP1 and ZTL might exert post-

transcriptional effects on GI levels.  

Summary and discussion 

While GI mRNA cycling differed between the ztl mutant and WT in LD conditions, it was identical 

in ztl and WT cultivated in SD conditions. At the same time GI protein cycling differed in both 
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conditions, with cycling in the mutant being reduced compared to WT. While the results obtained 

in SD were very similar to the results obtained by Kim and colleagues, the results obtained in LD 

did not correspond to their results (Kim et al., 2007b). The difference was that Kim and colleagues 

reported slightly lower GI protein levels in their ztl mutant, which might have been due to their use 

of a line that was heterozygous for the pGI::GI-TAP construct.  

No clear difference in GI mRNA cycling was observed between the cop1-4 mutant and WT in SD 

or LD conditions. This does not correspond with the results published by Yu and colleagues (Yu 

et al., 2008), however in this thesis sampling was performed at different and fewer time-points 

and subtle differences between mutant and WT might therefore not have been observed. GI 

protein cycling was found to be identical in cop1-4 and WT grown in LD, but to be slightly reduced 

in the mutant in SD. Yu and colleagues also reported a difference between mutant and WT in SD. 

However, they reported no visible GI protein cycling in the cop1-4 mutant, which differs from the 

results of this work. Differences between published results and the findings of this work might be 

due to the use of different GI constructs (Yu and colleagues used a 35S::GI-GFP construct), the 

use of different day lengths (Kim and colleagues used 12 h/12 h days), the use of different 

antibodies (Kim and colleagues used PAP antibodies), and other experimental differences such 

as the age of the plants when the samples were taken.  

6.6 Analysis of CO and FT mRNA levels  

Reduced GI protein levels observed in ztl and cop1-4 mutants by the Somers and Deng Groups 

(Kim et al., 2007b; Yu et al., 2008 respectively) should lead to reduced CO transcript and 

correspondingly reduced FT mRNA levels and later flowering in these lines (see section 1.2). 

While ztl mutants flower slightly later than WT in SD and LD (Fujiwara, 2008), cop1-4 mutants 

flower early, particularly in SD (McNellis et al., 1994; Liu et al., 2008b). To analyse how these 

flowering phenotypes come about, CO and FT mRNA levels were studied in ztl-103 CR and 

cop1 CR, which in this thesis only displayed slightly reduced GI protein levels in SD (see section 

6.5). The biggest differences in GI protein levels in ztl and cop1-4 mutants compared to WT had 

been observed under LD conditions with 12 h light and dark periods (Kim et al., 2007b) and under 

SD conditions (Yu et al., 2008) respectively. It was therefore decided to determine CO and FT 

mRNA levels in ztl-103 CR and cop1 CR, as well as in pGI30 and Col WT controls under SD 

conditions. 

Another observation made in this thesis was that some mutant lines with obvious flowering 

phenotypes in LD did not display any changes in GI protein levels in this day length; e.g. phyBDE 

TG, which flowers early, and cry1/2 CR, which flowers late (see section 6.4.2). CO and FT mRNA 

levels had previously not been studied in cry1/2 and phyBDE mutants, and it was therefore 
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decided to examine the expression levels of CO and FT in phyBDE, cry1/2, Ler WT and Col WT 

under LD conditions to determine at which point in the LD pathway flowering time gene 

expression might be altered in the mutant lines. Furthermore, the current model of GI regulation 

by COP1 suggests that COP1 degrades GI protein, but in the light COP1 is inhibited by the CRYs 

(Yu et al., 2008) (see chapter 1). Therefore, in a cry1/2 mutant less GI protein should be present 

than in WT, resulting in lower CO mRNA levels than in WT, while in a cop1 mutant more GI 

protein should be present than in WT, resulting in higher CO levels. To test this hypothesis the 

cop1-4 mutant line was also included in this study.  

Plants were cultivated under LD or SD conditions and samples were taken as described in 

2.2.5.3. RNA was extracted from all samples as described in 2.2.5.4.1 and reverse-transcribed as 

described in 2.2.5.4.2. CO and FT levels were measured by RT RT-PCR as described in 

2.2.5.4.4, using the primers ―CO Real-time II‖ F and R and ―FT Real-time II‖ F and R (see Table 

2.6), and normalised to At2g32170. CO expression levels were calculated relative to the 

corresponding WT line at ZT20 in either LD or SD conditions, while FT levels were expressed 

relative to WT ZT16 in LD or SD. 

Figure 6.17 shows CO mRNA levels in plants cultivated under SD and LD conditions. Under SD 

conditions a slight reduction in CO mRNA levels could be observed in ztl-103 CR and cop1 CR 

compared to Col WT or pGI30 (Figure 6.17A). Under LD conditions it was found that CO mRNA 

levels in the cop1 and cry1/2 mutants did not differ greatly from those in Col and Ler WT (Figure 

6.17B). The phyBDE mutant displayed elevated CO mRNA levels at ZT8 and ZT20.  

Figure 6.18 shows FT mRNA levels in plants cultivated under SD and LD conditions. It was 

observed that under SD conditions FT mRNA levels in cop1 CR were much higher than those in 

Col WT, pGI30 and ztl-103 CR (Figure 6.18A). FT mRNA levels in ztl-103 were not found to be 

considerably different to those of pGI30 (Figure 6.18B). Under LD conditions FT mRNA levels in 

the phyBDE mutant were considerably higher than in cry1/2, cop1, Ler and Col (Figure 6.18C). In 

the cop1 mutant FT mRNA levels were found to be slightly higher than in WT, and in the cry1/2 

mutant they were found to be much lower than in WT (Figure 6.18D).  
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Figure 6.17: CO mRNA levels in mutants cultivated under LD and in transgenic lines 

cultivated under SD conditions 

Reverse transcription real-time PCR was performed to determine CO mRNA levels. A: CO mRNA levels in 

plants cultivated under SD conditions. B: CO mRNA levels in plants cultivated under LD conditions. CO 

mRNA levels were calculated relative to ZT20 of Col WT in SD or LD respectively. Data is presented as the 

mean of three PCR replicates +/- SD. 
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Figure 6.18: FT mRNA levels in mutants cultivated under LD and in transgenic lines 

cultivated under SD conditions 

Reverse transcription real-time PCR was performed to determine FT mRNA levels A: FT mRNA levels 

under SD conditions. B: Enlargement of A without cop1 CR. C: FT mRNA levels under LD conditions. D: 

Enlargement of C without phyBDE. FT mRNA levels were calculated relative to ZT16 of Col WT in SD or 

LD respectively. Data is presented as the mean of three PCR replicates +/- SD. 

Summary and discussion 

Under LD conditions the phyBDE mutant had slightly elevated CO levels and strongly elevated FT 

levels. These findings explained the early flowering phenotype of phyBDE mutants, and 

correlated with previous findings for the phyB mutant (Blazquez and Weigel, 1999; Cerdan and 

Chory, 2003). In the cry1/2 mutant cultivated under LD conditions CO mRNA levels were very 

similar to those in WT, which is in agreement with the finding that GI protein levels were very 

similar in cry1/2 CR and pGI30. FT expression levels in the cry1/2 mutant were reduced 

compared to WT, which explains the late flowering phenotype of cry1/2. The results of CO and FT 

mRNA measurements correspond to the results reported for the cry2 mutant (Yanovsky and Kay, 

2002).  

In the cop1 mutant cultivated under LD conditions and cop1 CR cultivated under SD conditions 

CO expression levels were found not to differ considerably from those found in WT in LD, while 
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CO levels in SD were slightly reduced compared to WT. FT levels were found to be slightly 

elevated in cop1 cultivated under LD conditions and strongly elevated in cop1 CR cultivated 

under SD conditions. This explains the early flowering phenotype of cop1 mutants, particularly in 

SD, and corresponds to the results reported by several other groups (Jang et al., 2008; Liu et al., 

2008b; Yu et al., 2008). CO and FT mRNA levels in ztl-103 CR were found to be similar to those 

in WT plants, corresponding to previously published results for ztl-3 (Kim et al., 2005b), and 

explaining why ztl mutants flower only slightly later than WT plants.  

In conclusion, the results of the CO and FT mRNA measurements confirmed that all transgenic 

and non-transgenic lines displayed the expected expression levels of these two flowering time 

genes, based on their flowering phenotypes and the observed GI protein levels in these lines. The 

flowering phenotypes of phyBDE and cry1/2 might be caused by changes in CO protein or FT 

expression levels rather than by changes in GI protein levels, as only FT and not CO mRNA 

levels were different from WT in these lines. Slightly lowered CO mRNA levels in cop1 CR 

cultivated in SD corresponded to the model of GI regulation by COP1 and the CRYs proposed by 

Yu and colleagues (Yu et al., 2008). The strong elevation of FT levels in cop1 CR indicates that 

COP1 might influence flowering mainly via targeting CO protein for degradation, rather than by 

influencing CO mRNA levels by targeting GI for degradation.  
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7 ANALYSIS OF THE REGULATION OF GI mRNA AND 
PROTEIN LEVELS IN DIFFERENT WAVELENGTHS 

OF LIGHT 

7.1 Introduction 

The analysis of Arabidopsis mutants under LD conditions (chapter 6) did not lead to the 

identification of one single photoreceptor or family of photoreceptors responsible for the post-

transcriptional regulation of GI. It was hypothesised that this might be due to the high degree of 

functional redundancy amongst photoreceptors. Not only do photoreceptors of one family act 

redundantly in the perception of a particular colour of light (e.g. the phytochromes in red light), 

some photoreceptors are also involved in signalling in response to more than one colour of light. 

For example, the red and far-red light sensing phytochromes have also been shown to be 

involved in blue light sensing, and PHYA displays significant activity under continuous blue light 

(reviewed by Franklin et al., 2005). It was therefore decided to study the influence of 

photoreceptors on post-transcriptional regulation of GI in mutant and WT Arabidopsis lines 

exposed to different wavelenghts of light. The examination of a red light photoreceptor mutant in 

red light, for example, enables the analysis of the influence of that photoreceptor on GI levels in 

response to red light only, and without the involvement of any blue light responses by the same or 

other photoreceptors. Furthermore, in the dark GI protein is known to be degraded by the 

proteasome (David et al., 2006). Therefore, additional experiments were performed in darkness to 

analyse if any photoreceptors might be involved in the regulation of this process.  

Plants were cultivated under LD conditions and at ZT0 shifted into far-red (FR), red (R) or blue (B) 

light, or into darkness (D) (light intensities can be found in Table 2.7 and light spectra in Appendix 

D). Samples were taken as described in 2.2.5.3, using a green headlamp for sampling in FR and 

D. GI mRNA and protein levels were analysed using RT RT-PCR and quantitative Western Blots 

as in previous LD and SD experiments (see Chapter 6).  

Section 7.2 describes the analysis of a range of transgenic lines for changes in GI mRNA and 

protein levels in different light conditions. Changes between different wavelengths of light within 

one line were analysed, as well as differences between mutant and WT lines cultivated under the 

same light condition. In some cases mutant lines displayed GI mRNA patterns differing from WT 

grown under the same light condition, and to confirm that these changes were caused by the 

influence of the mutation, and not by the addition of the transgene, the non-transgenic equivalents 

of these lines were also analysed. Section 7.3 describes the analysis of these non-transgenic 

lines. 
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7.2 Analysis of GI mRNA and protein levels in transgenic lines 

Most transgenic lines were cultivated and analysed once in each light condition, and the control 

line pGI30 was cultivated and analysed twice (see Table 7.1). To evaluate if GI mRNA or protein 

levels in any mutants differed from WT, mutants in a Ler background were compared to Ler TG, 

and mutants in a Col background were compared to Col CR and pGI30. 

All GI mRNA levels were calculated relative to a sample from ZT8 of the corresponding non-

transgenic WT line (Ler WT or Col WT, see Figure 6.2) cultivated under LD conditions in white 

light (W). GI protein levels were calculated relative to a sample from ZT12 of pGI30 cultivated 

under LD conditions and analysed on the same Western Blot membrane. Figure 7.1 to Figure 7.3 

show data from representative GI mRNA and protein quantitations for each line and light 

condition. In Figure 7.1 and Figure 7.2 data are presented separately for each mutant and WT 

line, while in Figure 7.3 data are presented separately for each light condition (D, FR, R and B). 

Table 7.1: Measurement of GI mRNA and protein levels in transgenic Arabidopsis 

cultivated under different light conditions  

Line 
Back-

ground 
Light 

condition
1 

Measurement of GI mRNA 
levels  

Measurement of GI protein 
levels 

Identical 
replications 

Number of 
independent 
cultivations 

Identical 
replications 

Number of 
independent 
cultivations 

phyA TG Ler D 2/2 2 2/3 2 

 FR 2/2 2 2/3 2 

phyB CR Ler D 1 1 2/2 1 

 R 1 1 2/2 1 

phyBDE TG Ler D 2/2 2 2/3 2 

 FR 1 1 2/2 1 

 R 2/2 2 2/3 2 

 B 1 1 3/3 1 

cry1/2 CR Col D 1 1 2/2 1 

 B 1 1 2/2 1 

ztl-103 CR Col D 1 1 2/2 1 

 B 1 1 2/2 1 

Ler TG Ler D 1 1 2/2 1 

 R 1 1 2/2 1 

Col CR Col D 1 1 2/3 1 

 B 1 1 2/2 1 

pGI30 Col D 2/2 2 3/3 2 

 FR 2/2 2 2/3 2 

 R 2/2 2 3/3 2 

 B 2/2 2 2/3 2 
1D: dark, FR: far-red, R: red, B: blue 
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Figure 7.1: GI mRNA and protein levels in blue light photoreceptor mutants and control 

lines 

Reverse transcription real-time PCR and quantitative Western Blots were performed on time-courses to 

determine relative GI mRNA and protein levels in transgenic Arabidopsis lines grown in LD and shifted at 

ZT0 into different colours of light or darkness. A-D: GI mRNA levels in different light conditions. GI mRNA 

levels were calculated relative to ZT8 of the corresponding WT line cultivated under normal LD conditions. 

Data is presented as the mean of three PCR replicates +/- SD. E-H: GI-TAP protein levels in different light 

conditions. GI-TAP levels were calculated relative to a sample of pGI30 ZT12 which was analysed on the 

same membrane. For each line and condition data from one representative Western Blot is presented. The 

x-axes show the time after shifting the plants. 
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Figure 7.2: GI mRNA and protein levels in red and far-red light photoreceptor mutants and 

control lines 

Reverse transcription real-time PCR and quantitative Western Blots were performed on time-courses to 

determine relative GI mRNA and protein levels in transgenic Arabidopsis lines grown in LD and shifted at 

ZT0 into different colours of light or darkness. A-E: GI mRNA levels in different light conditions. GI mRNA 

levels were calculated relative to ZT8 of the corresponding WT line cultivated under normal LD conditions. 

Data is presented as the mean of three PCR replicates +/- SD. F-J: GI-TAP protein levels in different light 

conditions. GI-TAP levels were calculated relative to a sample of pGI30 ZT12 which was analysed on the 

same membrane. For each line and condition, data from one representative Western Blot is presented. The 

x-axes show the time after shifting the plants. 
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Figure 7.3: GI mRNA and protein levels in different light conditions 

Reverse transcription real-time PCR and quantitative Western Blots were performed on time-courses to 

determine relative GI mRNA and protein levels in transgenic Arabidopsis lines grown in LD and shifted at 

ZT0 into different colours of light or darkness. A-D: GI mRNA levels in different light conditions. GI mRNA 

levels were calculated relative to ZT8 of the corresponding WT line cultivated under normal LD conditions. 

Data is presented as the mean of three PCR replicates +/- SD. E-H: GI-TAP protein levels in different light 

conditions. GI-TAP levels were calculated relative to a sample of pGI30 ZT12 which was analysed on the 

same membrane. For each line and condition data from one representative Western Blot is presented. The 

x-axes show the time after shifting the plants. 
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In all lines, GI mRNA levels differed from their normal LD pattern when plants were shifted into D, 

FR, R or B, with the strongest changes being observed in D and FR. In most cases GI mRNA 

levels were lower in D than in W in the early part of the day, and in all cases they were higher in D 

than in W in the later part of the day (Figure 7.1 and Figure 7.2). In pGI30 GI mRNA levels were 

highest in FR, and very similar in B, R and W (Figure 7.2E and Figure 7.1D), in Ler TG GI mRNA 

levels were higher in D and R than in W (Figure 7.2D), and in Col CR they were similarly high in 

W and B, but peaked at a slightly different time (Figure 7.1C). 

In contrast to Col CR and pGI30 (Figure 7.1C and D), there were no differences in GI mRNA 

levels between B and D in cry1/2 CR and ztl-103 at any tested time-point (Figure 7.1A and B), 

indicating that ZTL, CRY1 and/or CRY2 might play a role in the regulation of GI mRNA levels in 

response to B. Furthermore, GI mRNA levels in ztl-103 cultivated in B and D were much lower 

early in the day than those in cry1/2 CR, Col CR and pGI30 (Figure 7.3A and D), indicating that 

ZTL and the cryptochromes might have different functions in the regulation of GI cycling.  

Only a small difference in GI mRNA levels was observed between phyB CR and Ler TG in D and 

in R (Figure 7.3A and C), indicating that PHYB alone might not play a major role in the regulation 

of GI cycling. Nonetheless there was a clear difference in GI mRNA levels in R, D and W between 

phyBDE TG and Ler TG, with GI levels in R and D being higher than in W in Ler TG, but lower 

than or almost identical to W in phyBDE TG (Figure 7.2C and D). This indicated that either PHYD 

or PHYE might play an important role in the regulation of GI mRNA levels, or more likely that 

several phytochromes together might redundantly regulate GI levels in R and D.  

No difference in GI mRNA levels was observed between FR and D in phyA TG (Figure 7.2A), 

which differed from pGI30 (Figure 7.2E), and indicated that also PHYA might be involved in the 

regulation of GI levels. However GI mRNA levels were not determined in the WT line 

corresponding to phyA TG, which was Ler TG. It was instead decided to repeat GI mRNA 

measurements in non-transgenic lines of phyA and Ler WT, to determine if PHYA might be 

involved in the regulation of GI mRNA levels (see section 7.3).  

In FR, R and B the pattern of GI protein accumulation in all lines corresponded to the pattern of 

GI mRNA cycling, with the usual slight phase shift between transcript and protein cycling which 

was also observed under normal LD conditions (Figure 7.3B-D and F-H). The magnitudes of GI 

mRNA and protein levels also correlated to each other, with, e.g. in B, cry1/2 CR and Col CR 

having higher GI mRNA levels and higher GI protein levels than ztl-103 CR and phyBDE TG 

(Figure 7.3D and H). This correlation was also found in D in all lines except for Col CR and 

cry1/2 CR: in Col CR GI mRNA levels were higher than those in most other lines, but GI protein 

levels were higher in cry1/2 CR than in all other lines (Figure 7.3A and E). Additionally, at most 
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time-points in Col CR as well as in ztl-103 and pGI30 GI protein levels were considerably lower in 

D than in W or B (Figure 7.1G, F and H), while in cry1/2 CR GI protein levels were very similar in 

D, W and B at all time-points examined (Figure 7.1E). This indicated that CRY1 and/or CRY2 

might influence GI protein levels in the dark.  

In phyA TG GI protein levels were similar in D, W and FR, while in pGI30 GI levels were lower in 

D than in FR and W (Figure 7.2F and J). This made cry1/2 CR and phyA TG the only two lines in 

which GI protein levels did not differ between W and D, and indicated that PHYA, CRY1 and/or 

CRY2 might be involved in the post-transcriptional regulation of GI in the dark.  

Summary and discussion 

In conclusion, all transgenic WT lines displayed increased GI mRNA levels in D compared to B, R 

or W, while GI protein levels in these lines were lower in D than in any colour of light. These 

results confirmed that light exerts a post-transcriptional effect on GI, such as e.g. improving GI 

translatability, or stabilising GI protein, and agrees with GI being destabilised/degraded in D, as 

previously reported (David et al., 2006; Black, 2007). The constantly rising GI mRNA levels in 

Col CR and pGI30 in D did not correspond to the results published by Paltiel and colleagues, who 

observed GI mRNA cycling with a peak at ZT12 in constant darkness (Paltiel et al., 2006). To 

determine if the addition of the transgene might have influenced GI expression in the lines that 

were analysed, it was decided to repeat GI mRNA measurements in non-transgenic Col WT and 

Ler WT lines shifted into D, as described in the next section. 

In transgenic WT lines, GI mRNA accumulated to higher levels in D than in W, B or R and to 

highest levels in FR. In contrast, GI mRNA levels were almost identical in D and B in cry1/2 CR 

and ztl 103 CR, and in D and FR in phyA TG, indicating that PHYA, ZTL, CRY1 and/or CRY2 

might be involved in the regulation of GI mRNA levels. This partly corresponds to findings by 

Paltiel and collegues, who reported that blue light acts on GI transcription through CRY1 and 

CRY2 (Paltiel et al., 2006). To confirm the finding that PHYA and ZTL might influence GI 

expression, non-transgenic phyA and ztl-3 mutant lines were used to repeat the experiments 

performed with phyA TG and ztl-103 CR (see section 7.3). Differences in GI mRNA levels in D 

and R compared to W between phyBDE TG and Ler TG indicated that PHYB, D and E might be 

involved in the regulation of GI levels. PhyB CR not displaying a difference to Ler TG indicated 

that the phytochromes might regulate GI levels in a redundant manner. The at least partly 

redundant regulation of GI mRNA levels by several different photoreceptors in different light 

conditions would expain why no changes in GI mRNA levels were observed in any of the mutants 

other than ztl when cultivated under LD conditions (see section 6.2). The reduction in GI cycling in 

ztl cultivated in LD indicated that ZTL plays a prominent role in the regulation of GI mRNA levels, 
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and the studies in different light conditions indicated that a number of other photoreceptors might 

contribute to shaping the GI expression pattern. 

In contrast to the transgenic WT lines, GI protein levels in phyA TG were nearly identical in D, W 

and FR, and GI protein levels in cry1/2 CR were nearly identical in D, W and B. At the same time, 

GI mRNA levels were not identical in these light conditions in phyA TG or cry1/2 CR. The highest 

protein levels observed in cry1/2 CR were only marginally lower than those in pGI30, suggesting 

that protein levels in cry1/2 CR were elevated in D and B, to the same levels as observed in W. 

This indicated that GI protein was not less stable in the light when CRY1 and CRY2 are not 

functional, it rather seemed like in cry1/2 mutants GI protein was more stable in D. As phyA TG 

has not been generated by crossing, it was not possible to determine whether GI protein levels in 

this line were lower than in WT in W and FR, or if like in cry1/2 CR GI levels were elevated in D 

compared to WT.  

Further interesting observations were that in ztl-103 CR GI mRNA levels were almost identical in 

B and D, while GI protein levels were considerably higher in B than in D later in the day. This 

observation pointed towards a post-transcriptional influence of ZTL on GI levels. Additionally, GI 

mRNA levels were found to be highest in pGI30 in FR in the later part of the day, while GI protein 

levels were not higher in FR than in R, B or W. This indicated that GI translatability might be very 

low in FR, or that GI protein might be very unstable in FR.  

7.3 Analysis of GI mRNA levels in non-transgenic lines 

It was observed that some light conditions influenced GI mRNA levels in pGI30, Col CR, Ler TG, 

phyA TG and ztl-103 CR (see section 7.2), and to investigate if this might be an effect of the 

insertion of the pGI::GI-TAP construct, their non-transgenic counterparts were analysed under the 

same conditions. Table 7.2 shows how many times each line was cultivated under each condition 

and how many times GI mRNA levels were determined by RT RT-PCR.  

All GI mRNA levels were calculated relative to the corresponding WT line at ZT8 when cultivated 

under normal LD conditions. Figure 7.4 shows representative data of GI mRNA levels in phyA, 

Ler WT and Col WT cultivated in D, FR and W (panels A-C), and of GI mRNA levels in ztl-3 and 

Col WT cultivated in D, B and W (panels D and E).  

As seen in Ler TG, Col CR and pGI30 (Figure 7.1 and Figure 7.2), also in the non-transgenic Ler 

WT and Col WT lines GI mRNA cycling was different from its normal LD pattern when the plants 

were transferred into FR, B or D (Figure 7.4B, C and E). In all three light conditions, GI mRNA 

levels increased after ZT8, with highest GI mRNA levels being reached in FR in Col WT. 
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Interestingly, there was a considerable difference in GI mRNA patterns between the Ler and Col 

ecotypes (Figure 7.4B and C), with GI mRNA levels in FR and D rising higher in Col WT than in 

Ler WT.  

Table 7.2: Measurement of GI mRNA levels in non-transgenic Arabidopsis cultivated under 

different light conditions  

Line 
Back- 

ground 
Light 

condition
1
 

Identical 
replications 

Number of independent 
cultivations 

phyA  Ler D 2/2 2 

 FR 2/2 2 

ztl-3 Col D 1 1 

 B 1 1 

Ler WT  D 1 1 

 FR 1 1 

Col WT  D 2/2 2 

 FR 1 1 

 B 1 1 
1D: dark, FR: far-red, B: blue 

 

Figure 7.4: GI mRNA in non-transgenic lines cultivated under different light conditions 

Reverse transcription real-time PCR was performed to determine relative GI mRNA levels in non-transgenic 

Arabidopsis lines shifted into different colours of light or darkness. GI mRNA levels were calculated relative 

to ZT8 of the corresponding WT line cultivated under normal LD conditions. Data is presented as the mean 

of three PCR replicates +/- SD. The x-axes show the time after shifting the plants. 
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The increase in GI mRNA levels in D and FR was also observed in the phyA mutant, but unlike 

Ler WT there was no difference between the two light conditions (Figure 7.4A). Compared to Ler 

WT it seemed that GI mRNA levels in phyA were elevated in the dark to the same level found in 

FR.  

GI mRNA levels in ztl-103 CR were observed to be lower in D and B than in W until after ZT12, 

which strongly differed from the pattern observed in pGI30 and Col CR, where GI mRNA levels 

were higher in D and B than in W at this time of the day (Figure 7.1B, C and D). The same 

difference was observed between ztl-3 and Col WT (Figure 7.4D and E), which indicated that GI 

mRNA levels might be positively influenced by B and D, and that this effect might require 

functional ZTL. 

Summary and discussion 

In non-transgenic WT lines the GI mRNA cycling patterns in FR and D differed between Col WT 

and Ler WT. While for Ler WT the observed GI cycling pattern in D corresponded to the findings 

by Paltiel and colleagues (Paltiel et al., 2006), the Col WT pattern did not. This was most likely 

due to the fact that all plants analysed by Paltiel and colleagues were in a Ler ecotype 

background. Measurement of GI mRNA levels in non-transgenic phyA and ztl mutant lines 

confirmed that both PHYA and ZTL might influence the regulation of GI mRNA cycling.  

7.4 Analysis of GI mRNA and protein levels in the 35S::GI-TAP 
line 18-42 

This thesis aimed at investigating the post-transcriptional regulation of GI. To make it easier to 

distinguish between transcriptional and post-transcriptional influences of light on GI levels, the 

well established gi-2 35S::GI-TAP line 18-42 (David et al., 2006) was analysed for GI mRNA and 

protein levels in different colours of light. The constitutively acting cauliflower mosaic virus 35S 

(CaMV 35S) promoter (Odell et al., 1985) has been used in the past as part of the 35S::GI-TAP 

construct to investigate post-transcriptional effects of light on GI levels (David et al., 2006; Black, 

2007). 

Experiments under LD conditions and in different colours of light were performed in the same way 

as for all other lines analysed in this work. GI mRNA levels were calculated relative to ZT8 from 

Col WT cultivated under LD conditions, and GI protein levels were calculated relative to ZT12 

from pGI30 cultivated under LD conditions and analysed on the same membrane. Table 7.3 

shows how many times each experiment was performed in each light condition, and how many 

times the plants were cultivated in each condition. The analysis of GI mRNA levels between ZT4 

and ZT16 indicated differences in GI mRNA levels between different colours of light at ZT4 (see 
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Figure 7.5A). Plants were therefore cultivated again in W, FR and R, and samples were taken 

between ZT0 and ZT6. GI mRNA levels in these samples were analysed as before. 

Table 7.3: Measurement of GI mRNA and protein levels from ZT4 to ZT16 in the 

35S::GI TAP line 18-42 cultivated under different light conditions  

Line 
Light 

condition
1
 

Measurement of GI mRNA levels  Measurement of GI protein levels 

Identical 
replications 

Number of 
independent 
cultivations 

Identical 
replications 

Number of 
independent 
cultivations 

18-42 D 1 1 2/3 2 

 FR 1 1 2/2 2 

 R 1 1 2/2 2 

 B 1 1 2/2 2 
1 D: dark, FR: far-red, R: red, B: blue 

Figure 7.5A shows that there were considerable differences in GI mRNA levels in 18-42 cultivated 

in different light conditions: GI mRNA levels were highest in FR and lowest in W and R, and in B 

they fluctuated during the period analysed. These results were not expected for GI mRNA levels 

in a line in which all GI expression was regulated by the constitutive CaMV 35S promoter.  

GI protein levels in 18-42 were found to be highest in W and B and lowest in D (Figure 7.5B). At 

the same time, GI mRNA levels were found to be lower in W than in D (Figure 7.5A), confirming 

that there is a post-transcriptional effect of light on GI protein levels. However, differences in 

protein levels between FR, R, B and W were only small (<2-fold), and it was therefore not 

possible to determine a difference in the influence of different colours of light on the regulation of 

GI protein levels. 

It was observed that at ZT4, the first time-point at which GI mRNA levels were analysed, these 

levels were already considerably different between FR and R or D (Figure 7.5A). All plants used 

in experiments in different light conditions were cultivated together under LD conditions before 

they were shifted into D, FR, R or B at ZT0. It was therefore assumed that at ZT0 they would all 

have identical GI mRNA levels, and it was decided to determine in which way these changed 

between ZT0 and ZT4. 18-42 plants were therefore cultivated again under LD conditions and 

some were shifted into FR and R. Figure 7.5C shows that GI mRNA levels dropped between ZT0 

and ZT4 in plants that experienced another day in W and also in those that were shifted into R, 

while they remained constant in plants shifted into FR. 
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Figure 7.5: GI mRNA and protein levels in the 35S::GI-TAP line 18-42 under different light 

conditions 

Reverse transcription real-time PCR and quantitative Western Blots were performed on time-courses to 

determine relative GI mRNA and protein levels in the transgenic Arabidopsis line 18-42 shifted into different 

colours of light or darkness. A and C: GI mRNA levels in 18-42 in different light conditions. GI mRNA levels 

were calculated relative to ZT8 of Col WT cultivated under normal LD conditions. Data is presented as the 

mean of three PCR replicates +/- SD. B: GI-TAP levels in 18-42 in different light conditions. GI-TAP levels 

were calculated relative to ZT12 from pGI 30 cultivated under normal LD conditions and analysed on the 

same membrane. For each light condition, data from one representative Western Blot is presented. The x-

axes show the time after shifting the plants. 

It was also observed that GI protein levels did not cycle when 18-42 was cultivated under LD 

conditions (Figure 7.5B), which did not correspond to previous results obtained in the Putterill 

Group for a 35S::HA-GI line (David et al., 2006). However, cycling in 35S::HA-GI had been 

observed to have a much greater amplitude in SD than in LD, therefore 18-42 was subsequently 

cultivated and analysed under SD conditions. Again, GI protein levels were found not to cycle 

(results not shown). While this did not correspond to previous findings in the Putterill Group 

(David et al., 2006), it corresponded to the results published by the group of T. Imaizumi for the 
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same 35S::GI-TAP line (Sawa et al., 2007, supplementary results). To determine whether the use 

of a different protein tag, and consequently the use of a different antibody in the Western Blot, 

might be the reason for the difference in results, two independent 35S::HA-GI lines were 

cultivated under SD conditions and analysed for GI protein levels. No GI cycling could be 

observed in either line (results not shown). It is therefore not known what caused the difference in 

results, but as previously discussed (see section 6.4), they could be due to different experimental 

setups. 

Summary and discussion 

Differences between GI mRNA and protein levels in D and W confirmed that, as previously 

reported (David et al., 2006), light exerts a post-transcriptional effect on GI levels. However, 

unlike in previous studies (Black, 2007), no clear differences could be observed between different 

colours of light. 

Unexpectedly, a difference in GI mRNA levels was observed in the 35S::GI-TAP line 18-42 when 

cultivated in different light conditions. There are two possible explanations for this: firstly, the 

CaMV 35S promoter might be influenced by the different light conditions, and secondly, GI mRNA 

might have different stabilities in different light conditions. There have been reports that CaMV 

35S promoter activity might not be fully constitutive, as for example it was found to be up-

regulated by shortened photoperiod (Schnurr and Guerra, 2000), and to display unequal tissue 

and developmental expression patterns in angiosperms (Saidi et al., 2009, and references 

therein). Additionally there have been reports that the presence or absence of light slightly 

changed the activity of the 35S promoter (Frohnmeyer et al., 1994; Bovy et al., 1995). However, it 

has also been reported that the regulation of mRNA stability is an important mechanism by which 

circadian clock-controlled expression is regulated (Lidder et al., 2005). As GI expression is 

strongly regulated by the clock (Fowler et al., 1999; Park et al., 1999) it was hypothesised that GI 

mRNA stability might vary at different times of the day and in different light conditions. To test this 

hypothesis, GI mRNA stability experiments were performed as described in the next section.  

7.5 GI mRNA stability experiments 

Experiments with the 35S::GI-TAP line 18-42 had demonstrated that GI mRNA levels decreased 

in W and R light between ZT0 and ZT4, while they remained constant in FR. The 35S promoter 

driving GI expression in this line was thought not to be influenced by light quality, and it was 

therefore hypothesised that the stability of GI mRNA might vary between the different light 

conditions.  
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To the knowledge of the author, detailed studies of GI mRNA stability have not been performed 

before. However, two GI ESTs were included in a microarray experiment used to identity unstable 

transcripts in Arabidopsis (Gutiérrez et al., 2002). Gutiérrez and colleagues used cDNA 

microarray analysis to study mRNA degradation in Arabidopsis plants. They inhibited mRNA 

synthesis in Arabidopsis using the RNA synthesis inhibitor cordycepin (Cline et al., 1974), and 

took samples at the time of treatment and 15, 30, 60, 90, and 120 min after treatment. At each 

time-point, expression levels of 11,000 ESTs were analysed by microarray. It is not know at which 

exact time of the day inhibition of mRNA synthesis was performed, but it is believed that it was 

done in the morning (R. Gutiérrez, personal communication). Transcripts with half-lives of less 

than 60 min were defined as unstable, and GI was not found to be one of them. The half-life for 

GI was therefore not published by the Green group. However, the whole set of microarray data 

that was generated by Gutiérrez and colleagues is available online. It was downloaded by the 

author of this thesis to determine the half-life of GI transcript. This was performed with the help of 

R. Schaffer (Plant and Food Research, Mt. Albert, Auckland), who had helped to evaluate the 

same data for the Green group in the past. R. Schaffer used data from all three biological 

replicates of the experiments and normalised it. He then calculated the normalised ratios for the 

fluorescence at the time of the cordycepin treatment and 120 min after treatment, and provided 

the mean normalised ratios to the author of this thesis. This data was then used as described in 

2.2.7.3 to calculate the half-lives for GI and NITRATE REDUCTASE 2 (NIA2) mRNA. The latter 

has a known half-life of between 35 to 54 minutes (details see below and Lidder et al., 2005), and 

its half-life was calculated as a control. The half-life for NIA2 mRNA that was calculated from the 

microarray data was 40 min, which indicated that the microarray data could be used to determine 

mRNA half-lives. The chip that was used for the microarrays contained two GI ESTs, half-lives for 

both were calculated and were found to be 109 and 153 min. This result suggested that GI mRNA 

might be relatively stable and mRNA stability assays had to be designed to accommodate for a GI 

mRNA half-life of around 2 h. Therefore, higher concentrations of cordycepin were used for this 

work than were previously used by other groups including the Green group (Gutiérrez et al., 2002; 

Lidder et al., 2005). Additionally, sampling was at first performed for up to 12 h after cordycepin 

treatment (see below).  

To test the hypothesis that GI transcript stability might differ under different light conditions, GI 

mRNA stability assays were performed using cordycepin. Plants were cultivated on vertical plates 

for 10 days under LD conditions. On the eleventh day they were carefully transferred into beakers 

containing incubation buffer (described in 2.2.7.1). Samples were taken before cordycepin 

addition, and then at 1 h intervals. Cordycepin addition and sampling were performed at different 

times of the day (ZT1, ZT11 and ZT17), as transcripts of several clock-controlled genes have 

been shown to be differentially regulated at different times of the day (Lidder et al., 2005). The 

experiments were also performed in different light conditions (W and FR) to test if GI mRNA 
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stability was enhanced in FR. RNA was extracted from the samples and reverse-transcribed into 

cDNA as described in 2.2.5.4.2. Quantitation of GI mRNA levels was performed by RT RT-PCR 

as described in 2.2.5.4.4. The faster GI mRNA levels would decline the less stable GI mRNA had 

to be at a certain time of the day or under a certain light condition. The rate of decay of the mRNA 

was used to calculate its half-life as described in 2.2.7.3.  

Section 7.5.1 describes the set up and validation of the mRNA stability assays, section 7.5.2 

describes the analysis of GI mRNA half-lives in Columbia WT and 18-42 at different times of the 

day, and section 7.5.3 describes the analysis of differences in GI mRNA stability between W and 

FR light. 

7.5.1 Assay set-up and validation 

All previous quantitations of GI mRNA levels in this work had been performed using RT RT-PCR, 

therefore it was decided to use the same method to determine GI mRNA levels in the mRNA 

stability experiments described here. The half-life of the reference gene At2g32170 used in this 

thesis was not known, and first experiments indicated that it might be too short for At2g32170 to 

be used as a normalising gene in this type of experiment. For that reason it was decided to use a 

different, more suitable reference gene. EUKARYOTIC TRANSLATION INITIATION FACTOR 

4A1 (EIF4A) had previously been determined to have a very stable mRNA and has therefore 

been used as reference gene in mRNA stability assays in Arabidopsis (Lidder et al., 2005). It was 

decided to use EIF4A as a reference gene for mRNA stability experiments, so EIF4 primers for 

real-time PCR were designed using QuantPrime (see 2.1.2). Primer efficiency was determined as 

described in 2.2.5.4.3. The difference in slopes between At2g32170 and EIF4A standard curves 

was 0.03, indicating the EIF4A primers were suitable for using the ΔΔCT method to determine 

relative expression levels of GI (ΔΔCT see 2.2.5.4.4). CT values for EIF4 were not observed to 

decline after cordycepin addition within the duration of the sampling (data not shown), indicating 

that EIF4 mRNA was indeed stable enough to be used as reference gene for mRNA stability 

assays. 

Prior to the work performed for this thesis, mRNA stability assays had never been performed in 

the Putterill Laboratory. Additionally, protocols for mRNA stability assays published by other 

groups included the quantitation of mRNA levels by Northern Blot rather than RT RT-PCR. It was 

therefore necessary to establish that the assays and quantitation method used in this thesis were 

working correctly. It was decided to determine the stability of a transcript with a known, relatively 

short half-life, and compare the result to the value found in the literature. The transcript of 

Arabidopsis NITRATE REDUCTASE 2 (NIA2) is known to have a half-life of 49 ±5 min at ZT1 and 

43 ±8 min at ZT8, which means that it does not change significantly during the day (Lidder et al., 

2005). Real-time PCR primers for NIA2 were designed using QuantPrime (see 2.1.2), and their 
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efficiency was determined as described in 2.2.5.4.3. The difference in slopes between At2g32170 

and NIA2 standard curves was 0.06. 

The NIA2 RT RT-PCR assay was also used as a continuous internal control in each assay. 

Consequently, samples from all mRNA stability experiments that were preformed were analysed 

to determine the half-life of NIA2 mRNA in each experiment. NIA2 mRNA was found to have a 

half-life between 32 ±10 min and 41 ±5 min in all experiments performed in white light (for 

average NIA2 mRNA half-lives at each time-point analysed see Figure 7.8B). It was therefore 

concluded that the cordycepin addition was successfully inhibiting new mRNA synthesis and that 

quantitation of mRNA levels by RT RT-PCR led to very similar results to the ones obtained by 

other groups using Northern Blots (Gutiérrez et al., 2002; Lidder et al., 2005).  

As described above, plants were cultivated on plates and then transferred into buffer to perform 

the mRNA stability assays. This transfer could potentially trigger stress reactions in the plants and 

lead to the up or down-regulation of the expression of related genes. Therefore, for each assay 

three sets of plants were sampled and analysed: plants that were transferred into buffer and 

received the cordycepin treatment (called ―treatment‖ or ―T‖), plants that were transferred into 

buffer, but were not treated with cordycepin (called ―control‖ or ―C‖), and plants that were not 

transferred into buffer and were harvested directly from the plate (called ―plate‖ or ―P‖). The 

difference in GI or NIA2 mRNA levels between P and C demonstrated the influence of the transfer 

into incubation buffer, while the difference between C and T demonstrated the influence of the 

addition of cordycepin on mRNA levels. In most cases there was no noteworthy difference in GI 

or NIA2 mRNA levels between P and C (see Figure 7.6 and Figure 7.7). In some cases it was 

observed that NIA2 mRNA levels were slightly lower in C than in P. However, a small 

experimental variation in GI and NIA2 mRNA levels was observed under all three different 

conditions. It was therefore concluded that the difference in NIA2 mRNA levels between C and P 

was due to this experimental variation, rather than a result of the transfer of plants into incubation 

buffer. Steady CT values for EIF4 in all samples (data not shown), and previous use of EIF4 as 

reference gene for mRNA stability assays (Gutiérrez et al., 2002; Lidder et al., 2005) indicated 

that its expression was not altered in response to the transfer of the plants into incubation buffer. 

The first mRNA stability experiments were performed with sampling for up to 12 h after 

cordycepin addition. However after ~3 h, the effect of the inhibitor seemed to diminish as GI 

mRNA levels began to decline more and more slowly. It was therefore decided to only use data 

from the first 180 min after treatment to evaluate mRNA stabilities and calculate half-lives. 
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7.5.2 GI mRNA stability in white light at different times of the day 

At first it was necessary to determine the half-life of GI mRNA in white light at different times of 

the day. Three biological replicates were performed of the GI mRNA stability assays using 

Columbia WT, and two biological replicates using 18-42. The latter was included in the GI mRNA 

assays as experiments with this line first indicated that GI mRNA stability might vary in different 

light conditions (see section 7.4). However, it was of greater interest to investigate GI mRNA 

stability in a WT line, in which the GI gene would have its natural UTRs, promoter and introns, all 

of which might contain sequences causing transcript instability. Additionally, there was almost no 

difference in GI mRNA half-life between biological replicates of 18-42, while small differences 

were observed between individual replicates of Columbia WT (see confidence intervals in Figure 

7.8A). For these reasons only two biological replicates were performed for 18-42. 

Cordycepin assays were performed at ZT1, ZT11 and ZT17. GI and NIA2 mRNA amounts were 

measured by RT RT-PCR and normalised to EIF4A. To compare C, T and P samples, all mRNA 

levels were calculated relative to the respective control (C) at t=0 in each experiment. Data was 

plotted including standard deviation versus the time-point at which the sample was taken. Figure 

7.6 and Figure 7.7 show representative graphs from one of the biological replicates of each 

experiment performed with Columbia WT and 18-42 in white light. Graphs A, B and C in each 

figure show relative GI mRNA levels, while graphs D, E and F show relative NIA2 mRNA levels.  

In Columbia WT GI mRNA levels were found to increase between ZT1 and ZT4 in the control 

samples, while they displayed a small decrease after cordycepin treatment (Figure 7.6A). At the 

same time NIA2 mRNA levels were stable in control samples and decreased quite rapidly after 

cordycepin treatment (Figure 7.6D). Taken together, this indicated that cordycepin successfully 

inhibited mRNA production at ZT1 and that GI mRNA is very stable at this time of the day, while 

NIA2 mRNA is, as expected, quite unstable. NIA2 mRNA levels displayed the same pattern in C 

and T at ZT1, ZT11 and ZT17 (Figure 7.6E and F), indicating that the stability of NIA2 mRNA 

does not change during the day. Unlike at ZT1, no considerable difference in GI mRNA levels 

was observed between C and T at ZT11 and ZT17, with both conditions displaying the expected 

decrease in GI mRNA levels at these times of the day (Figure 7.6B and C). This indicated that 

there was no new GI mRNA synthesis at ZT11 and ZT17, and therefore GI mRNA levels in C and 

T declined at the same rate. The difference in GI mRNA pattern in T between ZT1 (slow decline) 

and ZT11 or ZT17 (fast decline) indicated that GI mRNA is less stable later in the day than it is at 

ZT1. 
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Figure 7.6: GI and NIA2 mRNA levels in Columbia WT 

mRNA stability assays were performed in Col WT at ZT1, ZT11 and ZT17 to determine the stability of GI 

transcript. A-C: GI mRNA levels in C, T and P samples relative to t=0 of control. D-F: NIA2 mRNA levels in 

C, T and P samples relative to t=0 of control. Cordycepin treatment was performed at ZT1 (A and D), 11 (B 

and E) or 17 (C and F). All data is normalised to EIF4A and presented as the mean of three PCR replicates 

+/- SD. 

In 18-42 (35S::GI-TAP) GI mRNA levels in control samples did not display a considerable change 

between ZT1 and ZT4 and between ZT11 and ZT15, while in both experiments they displayed a 

small decrease after cordycepin treatment (Figure 7.7A and B). NIA2 mRNA levels were also 

found to be stable in control samples, but decreased quite rapidly in T (Figure 7.7D and E). This 

indicated that also in 18-42 cordycepin successfully inhibited mRNA production and that GI 

mRNA is quite stable at ZT1 and ZT11, while NIA2 mRNA is, as expected, unstable. NIA2 mRNA 

levels displayed the same pattern in C and T at ZT17 (Figure 7.7F), GI mRNA levels however 

decreased in both C and T at this time of the day (Figure 7.7C). The decrease in C might not 

have been significant, while the decrease in T was considerably faster than at earlier times of the 

day. The latter indicated that, like in Columbia WT, GI mRNA is less stable later in the day than it 

is at ZT1. 
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Figure 7.7: GI and NIA2 mRNA levels in 18-42 

mRNA stability assays were performed at ZT1, ZT11 and ZT17 in 18-42 to determine the stability of GI 

transcript. A-C: GI mRNA levels in C, T and P samples relative to t=0 of control. D-F: NIA2 mRNA levels in 

C, T and P samples relative to t=0 of control. Cordycepin treatment was performed at ZT1 (A and D), 11 (B 

and E) or 17 (C and F). All data is normalised to EIF4A and presented as the mean of three PCR replicates 

+/- SD. 

For each experiment at each time-point half-lives for GI and NIA2 mRNA were calculated as 

described in 2.2.7.3 as the average over the first 180 min after treatment. The half-lives from 

biological replicates of the same line at the same time-point were then used to calculate the 

average half-life of GI and NIA2 mRNA including the corresponding 99% confidence intervals. 

Figure 7.8A shows that in Columbia WT there is a significant (P=0.01) difference in GI mRNA 

half-life between ZT1 and ZT11 and between ZT1 and ZT17, but not between ZT11 and ZT17. In 

18-42 GI mRNA stability was found to be significantly different at each time-point. Additionally, 

there is a significant difference in GI mRNA stability between Columbia and 18-42 at ZT1, but not 

at the other time-points. Average GI mRNA half-lives in Columbia were 145 ±14 min at ZT1, 

73 ±12 min at ZT11 and 53 ±4 min at ZT17. In 18-42 they were 87 ±1 min at ZT1, 69 ±1 min at 

ZT11 and 49 ±1 min at ZT17. 
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Figure 7.8B shows that NIA2 mRNA half-lives were consistently between 34 and 40 min, and the 

only significant, yet very small difference could be found between Columbia and 18-42 at ZT1. 

Here the average NIA2 mRNA half-life in Columbia is 35 ±1 min, while it is 40 ±1 min in 18-42. 

These results indicated that the cordycepin treatments in all experiments inhibited mRNA 

synthesis with consistent effectiveness. The differences in GI mRNA stability that were found 

were therefore not due to variations in experimental conditions, but true changes in GI mRNA 

stability during the course of the day. 

 

Figure 7.8: GI and NIA2 mRNA half-life in Columbia and 18-42 

Results from mRNA stability assays were used to calculate the half-life of GI and NIA transcripts at ZT1, 

ZT11 and ZT17 in Col WT and 18-42. A: Average half-life of GI mRNA at different time-points. B: Average 

half-life of NIA2  mRNA at different time-points. Data is presented as average of two to three biological 

replicates of the mRNA stability assay +/- 99% confidence intervals. 

7.5.3 GI mRNA stability in FR light 

Experiments in white light had demonstrated that in Columbia WT GI mRNA is very stable at ZT1 

with a half-life of 145 ±14 min. It would therefore be very difficult to measure a potential further 

stabilisation of GI mRNA in FR light at this time of the day. At ZT11 however GI mRNA was 

GI  mRNA half-life in first 3 h after cordycepin treatment 

with 99% confidence intervals

0

20

40

60

80

100

120

140

160

180

1 11 17

ZT

H
a
lf

-l
if

e
 i

n
 m

in
u

te
s

Columbia

18-42

NIA2  mRNA half-life in first 3 h after cordycepin treatment 

with 99% confidence intervals

0

5

10

15

20

25

30

35

40

45

50

1 11 17

ZT

H
a
lf

-l
if

e
 i

n
 m

in
u

te
s

Columbia

18-42

A

B



 

197 

shown to have a significantly shorter half-life of 73 ±12 min (see Figure 7.6). Therefore this time-

point was selected to perform GI mRNA stability assays in Columbia in FR light. The original 

observation that led to the analysis of GI mRNA stability under different light conditions was that 

in 18-42 in FR GI mRNA accumulated to higher levels between ZT0 and ZT4 than it did in white 

light. Therefore, GI mRNA stability was also analysed 18-42 in FR. Here the half-life of GI mRNA 

in white light was found to be 87 ±1 min at ZT1, therefore it would be possible to determine a 

potentially longer GI mRNA half-life at this time-point. Correspondingly, mRNA stability assays in 

18-42 were performed at ZT1. 

mRNA stability assays were performed as described above for the white light experiments, with 

one exception: at ZT0 of the day of the experiment the plants were moved into FR light (intensity 

see Table 2.7). Plates and beakers with plants were kept in FR until the last sample had been 

taken. Judging from the observed consistency of CT values for EIF4 in P, C and T under this light 

condition, FR light has no influence on EIF4 mRNA stability. EIF4 was therefore also used as a 

reference gene for mRNA stability experiments in FR. Three biological replicates of the FR mRNA 

stability assay were performed for Columbia and two for 18-42. 

Cordycepin assays were performed at ZT1 and ZT11 for 18-42 and Columbia respectively. GI 

and NIA2 mRNA amounts were measured by RT RT-PCR and normalised to EIF4A. To compare 

C, T and P samples, all mRNA levels were calculated relative to the respective control (C) at t=0 

in each experiment. Data was plotted including standard deviation versus the time-point at which 

the sample was taken. Figure 7.9 shows representative graphs of GI mRNA levels from one of 

the biological replicates of each experiment performed with Columbia WT and 18-42 in FR light.  

It was found in FR in Columbia that at ZT11 GI mRNA levels declined considerablely in T 

samples, while they remained constant in P and C (Figure 7.9A). This was different from what 

had been observed in white light, where GI mRNA levels were found to decrease in T, P and C 

after cordycepin treatment at ZT11 (Figure 7.6B). Also in 18-42 in FR GI mRNA levels stayed 

relatively constant in P and C samples after cordycepin treatment at ZT1 (Figure 7.9B) as 

previously observed in this light condition (Figure 7.5C). In 18-42 T samples GI mRNA levels 

were found to decline slowly but considerablely, just as observed in Col WT. 
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Figure 7.9: GI mRNA levels in Columbia and 18-42 in FR 

mRNA stability assays were performed in far-red light at ZT11 for Col WT and ZT1 for 18-42 to determine 

the stability of GI transcript. A: GI mRNA levels in Columbia C, T and P samples relative to t=0 of control. B: 

GI mRNA levels in 18-42 C, T and P samples relative to t=0 of control. Cordycepin treatment was 

performed at ZT11 (A) and ZT1 (B). All data is normalised to EIF4A and presented as the mean of three 

PCR replicates +/- SD. 

For each line the average half-life of GI and NIA2 mRNA including the corresponding 99% 

confidence intervals was calculated in the same way as described for experiments in white light. 

Figure 7.10A shows that in Columbia WT at ZT11 there no significant (P=0.01) difference in GI 

mRNA half-life between W and FR light. Figure 7.10B shows that the same was true for the GI 

mRNA half-lives in 18-42 at ZT1. The half-life of GI mRNA in Columbia at ZT11 was 73 ±12 min in 

white and 87 ±18 min in FR light. The half-life of GI mRNA in 18-42 at ZT1 was 87 ±1 min in white 

and 82 ±2 min in FR light. 
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Figure 7.10: Comparison of GI mRNA stability in white and far-red light 

A: GI mRNA stability in Columbia WT at ZT11 in white and far-red light. B: GI mRNA stability in 18-42 at 

ZT1 in white and far-red light. Data is presented as average of two to three experiments +/- 99% confidence 

intervals. 

Summary and discussion 

In white light experiments it was demonstrated that GI mRNA stability changed during the course 

of the day, and that GI transcript was more stable in the morning than in the afternoon. It was also 

found that there was no new GI mRNA synthesis at ZT11 and at ZT17. All these observations 

correlated with the observed pattern of GI accumulation in LD (Figure 6.2), as a stable transcript 

in the morning would lead to accumulation of GI until its peak at ZT8, and unstable GI mRNA in 

the afternoon, together with no new transcription would lead to a decline in GI mRNA levels. 

No stabilisation of GI mRNA in FR light could be observed using GI mRNA stability assays with 

the RNA synthesis inhibitor cordycepin. GI mRNA half-lives were determined in Col WT and 

18-42 in W and FR light, and no significant difference could be observed between the two 

different light conditions. The difference in GI mRNA cycling between W and FR light that was 

observed in Col WT (decrease of GI levels in W at ZT11 versus constant Gl levels in FR at the 

same time-point, Figure 7.4) was therefore most likely caused by increased/continuing 
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transcription of the GI message in FR light compared to W, rather than by a stabilisation of GI 

mRNA in FR.  



 

201 

8 CONCLUDING DISCUSSION 

8.1 Introduction 

GIGANTEA was first discovered as a positive regulator of flowering in Arabidopsis (Koornneef et 

al., 1991). Since then it has become apparent that GI has numerous diverse functions, including 

involvement in the circadian clock, cold and oxidative stress responses and photomorphogenesis 

(see section 1.9). Even though the Arabidopsis GIGANTEA gene was first cloned over ten years 

ago (Fowler et al., 1999; Park et al., 1999), it is still not fully understood how GI protein levels are 

regulated and what its biochemical function is. GI is a large protein, that is likely to have many 

different domains, which could be responsible for the multiple functions of GI. Its interaction with 

several diverse proteins (F-box proteins, CDFs, a ubiquitin ligase, and others; see section 1.9) 

indicates that it might possess multiple protein binding domains. Biophysical and biochemical 

characterization of GI has been hindered by an inability to recombinantly express large enough 

quantities of soluble protein. Historically, both native and recombinantly expressed GI were very 

unstable and therefore difficult to work with. 

This thesis aimed at collecting more information about the biochemical properties of GI and 

possibly even to determine its structure by x-ray crystallography. Additionally, the regulation of GI 

protein levels was studied in planta. The results were anticipated to shed light on how GI 

performs its important role in Arabidopsis flowering control and other pathways, and how GI itself 

is regulated. This chapter will first discuss the main findings of this thesis on the properties of E. 

coli and insect cell expressed GI protein. It will then discuss new insights obtained into the 

regulation of GI mRNA and protein levels, and finish by describing future directions to be taken 

based on this work. 

8.2 Recombinant expression of GI protein 

One main aim of this thesis was to study the biochemistry, and if possible the structure of 

recombinantly expressed GI. E. coli and baculovirus-mediated insect cell expression are the two 

most commonly used protein expression systems for biochemical research and structural biology 

(reviewed in Hunt, 2005). Amongst these two, the E. coli system is the main workhorse in most 

laboratories as it offers a rapid and inexpensive way of producing large quantities of protein. The 

baculovirus/insect cell system is more expensive and time consuming, and is usually only used if 

E. coli expression fails to produce the desired yields of soluble protein (reviewed in Brondyk, 

2009).  



 

202 

Determination of the structure of full-length GI, or at least of one of its domains, could e.g. reveal 

protein or DNA binding sites or catalytic active sites, and therefore shed light on how GI performs 

its multiple functions. Furthermore, this information might help to elucidate how GI stability is 

regulated. However, the requirement for large quantities of pure, soluble, correctly folded protein, 

which can be crystallised, makes structure determination by x-ray crystallography a difficult task. 

It was therefore known that this final goal might not be achieved within the duration of this project, 

and as a result it was attempted to collect as much information as possible about the biochemical 

properties of GI along the way. In this work, GI was expressed in E. coli and in baculovirus 

infected Sf9 cells.  

8.2.1 Expression of putative GI domains in E. coli 

The E. coli expression of putative GI domains performed in this work was based on the previously 

designed and cloned GI constructs RyeH19 and GI-N, which at the commencement of this work 

were thought to represent soluble domains of GI. RyeH19 is a rye grass homolog of what was 

thought to be a soluble domain of Arabidopsis GI, called AtH19 (Black, 2007), and GI-N is a 

construct similar to AtH19, which was found to interact with FKF1 when expressed in E. coli 

(Sawa et al., 2007, supporting online materials).  

Expression and purification of RyeH19 demonstrated that it was not possible to sufficiently purify 

this protein for further analysis, as several E. coli proteins could not be separated from RyeH19 

even after IMAC and ion-exchange chromatography (IEC). These co-purifying proteins were 

identified by mass spectrometry and some were discovered to be identical to proteins that co-

purified with full-length Arabidopsis GI (Black, 2007). Table 8.1 summarises the proteins that were 

inseparable from full-length Arabidopsis GI, AtH19 and RyeH19. It is possible that GI has a 

number of protein binding sites, which in planta interact with e.g. FKF1, CDFs or ELF3 (see 

section 1.9), but in the absence of these proteins interact with E. coli proteins, causing them to 

co-purify. Alternatively, the proteins co-purifying with GI might possess similar biophysical 

properties to GI and therefore be inseparable by the biophysical separation techniques used. 

In addition to contaminating E. coli proteins, purified RyeH19 samples also contained proteins 

that were found to be truncated versions of RyeH19. As GI is known to be an unstable protein, 

they were thought to be breakdown products of RyeH19, rather than truncated proteins produced 

by E. coli. The latter possibility can however not be firmly excluded, and would be possible if the 

GI sequence contained codons for which the cognate tRNAs are limiting in E. coli, and if these 

would not be supplied in sufficient quantities by the rare codon plasmid in the E. coli strain used 

for RyeH19 expression.  
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Table 8.1: Proteins co-purifying with GI in IMAC, IEC and size exclusion chromatography 

GI construct 
Purification 
methods 

Co-purifying proteins 

Full-length 
Arabidopsis GI1 

IMAC2 and SEC3 transcription factor Rho 

triosephosphate isomerase 

AtH194 IMAC and SEC DNA-K (HSP70) 

matrix porin outer membrane protein 

RyeH19 IMAC and IEC transcription factor Rho 

triosephosphate isomerase 

catabolite gene activator 

HTH type transcriptional regulator 

1Analysis performed by M. Black, Structural Biology Laboratory 

2Immobilised metal affinity chromatography 

3Size exclusion chromatography 

4M. Black and C. Stockum, unpublished results 

Multiple RyeH19 containing peaks observed in the UV trace of ion-exchange chromatography 

indicated self-association of RyeH19, or association of RyeH19 and its breakdown products or co-

purifying E. coli proteins. All possibilities would explain why it was not possible to sufficiently 

purify RyeH19 for further studies. Experiments performed together with M. Black indicated that 

AtH19 was also not suitable for biophysical analysis or structure determination as it formed 

soluble aggregates (see section 1.9). Together with information collected about RyeH19 instability 

and potential aggregation, and the new information obtained about AtH19, it was assumed that 

both H19 constructs most likely contained one or more domains of GI, but that the domain 

boundaries were ill-defined and needed refining. Precise definition of domain boundaries is critical 

as variation by two or three residues can significantly alter the behaviour of the protein product: 

underestimates can lead to incorrect folding and burial of a charged amino or carboxy terminus, 

leading to an unstable construct, while overestimates can generate additional segments that may 

promote aggregation (Reich et al., 2006). Refining the RyeH19 domain boundaries was 

attempted by identifying the exact amino acid compositions of the seemingly more stable RyeH19 

breakdown products. This route was selected as previous attempts to determine the domain 

boundaries of GI using limited tryptic digests and bioinformatics predictions of domain boundaries 

did not lead to the expression of sufficiently soluble and stable proteins (Black, 2007).  

Due to the limitations of the mass spectrometry methods used, particularly the incompatibility of 

LC-MS and the detergent necessary for RyeH19 solubilisation, it was not possible to identify the 

exact amino acid sequences of any of the breakdown products. A stable region of RyeH19 close 

to the N-terminus was identified, but no exact domain boundaries. It was considered to use 
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MALDI rather than ESI, as MALDI is more robust in the presence of detergents, however, MALDI-

TOF results are considerably less informative than LC-MS MS results and would result in a less 

reliable identification of the sequence of the breakdown products.  

While the work on RyeH19 was performed, Sawa and colleagues found that the N-terminal region 

of Arabidopsis GI interacts with FKF1 (Sawa et al., 2007). They designed a construct called GI-N, 

which when expressed in E. coli interacted with FKF1, indicating that GI-N protein was correctly 

folded and stable (Sawa et al., 2007, supplementary online materials). The GI-N construct is very 

similar to the AtH19 construct (see Figure 1.10), and was obtained from the Imaizumi group for 

expression studies. Surprisingly, it was not possible to express enough GI-N to visualise on a 

Coomassie-stained gel, which would be necessary for further studies. As the observed 

interactions of GI-N and FKF1 were visualised using a very high sensitivity protein dye (Sawa et 

al., 2007, supplementary online materials), it was assumed that only small amounts of GI-N might 

be soluble, therefore making it unsuitable for biochemical characterisation and structure 

determination. 

In summary, this work demonstrated that neither RyeH19 nor GI-N were suitable constructs for 

the expression of large quantities of soluble protein in E. coli. Like AtH19, RyeH19 most likely 

aggregated, and associated with several E. coli proteins. Taken together with the results of the 

work of Black on full-length GI expression and the expression of almost 40 different smaller GI 

constructs (Black, 2007), it was concluded that expression of sufficient quantities of soluble GI 

protein was not possible in a bacterial expression system, and it was decided to explore the use 

of a eukaryotic protein expression system.  

8.2.2 Expression of full-length Arabidopsis GI in Sf9 cells 

Eukaryotic expression systems such as the baculovirus/insect cell system can perform many 

post-translational modifications that bacterial cells are unable to perform. While E. coli does not 

support enzyme-mediated N- and O-linked glycosylation, amidation, hydroxylation, myristoylation, 

palmitation, or sulfation, insect cells can perform these modifications and also efficiently generate 

disulfide bonds in recombinant proteins (reviewed in Brondyk, 2009). In the case of eukaryotic 

proteins like GI, these modifications might be necessary for correct protein folding, and thereby 

for the generation of soluble and stable protein.  

Full-length Arabidopsis GI was cloned into the appropriate vectors in order to express native, His-

tagged and His-tagged secreted GI in baculovirus infected insect cells. Using this approach it was 

possible to express large quantities of stable GI protein, but this was found to be insoluble. Based 

on reports about their successful use in protein solubilisation, an extensive range of ions and 

other solubilising compounds including detergents were used in attempts to increase GI solubility, 
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but with no success. It was possible that rather than being insoluble, GI may associate with Sf9 

cell membrane components through exposed hydrophobic patches, and it was therefore 

attempted to solubilise GI using a membrane extraction method. However, this was not 

successful, and a different solubilisation approach was needed.  

To devise alternative solubilisation strategies, and to further characterise insect cell expressed GI, 

immunocytochemisty was performed on Sf9 cells to determine in which subcellular compartment 

GI protein accumulated. A protocol was established and human PI3Kγ and topoisomerase II α-

isoform (TOPOIIα) were included in these experiments as controls for proteins that are soluble 

when expressed in the Sf9 cell cytoplasm and nucleus respectively. Unfortunately, 

immunocytochemistry was unsuccessful for TOPOIIα, and time constraints did not permit the 

optimisation of the assay for this protein. Nonetheless, PI3Kγ and GI could be localised using two 

different fluorescent antibodies. These experiments demonstrated that soluble PI3Kγ was evenly 

distributed in the Sf9 cell cytoplasm as predicted, but GI formed distinct foci of protein, which did 

not co-localise with DAPI stained nucleic acids, and are therefore not thought to be inside the 

nucleus. The future use of confocal microscopy and of markers for cellular compartments, such 

as e.g. the endoplasmic reticulum, would be indispensable in determining the exact location of GI. 

The observation that GI formed protein foci might indicate that, like E. coli expressed GI, Sf9 cell 

expressed GI also aggregates. Again, this could be due to incorrect folding caused by aberrant 

post-translational processing of the protein, or by a lack of suitable binding partners for GI in Sf9 

cells. The latter scenario would be an indication that in planta GI protein may not exist in isolation, 

but instead forms stable complexes with one or more other proteins. 

The GI protein was initially predicted to posses up to 11 transmembrane (TM) helices (Fowler et 

al., 1999; Park et al., 1999), but was later shown not to be a membrane localised protein (see 

section 1.9). A prediction performed on the Transmembrane Hidden Markov Model (TMHMM) 

server, which uses a hidden Markov model for the prediction of transmembrane helices in 

proteins (Krogh et al., 2001), demonstrated that with modern algorithms Arabidopsis, rye grass 

and rice GI are all predicted not to posses any TM helices. Protein structure predictions 

performed using the I-TASSER server (Zhang, 2008, 2009; Roy et al., 2010) indicate that 

Arabidopsis, rye grass and rice GI might all contain a large number of α-helices arranged in HEAT 

repeats. These repeats are named for Huntingtin, elongation factor 3, and the regulatory A 

subunit of PP2A and Tor1p, the first proteins found to possess such a motif (Andrade and Bork, 

1995; Groves and Barford, 1999; Groves et al., 1999).  

There are currently no known GI homologs (nucleotide and protein BLAST search performed by 

the author of this thesis), and the best I-TASSER models built for Arabidopsis, rye grass and rice 

GI protein were based on the 120 kDa human Cullin-associated NEDD8-dissociated protein 1 
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(Cand1). Cand1 regulates the assembly of SCF complexes by wrapping itself around the Cullin 1 

(Cul1)/RING-box protein 1 (RBX1, also called Roc1) catalytic core of the complex (Goldenberg et 

al., 2004). The structure of Cand1 was solved by x-ray crystallography using a Cand1-Cul1-Roc1 

complex. Figure 8.1 shows the I-TASSER model for AtGI, which is predicted to be composed 

almost entirely of α-helices forming a U-shaped belt, and the structure of the Cand1-Cul1-Roc1 

complex.  

 

Figure 8.1: Predicted structure of Arabidopsis GI 

A: I-TASSER model of the AtGI protein structure (C-score: -1.66). The protein is predicted to mainly consist 

of α-helices which are arranged in HEAT repeats and form a U-shaped belt. B: Structure of the human 

Cand1-Cul1-Roc1 complex. The figure shows the U-shaped Cand1 in orange, wrapped around the Cul1-

Roc1 core of an SCF complex. 

While it is tempting to speculate that GI might have a function similar to Cand1, structure 

predictions are still uncertain. This is particularly true for large, multi domain proteins such as GI, 

because I-TASSER is optimised for single domain globular proteins (Roy et al., 2010). 

Furthermore, an Arabidopsis Cand1 has already been identified (Cheng et al., 2004). It is 

however possible, that GI contains HEAT domains, which are known to form curved rods 

providing a large hydrophobic surface for protein-protein interactions, and have been found in 

many proteins functioning as protein adapters or scaffolds (reviewed in Gingras et al., 2001). 

They are often found in nucleoplasmic transport proteins, giving these structural flexibility and 

enabling the binding of many different binding partners (reviewed in Conti et al., 2006). 

In summary, this work has demonstrated that large quantities of GI can be successfully 

expressed in insect cells, and provides an important tool for future GI protein research. The GI 

protein expressed by Sf9 cells is not sufficiently soluble to permit biochemical characterization, 

but it is more stable than E. coli expressed GI. Sf9 cells might therefore be a better system for the 

expression of full-length GI, and Sf9 cell expressed GI might be better suited than E. coli 

A B
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expressed GI for the study of recombinantly expressed GI protein. For example, Sf9 cell 

expressed, denatured GI could be used for studies of post-translational modifications which can 

be performed on denatured protein, and for the generation of antibodies against GI. The latter 

would open up the possibility of studying the accumulation and subcellular localisation of native 

GI in wild-type Arabidopsis rather than having to rely on the use of protein tags for GI detection. 

This is particularly desirable as it seems that the choice of tag might influnece which cellular 

compartment GI is localised to (Kim et al., 2007b). 

The results of full-length GI expression in insect cells and protein structure predictions indicate 

that GI is not a membrane localised protein, but might have large, possibly hydrophobic, protein 

binding sites. If not occupied by GI‘s binding partners, these might cause the protein to self-

associate/aggregate, or to interact with endogenous E. coli or insect cell proteins, or with lipid 

membranes. While GI is not believed to function as a second Arabidopsis Cand1 protein, it is 

possible that it is made up of HEAT repeats and functions a protein scaffold, interacting with 

many binding partners. These results indicate that it may be necessary to co-express GI with at 

least one of its binding partners to obtain soluble protein for biochemical studies. 

8.3 Analysis of the regulation of GI mRNA and protein levels 

The second major aim of this thesis was to study the accumulation of GI mRNA and protein in 

planta to gain insight into how GI protein levels are regulated. The accumulation of GI protein in 

different colours of light, its proteasome-mediated degradation in the dark, and the fact that GI in 

plant extracts is very unstable had led to the hypothesis that GI protein might be actively 

stabilised in the light (see section 1.9). In Arabidopsis, light signals are perceived by several 

families of photoreceptors, and many photoreceptor mutants have strong flowering phenotypes. 

Taken together with results of M. Black showing reduced GI protein levels in cry1/cry2 mutants 

(Black, 2007), these observations suggested blue and red light photoreceptors as ideal 

candidates for proteins involved in the regulation of GI levels. Consequently, GI protein cycling 

was analysed in photoreceptor mutants to determine which photoreceptors might be essential for 

the accumulation of GI in the light. 

To date, visualisation and detection of GI protein have only been possible using tagged versions 

of GI, as no antibodies against GI are available. The Putterill Group, and the Coupland Group 

(Max Plack Institute, Cologne, Germany) have tried to raise antibodies against Arabidopsis GI 

using E. coli expressed protein and synthetic GI peptides. While it has been possible to generate 

antibodies detecting E. coli expressed GI, it has not been possible to generate antibodies capable 

of detecting GI in plant protein extracts (K. David and J. Putterill, personal communication). 

Before this thesis work commenced, it was again attempted to raise antibodies against GI, using 
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full-length GI protein obtained from E. coli inclusion bodies, and E. coli expressed AtH19 to 

immunise four rabbits. It was not possible to generate antibodies detecting GI in plant extracts (C. 

Stockum and M. Black, unpublished results). Abe and colleagues reported the generation of a 

polyclonal antibody against rice GI (OsGI) which can detect OsGI in nuclear and cytosolic 

fractions from transgenic rice cell lines (Abe et al., 2008). It was attempted to obtain this antibody 

from the Shimamoto group, to test if it might recognise Arabidopsis GI, but our requests went 

unanswered. 

The lack of anti-GI antibodies makes it necessary to use transgenic plants expressing tagged GI 

protein, which can be detected using antibodies against the tag. Several transgenic Arabidopsis 

lines have been generated and studied in the past, expressing GI fused to TAP-, HA-, and GFP-

tags (David et al., 2006; Kim et al., 2007b; Yu et al., 2008). In addition to studying GI levels it was 

also planned to perform pull-down experiments in WT and mutant lines, therefore the TAP-tag 

was selected for this work. To study GI accumulation under the most natural conditions possible, 

it was decided to use a line in which GI was expressed under its native promoter. The gi-2 

pGI::GI-TAP line pGI30 has been well characterised (David et al., 2006) and was therefore used 

as a control line. Accordingly, the pGI::GI-TAP construct was introduced into the photoreceptor 

and cop1 mutants studied in this work. All transgenic lines were well characterised before they 

were used in any experiments, generating a valuable set of tools for the analysis of GI protein 

cycling in a broad range of mutant backgrounds.  

Initial Western Blot experiments on the line pGI30 grown under LD conditions demonstrated that it 

was not possible to exactly replicate the results previously obtained in the Putterill Group. GI-TAP 

cycling in pGI30 grown in LD conditions displayed a much lower amplitude than previously 

reported (David et al., 2006). As discussed in section 6.4.1 the Western Blot method used in this 

work was demonstrated to correctly quantitate a dilution series of GI-TAP protein in total protein 

extracts, and other groups have published results almost identical to the ones obtained in this 

work. The difference to previous results obtained by the Putterill Group was therefore not thought 

to prevent the discovery of mutant lines in which GI protein cycling strongly differed from WT.  

Later experiments showed that also no GI protein cycling could be observed in the GI over-

expressing line 18-42 cultivated under LD and SD conditions. As discussed in section 7.4 these 

results supported those obtained by the Group of T. Imaizumi (Sawa et al., 2007), but disagreed 

with results obtained previously in the Putterill Group. To investigate this inconsistency the line 

18-42 and a second, independent 35S::GI-TAP line were cultivated under SD conditions along 

with two independent 35S::HA-GI lines. Western Blots were performed using anti-protein A and 

anti-HA antibodies respectively, and no cycling could be observed in any of the four lines. These 

results indicated that neither the tag nor the antibody determined whether cycling could be 
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observed in GI over-expressing lines. Experiments performed by Yu and colleagues with a 

35S::GI-GFP line cultivated under SD conditions showed GI-GPF cycling (Yu et al., 2008), but 

with a lower amplitude and slightly different cycling pattern than previously observed for GI-TAP 

(David et al., 2006). Yu and colleagues used a total protein extraction buffer with 4 M urea and 

anti-GFP antibodies for GI-GFP detection, while previous work in the Putterill Group was 

performed using a standard protein gel loading dye for protein extraction (see 2.1.3.1.5), and 

buffers containing 8 M urea or proteasome inhibitors were used in this work and by the Somers 

and Imaizumi Groups. It is tempting to speculate that differences in extraction methods might 

cause the discrepancies, but additional experiments are necessary to determine the cause of the 

differences. 

8.3.1 Long day and short day conditions 

Based on our knowledge about GI stability in different colours of light, a broad screen with 15 

photoreceptor and cop1 mutant lines and Col and Ler WT control lines was performed to look for 

differences in GI mRNA and protein levels between mutant and WT lines grown under LD 

conditions. It was hoped it would be possible to identify lines with unaltered GI mRNA but altered 

GI protein levels, pointing towards post-transcriptional regulation of GI. The corresponding lines 

would then be studied in more detail. Most mutants that were analysed displayed no difference in 

GI mRNA or protein levels compared to WT. It was concluded that, under LD conditions, neither 

PHYA, B, D or E alone, nor a combination of PHYA and B, PHYB and D, PHYD and E or PHYB, 

D and E was essential for the WT-like cycling of GI mRNA or protein levels. The same was true 

for CRY1, the combination of CRY1 and CRY2, and for COP1, with no differences in GI protein 

cycling being observed between the cop1 lines made by crossing or transformation. There might 

be a slight reduction in GI protein levels, and a slight change in cycling pattern in the cry1/2 

double mutant, as in all four Western Blots performed with material from two independent 

cultivations of the cry1/2 mutant, the GI protein peak seemed to be broader (i.e. more GI at ZT8 

and ZT16) in cry1/2 than in pGI30.  

Two lines that were analysed displayed considerably less GI protein cycling than the 

corresponding WT line: the transgenic ztl lines generated by crossing or transformation. GI mRNA 

levels were also found to cycle less than in WT in these two lines, as well as in a range of other 

ztl mutant lines, including non-transgenic plants. This indicated transcriptional regulation of GI by 

ZTL under LD conditions. Further experiments are required to elucidate whether ZTL regulates GI 

levels in LD purely by regulating GI expression, or by a combination of transcriptional and post-

transcriptional regulation.  

Kim and colleagues reported that ZTL post-translationally regulates GI levels by interacting with 

GI and thereby stabilising the protein (Kim et al., 2007b). In contrast to what was found in this 
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work, it was reported that no change in GI mRNA levels could be observed in the ztl mutant 

compared to WT. However, the LD conditions under which the plants were grown were not 

identical to the ones used for this work: each LD only had 12 h of light, compared to the 16 h used 

in this work. Further experiments were therefore performed for this thesis, and the ztl transgenic 

line was grown and analysed under SD conditions (8 h light/16h dark). The analysis of GI mRNA 

and protein levels demonstrated that neither differed between the ztl mutant and WT, which 

corresponded to the results of Kim and colleagues in terms of GI mRNA cycling, but not in terms 

of GI protein cycling (Kim et al., 2007b). It is tempting to speculate that there might be a 

difference in regulation of GI by ZTL between SD and LD, and the exact day length might 

determine whether a difference in GI mRNA and protein levels can be observed between ztl 

mutants and WT plants. It would be interesting to repeat the experiment using 12 h days, or 

several different day lengths to study if there might be a ―critical day length‖ when GI regulation 

changes between transcriptional and post-transcriptional. Additionally, differences between the 

results reported here and by Kim and colleagues could be caused by: a) the lines used in this 

work were homozygous for the GI-TAP construct, while the line used by Kim and colleagues was 

heterozygous (D. Somers, personal communication), b) different antibodies were used (anti-

protein A versus PAP), and c) in this work total plant protein extracts were used while Kim and 

colleagues separated nuclear and cytoplasmic fractions and analysed GI-TAP levels in the 

cytoplasmic fractions.  

During the course of this project, Yu and colleagues reported that COP1 influenced post-

translational regulation of GI levels in SD (Yu et al., 2008) (see section 1.9), therefore GI-TAP 

levels were analysed in cop1 mutants cultivated under SD conditions. Although slightly reduced 

GI-TAP levels were observed in these mutants compared to WT plants, the reduction was smaller 

than that reported by Yu and colleagues, and the reported change in GI cycling pattern could not 

be observed. In the model of GI regulation proposed by Yu and colleagues, COP1 causes the 

degradation of GI during the night, and this is inhibited during the day by the cryptochromes, 

which block COP1 action in a blue light dependent manner (Yu et al., 2008). Consequently, cop1 

mutants would be expected to have higher GI protein levels than WT in the dark, but it is not clear 

why the absence of COP1 would lead to reduced GI levels during the day as reported by Yu and 

colleagues. Furthermore, a change in GI protein cycling would be expected to lead to a 

considerable change in CO expression levels, but no such change was observed in the cop1 

mutant cultivated in SD (this work) or LD conditions (Jang et al., 2008, and this work). However, a 

strong increase in FT levels was observed in the cop1 mutant in SD compared to WT (Yu et al., 

2008, and this work), explaining its early flowering phenotype in this day length. This change in 

FT but not CO levels might indicate that in SD COP1 regulates CO protein levels by directly 

targeting CO for degradation (Liu et al., 2008b), but not by targeting GI for degradation, which 

would then influence CO mRNA and protein levels. As Yu and colleagues used GI-GFP 
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constructs to determine GI protein levels, and worked with older plants (20 day old versus on 

average 12 day old seedlings) experimental differences might account for inconsistencies in the 

results. In LD however it seems to be clear that COP1 does not influence GI, CO or FT levels.  

Some of the lines used in this work displayed a clear flowering phenotype, but no change in GI 

protein levels was observed. Therefore, CO and FT levels were measured in cry1/2 (late 

flowering) and phyBDE (early flowering) mutants grown under LD conditions, to examine the 

influence of the mutations on flowering genes downstream of GI. While no major change in CO 

expression was observed in either mutant, FT levels were greatly reduced in cry1/2 and strongly 

increased in phyBDE compared to WT. These results correspond to previous findings for cry2 

(Yanovsky and Kay, 2002) and phyB (Cerdan and Chory, 2003), and to the finding in this work 

that neither cry1/2 nor phyBDE mutants displayed changes in GI protein levels, as these should 

cause changes in CO levels (see section 1.3). These results also indicate that the cryptochromes 

and phytochromes might regulate CO protein levels independently of GI. Alternatively, 

redundancy within and between the different red and blue light receptor families raises the 

possibility that only the study of higher order combinatorial mutants will reveal their involvement in 

the regulation of GI levels.  

It is interesting to note, that although high amplitude cycling of GI mRNA was observed in this 

work, changes in protein levels were relatively small, which poses the question as to why the 

large changes in GI mRNA levels are necessary. For the phytochromes it has been observed that 

while their mRNA levels cycle, total protein levels do not (Toth et al., 2001, and references 

therein). It is possible that newly made phytochrome protein might differ from older protein, and it 

is believed that rhythmic changes in photoreceptor activity, rather than in the amounts of protein 

present in the cell, might represent an important layer of circadian regulation in photoperiodic time 

perception (reviewed in Carré et al., 2005). A similar scenario could be imagined for GI, and 

studies of recombinantly expressed GI might give us an idea as to how GI protein might change 

over time. Recent studies with GI-GFP indicate that GI has three typical nuclear expression 

patterns: a) dispersed in the nucleus, b) numerous small nuclear bodies, and c) large and hollow 

nuclear bodies (Kim et al., 2010). The pattern of GI in the nucleus was shown to change under 

diurnal conditions, with GI-GFP being more disperse in the light and more granulated in the dark. 

These results indicate that spatial regulation of GI might be an additional mechanism of 

controlling GI activity (Kim et al., 2010). 

The experiments described above showed no clear influence of any photoreceptors on post-

transcriptional regulation of GI in LD. However, previous studies had shown clear influences of 

different colours of light on GI protein stability (David et al., 2006; Black, 2007). To test if similar 
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differences could be observed, and to compare the influence of different colours of light on GI 

levels in photoreceptor mutants, Arabidopsis plants were cultivated in different light conditions. 

8.3.2 Individual wavelenghts of light 

Experiments in which mutant and WT lines were cultivated in LD and shifted into one of four 

different light conditions (blue, red, far-red or darkness), revealed that GI mRNA levels might be 

influenced by light via PHYA, PHYB, D and E, CRY1 and/or CRY2, and ZTL. The results 

indicated that PHYA might influence GI mRNA levels by decreasing GI levels in darkness, while 

PHYB, D and E might redundantly increase GI mRNA levels in red light and darkness. PHYB 

alone was not found to be essential for the regulation of GI levels, but based on the available data 

it cannot be ruled out that PHYD or PHYE alone might be. Furthermore, CRY1 and/or CRY2 and 

ZTL might influence GI transcription in response to blue light through different mechanisms. 

Regulation of GI transcription by CRY1 and CRY2 has previously been observed by Paltiel and 

colleagues, who reported that blue light acts on GI transcription via the two cryptochromes (Paltiel 

et al., 2006).  

The strong upregulation of GI mRNA levels observed in WT lines in far-red was also reported by 

Auge and colleagues in tomato, where GI is a component of the PHYA signalling pathway during 

FR inhibition of seed germination (Auge et al., 2009). Interestingly, GI mRNA levels in far-red 

were found to differ strongly between Ler WT and Col WT plants, and were found to be higher in 

far-red compared to white light in Col WT. GI mRNA levels were also found to differ between Ler 

WT and Col WT when plants were shifted into darkness: GI levels in Ler WT cycled with a peak at 

ZT12 while levels in Col WT did not drop after ZT12. The pattern observed for GI mRNA cycling in 

darkness in Ler WT corresponds to the findings by Paltiel and colleagues, who also investigated 

plants in a Ler background (Paltiel et al., 2006). The observation that GI mRNA cycling in 

darkness and far-red differs between Col WT and Ler WT demonstrates that GI cycling patterns 

should only be compared between lines in identical ecotype backgrounds. The differences 

between the Ler and Col ecotypes have not been reported and should be followed up on. 

Studies of transgenic WT lines confirmed that there is a post-transcriptional effect of light on GI 

levels as previously reported (David et al., 2006). GI protein levels seemed to be influenced at a 

post-transcriptional level by PHYA, CRY1 and/or CRY2, and ZTL. The results indicated that GI 

protein was more stable in the dark in the absence of functional CRY1 and CRY2. It will be 

necessary to generate a transgenic phyA line by crossing and repeat the experiments performed 

in different light conditions to determine if this is also true for PHYA. GI protein levels in the ztl 

mutant were very low in blue light and darkness in the morning, and increased in blue light at later 

times of the day, while they stayed very low in the dark. At the same time GI mRNA levels in blue 
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light and darkness were identical at all times of the day. This indicated that ZTL might be involved 

in the post-transcriptional regulation of GI levels, but it is not clear how.  

Table 8.2 summarises which photoreceptors might be involved in the regulation of GI mRNA and 

protein levels, in which light conditions they might up- or down-regulate GI expression or GI 

protein levels, and what time of the day this regulation seems to take place. However, further 

experiments will be required to verify which photoreceptors truly regulate GI mRNA and/or protein 

accumulation. 

These results clearly pointed towards a very complex transcriptional and post-transcriptional 

regulation of GI involving many different far-red, red and blue light perceiving photoreceptors. 

Based on the observation that the ztl mutant displayed altered GI mRNA and protein levels in 

white light while all other analysed mutants only displayed changes in different colours of light or 

darkness indicated that ZTL might have a prominent role in the regulation of GI, while the other 

photoreceptors might contribute to shape the GI pattern. Redundancy amonst the photoreceptors 

in shaping the GI mRNA and protein patterns would explain why under LD conditions no changes 

in GI mRNA or protein levels could be observed in any mutant except for ztl. These findings 

demonstrate the importance of the analysis of the photoreceptor mutants under different light 

conditions to be able to discover their influence on GI regulation. 

Table 8.2: Possible influence of photoreceptors on the regulation of GI mRNA and protein 

levels  

Photoreceptors 
Influence on GI 
mRNA levels 

Time of day 
Influence on GI protein 

levels 
Time of day 

PHYA Reduces levels in 
darkness 

Afternoon Either reduces levels in 
darkness or elevates levels 

in white and far-red light 

Throughout 
the day 

PHYB, PHYD 
and PHYE 

Elevate levels in 
darkness and red light 

All throughout 
the day 

----------- ----------- 

CRY1 and 
CRY2 

Reduce levels in blue 
light 

Afternoon Reduce levels in darkness Throughout 
the day 

ZTL Essential for cycling  
in LD 

Elevates levels in blue 
light and darkness 

All throughout 
the day 
Morning 

Unclear ----------- 

GI-TAP levels were also studied in the 35S::GI-TAP line 18-42, which constitutively over-

expresses GI, and should therefore have identical GI mRNA levels under all light conditions. 

Consequently, changes in GI protein levels between plants cultivated in different colours of light 

should be due to post-transcriptional effects. However, changes in GI mRNA levels were 

observed between plants cultivated in different light conditions. Interestingly, far-red light, which 

acts to promote flowering, led to highest GI mRNA levels, while red light, which inhibits flowering, 

led to the lowest levels together with white light. However, these differences in GI mRNA levels 
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did not translate into the same differences in GI protein levels, which were found to be similarly 

high in white, blue, red and far-red light and in all these conditions the were observed to be higher 

than in darkness. This again confirmed that there is a post-transcriptional effect of light on GI 

levels, but no difference in stabilisation of GI protein could be observed between the different 

colours of light.  

The observed differences in GI mRNA levels were very surprising, as the 35S promoter was not 

believed to be regulated by light. An alternative explanation for the differences was that GI mRNA 

might be more stable in far-red light than in other light conditions and that therefore GI levels were 

highest in this colour of light. If this was true, then GI mRNA levels had to change between ZT0, 

when all plants came out of a LD night, and ZT4 at which time the differences were already 

observed. It was found that this was true: at ZT0 transcript levels were quite high in all plants 

analysed and in far-red they stayed at about the same level until ZT4, while in R and W GI mRNA 

levels dropped until ZT4. To test the hypothesis that far-red light might stabilise GI transcript, 

mRNA stability assays were performed. 

8.3.3 GI mRNA stability assays 

The regulation of mRNA stability is an important mechanism by which the circadian clock controls 

transcript levels (Kim et al., 2005a; Lidder et al., 2005; Garbarino-Pico and Green, 2007). In 

Arabidopsis it was found that CCR-LIKE (CCL) and SENESCENCE ASSOCIATED GENE 1 

(SEN1) transcripts have a longer half-life in the morning than in the afternoon, even under 

conditions of constant light and temperature (Lidder et al., 2005). Furthermore, using transgenic 

plants constitutively expressing CCA1 under the 35S promoter it was shown that light regulates 

CCA1 transcript stability. CCA1 mRNA was found to be relatively stable in the dark and in far-red 

light but to have a short half-life in red and blue light (Yakir et al., 2007). It was therefore decided 

to analyse whether GI mRNA stability might vary at different times of the day, and to then 

examine whether far-red light might be able to enhance GI mRNA half-life.  

To determine GI transcript stability, cordycepin assays were designed and validated, and 

experiments were performed using Col WT plants cultivated under LD conditions. This led to the 

exciting finding that GI mRNA is significantly more stable in the morning than in the afternoon. 

Additionally, there was no new GI mRNA synthesis at ZT11 and ZT17. Experiments using the GI 

over-expressing line 18-42 confirmed these findings and also demonstrated that the GI cDNA 

alone (without promoter, UTRs and introns) is sufficient for this regulation to take place. This 

corresponds to the finding by Yakir and colleagues that the instability determinants in CCA1 

transcript are most likely located in the coding region (Yakir et al., 2007). Another interesting 

parallel between CCA1 and GI transcript is that red and blue light, but not far-red light seem to 
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promote their degradation, indicating that Pfr and activated blue light receptors might be involved 

(Yakir et al., 2007).  

Experiments were performed with Col WT and 18-42 plants which were shifted into far-red light. 

GI mRNA stability was determined at ZT11 and ZT1 respectively, and displayed no significant 

difference when compare to experiments performed in white light. Cordycepin assays were 

performed by suspending seedlings in incubation buffer, and it is therefore possible, that the 

amount of far-red light perceived by the seedlings was lower than the amount of far-red light 

perceived by seedlings grown on plates. The amount of far-red light observed by the plants in the 

buffer might not have been sufficient to change GI mRNA stability. Yakir and colleagues for 

example used far-red light that was close to 30 times stronger than the light used in this thesis 

(Yakir et al., 2007). Further experiments will be needed to test this theory. 

Onai and colleagues performed experiments using transgenic plants carrying a pGI::LUC 

construct (with pGI being -3720 to -1 bp) and found that luciferase levels cycled diurnally (Onai et 

al., 2004). This cycling demonstrated that the GI promoter alone could cause cycling of GI 

transcript. However, it is not possible to tell from the data published by Onai and colleagues 

whether the cycling of pGI:LUC creates the exact same cycling pattern observed for GI mRNA. It 

is likely that a combination of the cycling of GI expression together with the cycling of GI mRNA 

stability and possibly together with light induced changes in mRNA stability shape the GI 

transcript pattern. 

8.4 Future directions 

The results of this work have added to our knowledge about GI protein biochemistry and 

regulation of GI transcript and protein levels. Useful tools for GI protein expression and the study 

of GI protein in planta have been developed and will be used in future experiments. 

Recombinant expression of GI in E. coli led to the identification of a stable GI region, but not to 

the identification of exact GI domains. Future work on domain identification could include Edman 

sequencing or MALDI-TOF/TOF to identify the exact amino acid sequences of RyeH19 or AtH19 

breakdown products, and the design of constructs according to these. Another approach to find 

domains, not only within the N-terminal region of GI protein, would be combinatorial domain 

hunting (CDH) (reviewed by Reich et al., 2006; Prodromou et al., 2007; Savva et al., 2007). CDH 

is a new technology for discovering highly expressed, soluble constructs of target proteins by 

combining unbiased gene fragment libraries with a screening protocol that provides a readout of 

solubility and yield for thousands of protein fragments. This technique does not rely on limited 

tryptic digests or bioinformatics and might therefore be well suited for GI protein.  
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It was found that large quantities of insoluble GI were localised inside the Sf9 cells even when GI 

was expressed with a melittin secretion sequence. It is possible that some soluble GI protein 

could be present in the insect cell medium, and it will be attempted to concentrate this protein to 

evaluate whether it might be present at levels suitable for biochemical studies. At the same time, 

solubilisation attempts for Sf9 cell expressed GI will include the use of further detergents, NDSBs 

and other solubilising agents. Future work will also include co-expression of GI with ZTL, which 

has been shown to stabilise GI protein (Kim et al., 2007b), and would therefore be an ideal 

candidate for co-expression. It will also be attempted to re-fold denatured, solubilised GI protein.  

GI and FKF1 have been successfully expressed and shown to interact in mouse fibroblast (NIH 

3T3) and human embryonic kidney cells (HEK 293T) (Yazawa et al., 2009). This interaction was 

light dependent, which indicates that GI was functional and correctly folded. Mammalian cells 

might be superior to Sf9 cells by offering suitable binding partners for GI, or by being able to 

perform post-translational modifications necessary for correct GI folding. In the future, a 

mammalian expression system could be explored for the expression of full-length GI. Additionally, 

a plant cell culture expression system could be established at The University of Auckland.  

Abe and colleagues were able to raise an antibody against rice GI, using an N-terminal region of 

OsGI (bases -3 to 865 expressed in BL21 DE3 cells) (Abe et al., 2008). Future work could include 

expression of the same OsGI fragment, or an Arabidopsis version of it in E. coli, to test this for 

solubility and suitability for further studies, and to raise antibodies against it. In addition, 

antibodies will be raised against Sf9 cell expressed, full-length Arabidopsis GI.  

The study of GI mRNA levels in Arabidopsis mutants and WT plants in LD demonstrated that only 

ZTL affected GI expression. However, it seemed like there might be large differences between 

various lines at ZT0, but due to the small amount of GI present at this time-point, the results were 

inconclusive. It would be interesting to repeat these measurements with undiluted cDNA to 

investigate whether differences in GI mRNA levels could be detected at times of low GI 

expression such as during the dark period.  

The analysis of GI protein regulation in Arabidopsis showed that it was not possible to reproduce 

results previously obtained by the Putterill Group. To further investigate why this might be, 

35S::GI-TAP plants will be grown in SD, and total plant protein extraction will be performed with 

extraction buffer prepared according to the same recipe used by K. David (David et al., 2006). 

This will determine whether differences in extraction buffer composition influence if GI protein 

cycling can be observed or not. In addition, it would be interesting to prepare nuclear and 

cytoplasmic extracts and analyse these individually to determine whether GI displays the same 

cycling pattern in both compartments.  
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Future work could also include additional experiments with ztl mutants grown in different day 

lengths, the use of further Arabidopsis mutants harbouring different combinations of 

photoreceptor mutations, and the use of crossed Arabidopsis lines instead of the lines generated 

by transformation for this work, particularly for phyA. In the future all transgenic lines will be 

generated by crossing with either pGI30 or Ler TG, so that GI levels can be compared between 

the lines. It would be particularly interesting to study combinations of phytochrome and 

cryptochrome mutants and mutants that lack all photoreceptors of one family, such as 

phyABCDE. Should it be possible to generate and characterise anti-GI antibodies in a timely 

manner, then all future experiments will be performed using non-transgenic mutant and WT lines. 

In any case, as soon as anti-GI antibodies will be available, at least studies in ztl and cop1 

mutants should be repeated using non-transgenic lines. 

Studies of GI mRNA half-lives under different conditions could be expanded in the future to 

include experiments in darkness, to analyse if a difference in GI mRNA stability can be observed 

between light and dark. In addition, GI mRNA stability assays should be performed using higher 

intensity far-red light, and possibly also blue and red light.  

Summary 

This work has provided significant new information about recombinantly expressed GI, which will 

enable the design of promising future expression attempts of GI domains in E. coli and full-length 

GI in Sf9 cells or other eukaryotic systems. GI expression in Sf9 cells has lead to the generation 

of full-length GI protein which can now be used for the generation of anti-GI antibodies, thereby 

furthering GI research in planta.  

Important new pieces have been added to the puzzle of GI regulation, such as the observations 

that: under LD conditions, ZTL is the only photoreceptor essential for GI mRNA and protein 

cycling, and day length determines whether this influence is exerted; the COP1 model of GI 

regulation proposed by Yu and colleagues (Yu et al., 2008) does not explain the observed GI 

protein and CO mRNA levels in cop1 mutant plants; PHYA, PHYB, D and E, CRY1 and/or CRY2 

and ZTL are partly responsible for the regulation of GI mRNA cycling; and PHYA, CRY1 and 2, 

and ZTL are also involved in post-transcriptional regulation of GI by seemingly de-stabilising GI in 

the dark. These significant new findings bring us closer to establishing a model for the regulation 

of GI in Arabidopsis. Considerable differences in GI mRNA accumulation were observed between 

the Col and Ler ecotypes, and the usefulness of performing experiments in individual colours of 

light was demonstrated.  



 

218 

Additional key findings of this thesis are that GI mRNA levels in a 35S::GI line are higher in far-

red light than in any other light condition, and that GI transcript stability changes during the course 

of the day, being more stable in the morning than in the afternoon.  

This research has made significant contributions to our knowledge about recombinant expression 

of GI in E. coli and Sf9 cells, and about the of regulation of GI in planta. With the production of 

recombinant full-length GI and a large set of well characterised transgenic Arabidopsis lines it has 

also opened up new avenues in Arabidopsis research.  
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APPENDIX 

A. Vector maps 
 

 
Figure A.1: Map of the plasmid pDESTTM15 from Invitrogen 

 

 
Figure A.2: Map of the plasmid pBluescriptTM from Stratagene. 

The Stratagene manual contains information on the location of the ATG, and the multiple cloning site. 
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Figure A.3: Map of the plasmids pFastBacTM Dual and p FastBacTM HT B by Invitrogen 

More information on the location of the polyhedrin promoter, etc. can be found in the Invitrogen manual. All 

Invitrogen vector sequences are available on www.invitrogen.com.  

 

 

Figure A.4: Map of the plasmid pKD16 

pKD16 was made by K. David, Putterill Laboratory and carries the GI promoter and cDNA.  
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B. Protein Sequences 
 

Yellow marks tag and linker, green marks parts of the protein that are unique to the RyeH19 or 

GI-N construct.  

Ryegrass H19 (RyeH19) 
 
MSYYHHHHHHDYDIPTTENLYFQGAMGSSEQFPEDVAQLIQSYYPSKEKRLVDEVLATFVLHHP
EHGHAVVHPILSRIIDGSLSYDRHGSPFNSFISLFTQTAEKEYSEQWALACGEILRVLTHYNRPIFK
VAECNDTSDQATTSYSLHDKANSSPENEPERKPLRPLSPWITDILLNAPLGIRSDYFRWCGGVM
GKYAAGGELKPPTTAYSRGAGKHPQLMPSTPRWAVANGAGVILSVCDEEVARYETANLTAAAV
PALLLPPPTTPLDEHLVAGLPPLEPYARLFHRYYAIATPSATQRLLFGLLEAPPSWAPDALDAAVQ
LVELLRAAEDYATGMRLPKNWLHLHFLRAIGTAMSMRAGMAADTTAALLFRILSQPTLLFPPLRH
AEGVVQHEPLGGYVSS 

At GST-GIN 
 
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKL
TQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLK
MFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSS
KYIAWPLQGWQATFGGGDHPPKSDLVPRPWSNQTSLYKKAGSAAAPFTMASSSSSERWIDGLQ
FSSLLWPPPRDPQQHKDQVVAYVEYFGQFTSEQFPDDIAELVRHQYPSTEKRLLDDVLAMFVLH
HPEHGHAVILPIISCLIDGSLVYSKEAHPFASFISLVCPSSENDYSEQWALACGEILRILTHYNRPIY
KTEQQNGDTERNCLSKATTSGSPTSEPKAGSPTQHERKPLRPLSPWISDILLAAPLGIRSDYFRW
CSGVMGKYAAGELKPPTIEHPQLMPSTPRWAVANGAGVILSVCDDEVARYETATLTAVAVPALLL
PPPTTSLDEHLVAGLPALEPYARLFHRYYAIATPSATQRLLLGLLEAPPSWAPDALDAAVQLVELL
RAAEDYASGVRLPRNWMHLHFLRAIGIAMSMRAGVAADAAAALLF 

Full-length GI plus His-tag 
 
MSYYHHHHHHDYDIPTTENLYFQGAMGSMASSSSSERWIDGLQFSSLLWPPPRDPQQHKDQV
VAYVEYFGQFTSEQFPDDIAELVRHQYPSTEKRLLDDVLAMFVLHHPEHGHAVILPIISCLIDGSLV
YSKEAHPFASFISLVCPSSENDYSEQWALACGEILRILTHYNRPIYKTEQQNGDTERNCLSKATTS
GSPTSEPKAGSPTQHERKPLRPLSPWISDILLAAPLGIRSDYFRWCSGVMGKYAAGELKPPTIAS
RGSGKHPQLMPSTPRWAVANGAGVILSVCDDEVARYETATLTAVAVPALLLPPPTTSLDEHLVA
GLPALEPYARLFHRYYAIATPSATQRLLLGLLEAPPSWAPDALDAAVQLVELLRAAEDYASGVRL
PRNWMHLHFLRAIGIAMSMRAGVAADAAAALLFRILSQPALLFPPLSQVEGVEIQHAPIGGYSSNY
RKQIEVPAAEATIEATAQGIASMLCAHGPEVEWRICTIWEAAYGLIPLNSSAVDLPEIIVATPLQPPI
LSWNLYIPLLKVLEYLPRGSPSEACLMKIFVATVETILSRTFPPESSRELTRKARSSFTTRSATKNL
AMSELRAMVHALFLESCAGVELASRLLFVVLTVCVSHEAQSSGSKRPRSEYASTTENIEANQPVS
NNQTANRKSRNVKGQGPVAAFDSYVLAAVCALACEVQLYPMISGGGNFSNSAVAGTITKPVKIN
GSSKEYGAGIDSAISHTRRILAILEALFSLKPSSVGTPWSYSSSEIVAAAMVAAHISELFRRSKALT
HALSGLMRCKWDKEIHKRASSLYNLIDVHSKVVASIVDKAEPLEAYLKNTPVQKDSVTCLNWKQE
NTCASTTCFDTAVTSASRTEMNPRGNHKYARHSDEGSGRPSEKGIKDFLLDASDLANFLTADRL
AGFYCGTQKLLRSVLAEKPELSFSVVSLLWHKLIAAPEIQPTAESTSAQQGWRQVVDALCNVVSA
TPAKAAAAVVLQAERELQPWIAKDDEEGQKMWKINQRIVKVLVELMRNHDRPESLVILASASDLL
LRATDGMLVDGEACTLPQLELLEATARAIQPVLAWGPSGLAVVDGLSNLLKCRLPATIRCLSHPS
AHVRALSTSVLRDIMNQSSIPIKVTPKLPTTEKNGMNSPSYRFFNAASIDWKADIQNCLNWEAHSL
LSTTMPTQFLDTAARELGCTISLSQ 
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C. Tests of lines made by crossing 
 

 cry1/2 L41-114: homozygous for pGI::GI-TAP (based on 100% Kan resistance), for GI, 

and for cry1 and cry2 (based on genotyping); late flowering 

 cop1-4 L88-113: homozygous for pGI::GI-TAP (based on 100% Kan resistance), for GI 

(based on genotyping), and for cop1-4 (based on phenotype in darkness) 

 ztl-103 cross: homozygous for pGI::GI-TAP (based on 100% Kan resistance), for GI 

(based on genotyping), and for ztl (based on hypocotyl phenotype in RR) 

 Col L120-5: homozygous for pGI::GI-TAP (based on 100% Kan resistance), and for GI 

(based on genotyping) 

Table C.1: Primers for genotyping of transgenic lines made by crossing 

Name Sequence Product size Use 

CRY1F
1
 (5‘)ATGTCTGGTTCTGTATCTGGTTGTGGTTC(3‘) 1.25 kb Detection of WT CRY1 

CRY1R
1
 (5‘)ATAGTTCTCATCCACAGCCCAAG(3‘) 1.25 kb Detection of WT CRY1 

CRY2F
1
 (5‘)CACAGTCTTTGATTCGAAGATC(3‘) 1.5 kb Detection of WT CRY2 

CRY2R
1
 (5‘)CTTATCAACATCAGCATCCCAAGGG(3‘) 1.5 kb Detection of WT CRY2 

Oli22
2
 (5‘)ACTATTCGGAGCAATGGGC(3‘) 

WT GI 142bp 
gi-2 135 bp 

Genotyping for GI 

Oli37
3
 (5‘)GGAGAACCACTAGTTGTAGC(3‘) 

WT GI 142bp 
gi-2 135 bp 

Genotyping for GI 

1 
Primers designed by C. Lin Group, University of California Los Angeles, USA 

2
 Primer designed by K. Lee, John Innes Research Centre, Norwich, UK 

3
 Primer designed by R. Milich, Putterill Laboratory 
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D. Spectra of light used in Arabidopsis experiments 
 

 

Figure D.1: Spectra of blue, red, far-red and white light used in Arabidopsis experiments 

The y-axes show absolute irradiance in uW/cm
2
/nm, the x-axes show wavelengths in nm. 
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